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ABSTRACT The platooning of mobile robots, facilitated by Device-to-Device (D2D) communications, has
become central in Industry 4.0, enhancing material transport, reducing energy consumption, and improving
safety in smart factories. However, as the number of participating robots increases, maintaining effective
communication and coordination becomes increasingly challenging. Shared spectrum usage in D2D
networks can lead to communication collisions, particularly in highly dynamic scenarios, posing significant
challenges in industrial environments. This paper introduces a novel slot-based solution inspired by Time-
Sensitive Networking (TSN) to address these challenges, ensuring reliable, low-latency communication
while optimizing resource allocation and communication efficiency in platooning systems. To achieve this,
we propose a controller named TSNCtl, operating at the application layer of the network stack. TSNCtl
leverages a finite state machine (FSM) to manage platoon formation and employs slot-based scheduling
for efficient message dissemination. Using the OMNeT++ simulation framework and INET library, we
demonstrate the effectiveness of TSNCtl in reducing packet collisions across a variety of scenarios. Our
experimental results highlight a significant improvement over the traditional CSMA/CA baseline employed
in Wi-Fi-based protocols such as IEEE 802.11p. For instance, TSNCtl achieves near-zero packet collisions
with appropriate configurations, even in highly dynamic environments.

INDEX TERMS TSN, Industry 4.0, AGVs, Wi-Fi, 5G.

I. INTRODUCTION

THE MANUFACTURING industry has undergone sig-
nificant changes due to technological advances and the

rise of Industry 4.0, which integrates physical systems with
digital technologies to create Smart Manufacturing Systems
(SMSs). An SMS can improve product lifecycle management,
enhance operational efficiency, and increase responsiveness
to disruptions by connecting various devices. In this context,
effective trajectory planning and scheduling of Automated
Guided Vehicles (AGVs) is essential to optimize production
performance, as optimal coordination of AGVs can maintain
the continuous flow of materials and products in a dynamic

manufacturing environment [1]. For these reasons, along
with the emergence of Industry 5.0 and the increasing
need for collaboration between humans and collaborative
robots (cobots), the platooning of AGVs and cobots—
where multiple vehicles or robots move in a coordinated
formation to improve efficiency and reduce delays—has
become essential in SMSs [2], [3]. Platooning tackles
significant challenges in smart factory settings by enhancing
the transport of goods and materials, lowering energy use,
and boosting operational safety [3], [4], [5]. Device-to-device
(D2D) technology can be harnessed in such a context to create
fleets of mobile robots, ensuring accurate material delivery
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by enabling direct communication between devices without
relying on static network infrastructure. Similarly to smart
factory contexts, in Intelligent Transportation Systems (ITSs),
platooning and D2D communications can be utilized to form
cooperative vehicle groups on the road, unified by shared
goals like optimizing traffic flow and providing infotainment
services [6], [7].
Central to the platoon concept are the communication

protocols. An early initiative to connect vehicles was the
introduction of the IEEE 802.11p [8] protocol, which was
standardized in the EU within the ITS-G5 framework [9]
and in the U.S. under the Wireless Access in Vehicular
Environment (WAVE) framework [10]. Additionally, the 3rd
Generation Partnership Project (3GPP) standardized existing
cellular network frameworks to create a cohesive solution for
vehicle-to-everything (V2X) and vehicle-to-vehicle (V2V)
communications [11], [12], which have gained traction in
industrial applications as well [3].

Indeed, in industrial scenarios 5G sidelink emerges as
a groundbreaking feature that facilitates direct D2D com-
munication without centralized infrastructure. It offers two
modes of operation: mode 1, where a base station manages
sidelink spectrum resources, and mode 2, where devices
independently allocate resources by monitoring channel
information from nearby devices. This adaptability improves
the scalability and resilience of industrial and vehicular
networks, positioning D2D communication as a foundational
element for future connected environments.
Despite the progress in D2D communication protocols,

many still share the same spectrum, leading to potential
message collisions. Additionally, as the number of devices
increases, maintaining effective communication and coordi-
nation among nodes becomes more complex [2], [3], [5],
[13], [14]. This complexity increases in industrial contexts,
which require deterministic and low-latency communica-
tion [15] and often feature periodic message transmission,
which can lead to persistent communication collisions [16].
Tackling these challenges requires the creation of effective
collision avoidance strategies designed specifically for D2D
communication settings.
We claim that Time-Sensitive Networking (TSN) princi-

ples can be extended to wireless scenarios [17] introducing
deterministic and low latency communications in D2D
environments [18], [19]. TSN offers precise timing syn-
chronization and deterministic communication capabilities.
Hence, leveraging TSN-based slotted protocols and exploit-
ing time synchronization mechanisms makes it possible
to orchestrate coordinated message transmission schedules,
mitigating the risk of message collisions and enhancing
overall communication reliability.
In this paper, we introduce a TSN-like controller, named

TSNCtl, designed to facilitate data delivery in mobile node
platooning based on D2D communications. For enhanced
flexibility and dynamic deployment, TSNCtl operates at the
application layer and employs a finite state machine (FSM)
to manage platoon formation and message dissemination

for intra-platoon communication. The platoon creation and
joining process is triggered by receiving application/service-
related messages or detecting proximity to an existing
platoon. Once a mobile node joins a platoon, TSNCtl
intercepts each message generated by the service running
on the mobile node, determines the appropriate priority
queue for its storage, and disseminates the messages based
on allocated time slots and their assigned priority. TSNCtl
dynamically adapts message dissemination as nodes join
and leave the platoon, ensuring consistent and reliable
communication despite the dynamic topology.
To validate the effectiveness of our approach, we imple-

mented TSNCtl on the OMNeT++ simulation platform,
leveraging the INET 4.5 framework to replicate D2D
communication scenarios using a Wi-Fi-based protocol
(IEEE 802.11p). A series of experiments were conducted to
evaluate performance metrics, focusing primarily on packet
collisions resulting from vehicle communications within a
platoon. The results demonstrate that TSNCtl outperforms
traditional collision avoidance mechanisms in IEEE 802.11
protocols, such as Carrier Sense Multiple Access with
Collision Avoidance (CSMA/CA), by significantly reducing
packet collisions and improving communication reliability.
Additionally, we assessed the robustness of TSNCtl in
three scenarios characterized by varying levels of dynamic
conditions, thereby showcasing its adaptability and reliability
in diverse operational environments.
In summary, the key original contributions of this paper

are as follows:
• We propose TSNCtl, a TSN-like controller, to improve
data delivery and platoon formation.

• We implement TSNCtl on OMNeT++ with INET 4.5,
simulating D2D communication with IEEE 802.11p,
and evaluate its performance by comparing packet
collisions with those generated by traditional IEEE
802.11 collision avoidance mechanisms.

• We demonstrate TSNCtl’s robustness under dynamic
conditions, showcasing its adaptability and reliability
across diverse operational environments.

The rest of the paper is structured as follows. Section II
provides essential background information on TSN and
the simulation tools utilized for testing our controller.
Section III examines current strategies addressing intra-
platoon communication issues. Following that, Section IV
details our original TSNCtl controller. We assess our proposal
in Section V, concentrating on packet collisions within
intra-platoon communications and the resilience of our
controller amidst dynamic collisions. In conclusion,wediscuss
the existing limitations of our approach and the principal
extensions that are the focus of our ongoing research efforts.

II. BACKGROUND
This section presents the TSN standard protocol suite,
which is widely used for deterministic and low-latency
data exchange in wired networks. It also explores how
wireless communication can benefit from adopting some
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protocols present in the standard. Furthermore, it delves into
the simulation tools employed to model complex network
behaviors, focusing on the OMNeT++ framework. This
versatile simulation platform facilitates the assessment of
performance metrics under various network conditions.

A. TIME-SENSITIVE NETWORKING
TSN comprises a suite of standards designed to make
Ethernet networks deterministic, mainly to accommodate
real-time traffic flows.
A crucial component in applications using TSN protocols

is establishing a reliable time synchronization mechanism
that ensures all communication entities operate based on a
unified time reference. This synchronization is facilitated
within TSNs by the IEEE 802.1AS protocol, an extension
of the IEEE 1588 Precision Time Protocol (PTP) known as
generic PTP (gPTP) [20]. Central to the PTP specification
is the concept of a grandmaster clock, typically a highly
accurate and stable source such as a Global Positioning
System (GPS) receiver. This grandmaster clock serves as
the central provider of reference time for all devices in the
network. In the context of gPTP, devices in the network are
designated as Clock Master (CM) and Clock Slave (CS), each
participating in the exchange of synchronization messages.
The CM disseminates time information to the connected CSs
via multicast communication. Then, each CS, known as a
gPTP instance, adjusts its synchronized time, considering the
message propagation delay along the gPTP communication
path from the leader to the instance. Once synchronization
is achieved among all devices, a cohesive and time-aware
network emerges, forming the so-called gPTP domain.
For Quality of Service (QoS), the TSN working group

defines different traffic shaping techniques [17]. In particular,
IEEE 802.1Qbv introduces a time shaper known as the Time-
Aware Shaper (TAS). The TAS orchestrates network frame
scheduling for different types of time-critical flows [21]. The
standard outlines time-aware communication windows asso-
ciated with a specific transmission queue. These windows
are further segregated into cyclically repeating time slots,
allowing frames to be buffered until the next associated time
slot is opened. This segregation ensures that assured traffic
maintains low latency and minimal jitter while avoiding
interference from other traffic streams. A Gate Control
List (GCL) facilitates the definition of windows and slots,
identifying the time instants at which queues are open
for frame transmission. As a result, TAS can meet the
requirements of ultra-low latency and reliability, provided
that all time windows are synchronized, which makes its
combination with PTP necessary.
In automotive Ethernet communications, TSN outlines a

specialized profile known as IEEE 802.1DG, tailored to
meet the rigorous requirements of in-vehicle networks (IVNs)
regarding high reliability and low latency [22]. The 802.1DG
profile was developed to provide a set of mechanisms that
ensure the timely delivery of crucial traffic, particularly control
and security messages, while supporting best-effort traffic.

Even if TSN primarily targets wired environments, in the
last few years it has been extended to wireless scenarios,
especially over IEEE 802.11 with the advent of Wi-Fi
6 and Wi-Fi 7 standards [19], [23]. The IEEE 802.1AS
time synchronization standard has been defined to operate
over the 802.11 Timing Measurement (TM) protocol and
updated later to operate over the 802.11 Fine Timing
Measurement (FTM) protocol and can used by TSN-capable
networks to provide a single time reference for LAN and
Wireless LAN segment. For traffic shaping, it is possible
to apply the 802.1Qbv schedule at the network stack
of 802.11 devices to shape the traffic above the 802.11
Medium Access Control (MAC) [18], [19]. In this mode,
the 802.1Qbv shapes the traffic before entering the 802.11
MAC queues, preventing conflicting channel access from
different queues. In particular, the scheduling enhancements
of the IEEE 802.11ax (Wi-Fi 6) amendment are essential
for supporting 802.1Qbv in wireless networks. By applying
802.1Qbv at the network stack, contention within the BSS
is reduced. Additionally, multi-user Orthogonal Frequency
Division Multiple Access (OFDMA) and triggered operations
in 802.11ax improve channel access determinism.

B. OMNET++ AND INET
OMNeT++ [24] is a widely used discrete-event simulation
framework designed for modeling various network types and
communication systems. It is based on modular components,
which serve as the building blocks for message exchange
via connections and gates. The behavior of these modules
is implemented in C++, while structural elements such as
gates, connections, and parameters are described using the
Network Description Language (NED). Initialization files
(INI) define parameter values for model setup, supporting
multiple values or ranges. By providing essential simula-
tion functionalities, OMNeT++ enables users to focus on
developing their simulation models.
The INET [25] framework extends OMNeT++ with

a comprehensive library of network models, including
communication protocols, network nodes, and connections.
It also incorporates Internet stack models and both wired
and wireless link layer protocols. This allows users to
instantiate and integrate protocol layers, facilitating the
design of custom hosts tailored to specific needs. Its modular
architecture enables the rapid configuration of complex
models, streamlining the simulation setup process.

III. RELATED WORK
Platooning has primarily been studied in vehicular networks,
but its relevance is expanding to industrial scenarios,
enabling efficient coordination of AGVs and cobots within
smart factories [1]. However, in both contexts, the inherent
mobility of devices introduces challenges, as packet loss
and transmission delays can substantially impact the stability
and performance of platoon operations [2], [6]. Furthermore,
shared wireless communication channels necessitate effective
medium access control (MAC) strategies. While CSMA/CA
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has traditionally been employed to mitigate collisions, its
performance in mobility-driven scenarios is often subopti-
mal, failing to provide the low-latency and high-reliability
guarantees required for real-time coordination [26], [27].
Various solutions have been proposed in vehicular

networking research to address the challenges mentioned
above. Collisions avoidance side, Zang et al. [28] introduced
a collision detection method in which transmitting nodes
utilize full-duplex channel sensing to identify simultaneous
transmissions. In cellular-based environments, researchers
are working on improving scheduling algorithms to mitigate
or detect packet collisions, particularly in scenarios where
vehicles operate outside base station coverage (5G Sidelink)
[16], [29], [30]. Shao et al. [31] proposed a MAC-layer
protocol designed to handle the intermittent connectivity
of vehicular networks. This protocol employs multichannel
reservation and priority schemes to improve throughput and
packet delivery ratio. Likewise, Jonsson et al. [32] intro-
duced a polling-based MAC-layer protocol combined with
a specialized transport layer retransmission mechanism to
reduce message error rates in intra-platoon communications.
Other approaches assume that a designated platoon leader

assigns time slots to platoon members, similar to Time
Division Multiple Access (TDMA), defining specific trans-
mission windows for communication [33], [34], [35]. For
example, Fernandes and Nunes [33] developed a system that
partitions the IEEE 802.11p control channel into slots to
ensure stable intra-platoon communications. Along similar
lines, Segata et al. [34] proposed a TDMA-based beacon
dissemination strategy in which the platoon leader initiates
beacon transmission, followed sequentially by other platoon
members.
From a coordination perspective, several studies have

explored algorithms for multi-lane platooning and reconfig-
uration maneuvers in response to environmental changes.
For example, Firoozi et al. [36] investigated multi-lane
platooning strategies that allow for adaptive reconfigura-
tion. Deng et al. [37] proposed an optimization algorithm
for coordinating the merging of autonomous vehicles at
unsignalized intersections, ensuring safe and efficient maneu-
vering. Scholl et al. [38] developed a centralized platooning
platform that optimizes truck platooning decisions based on
predefined routes. More recently, Zhang et al. [39] analyzed
scenarios where multiple vehicles attempt to join a platoon
simultaneously. Their approach relies on the formation of
local platoons that later merge into the main platoon,
considering both vehicle position and speed to enhance
merging efficiency and platoon stability.
In ultra-low latency and reliable wireless communications,

several works have focused on integrating TSN with wireless
protocols, e.g., 5G or Wi-Fi. In [40], the authors evaluate
Wireless Time-Sensitive Networking (WTSN) capabilities,
including time synchronization and time-based scheduling,
over an IEEE 802.11-based network. The study, conducted
in a collaborative robotic work cell with two robotic
arms, analyzes application performance concerning network

FIGURE 1. Integration of message and platoon controller in network stack.

performance without considering mobility. In [41], the
authors extend this evaluation to a mobile context, demon-
strating how TSN redundancy reduces disruptions and delays
caused by roaming and interference. In [42], the authors
implement a 5G-based TSN system for cloud-controlled
mobile robots. Their prototype integrates 5G with TSN,
achieving end-to-end latency of less than 1 ms and 8 ms
latency with 99.9% reliability in an industrial scenario.
Despite ongoing research efforts to improve the reliability

of vehicular network communications, there is still a need
for more technology-agnostic solutions that function inde-
pendently of Wi-Fi or cellular technologies. Additionally,
limited attention has been given to the platoon formation
process [43], particularly in industrial settings involving
mobile robots. Most existing research on platooning focuses
on vehicle positioning to optimize energy consumption,
lane utilization on highways, and intersection management.
However, these works do not address the communica-
tion challenges inherent to dynamic platoon formation. In
contrast, our approach is scenario-agnostic and prioritizes
communication, ensuring efficient message dissemination
and coordination among vehicles.
Our proposal introduces a TSN-like controller at the appli-

cation layer that operates independently of the underlying
wireless technology. This controller enables efficient platoon
formation, including role definition (e.g., leader vs. follower),
and improves packet delivery in intra-platoon communica-
tions by assigning each device a dedicated time slot for
message dissemination. Unlike the approach in [43], our
solution effectively manages platoon dynamicity, ensuring
stability as devices join or leave the platoon. Moreover, by
adopting a TSN-based scheme, our approach aligns with
the increasing interest from both industry and academia in
applying TSN principles to wireless environments.

IV. SYSTEM ARCHITECTURE
A. GENERAL OVERVIEW
The future of wireless communications is increasingly
focused on exploiting TSN to ensure low latency, reliability,
and determinism for critical services in wireless environ-
ments [18], [19], [27]. This work builds on the principle
that smart factory devices can achieve synchronization
through a centralized clock or by leveraging Radio and
GPS technologies, enabling precise coordination and com-
munication [44], [45], [46], [47]. Consequently, we do not
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FIGURE 2. State diagram FSM TSNCtl.

focus on clock synchronization but concentrate exclusively
on communication orchestration.
Our proposal integrates a TSN-like controller (TSNCtl)

at the application layer of the networking stack (Fig. 1)
within each device to manage message distribution during
D2D communications. TSNCtl runs an FSM that facili-
tates platoon formation and conducts D2D communications
using slot-based scheduling. The platoon formation process
determines which devices will join the communication
network, leveraging the TSNCtl FSM to initiate or facilitate
platoon formation upon receiving service-related messages
or detecting proximity to an existing platoon. During the
platoon formation process, a platoon leader is elected from
the devices intending to form a platoon, responsible for
assigning communication slots to each member. These slots
allow devices to communicate at specified times, reducing
the chance of collisions during interactions with other
vehicles in the platoon.
After the platoon is formed, TSNCtl intercepts messages

created by the device’s running service and determines the
best timing for distributing them across the network based
on the assigned slots. To manage this, TSNCtl maintains
several queues, each with a unique priority level, where
messages are stored before being sent out. Depending on the
message type, TSNCtl allocates messages to the appropriate
queue for prioritized delivery. Furthermore, TSNCtl tracks
communication success within the network, removing nodes
that fail to transmit during their assigned slots, reallocating
those slots, and taking specific actions based on whether the
departing node is a follower or the leader. This approach
ensures reliability in highly dynamic environments, such
as collaborative robots that need smooth coordination on a
factory floor where network participants frequently change.

B. TSNCTL: PLATOON FORMATION AND SLOT
ASSIGNMENT
The TSNCtl FSM models the behaviors exhibited by devices
during platoon formation. Fig. 2 illustrates the possible FSM
states, which are defined by a combination of node state—
init, joining_platoon, and in_platoon—and node role, either
follower or leader, determining device responsibilities within
the platoon.
During initialization, a device enters the init state, where

key parameters such as communication window duration and
slot length are set. The communication window defines the
time interval for coordinating device activities within the

FIGURE 3. Slot-based scheduling.

platoon, while the slot length determines each transmission
slot’s duration, regulating message delivery. In this state, the
internal TSNCtl component remains idle until the communi-
cation window elapses. As shown in Fig. 3, controller-based
messages can only be exchanged at multiples of the window
duration. On the other hand, the slot length determines the
number of slots available per window; for instance, a 100 ms
window with 10 ms slots results in 10 slots (Fig. 3).

After the window elapses, the first two slots are reserved
for control operations related to platoon formation and
joining (red slots in Fig. 3). In the first control slot,
nodes transmit controller messages containing node-specific
information and a timestamp indicating message generation
time. At this stage, nodes compete to become the leader of
the platoon. To prevent collisions, controller messages are
sent at randomly chosen times within the slot duration. In the
second control slot, TSNCtl processes the messages received
in the previous slot and changes its state in joining_platoon.
As depicted in Fig. 2, in steps 1© and 2©, the node with the
earliest timestamp—indicating the first generated controller
message—becomes the leader, while all others assume the
follower role. The leader then allocates communication slots
to each follower based on policies that may consider factors
such as the number of requested slots and the type of node
(e.g., AGV, cobots, etc.).
If the leader node does not detect any neighboring nodes, it

remains in its current state and reattempts platoon formation
(step 4©). A leader node that persists in this state may transit
to follower role in the next controller message cycle (step 5©).
Conversely, if neighboring nodes are detected, it changes its
state in in_platoon (step 7©). Meanwhile, follower nodes await
slot assignments from the leader and prepare to transmit data
in their designated slots. Upon receiving the allocated slot,
follower nodes confirm their role and transition to in_platoon
(step 6©). Follower nodes that do not receive a slot allocation
remain in their state (step 3© in Fig. 2) and restart the platoon
joining process in the next TSNCtl cycle.
In the in_platoon state, follower nodes transmit messages

exclusively during their assigned slots, while the leader
continues using the second control slot for communication.
This mechanism also allows new nodes to integrate into the
platoon. Once the platoon is formed, messages generated
by the Service are classified based on priority and placed
into designated queues within the controller. The TSNCtl
then disseminates these messages according to their assigned
slots and priority levels, ensuring efficient and organized
communication within the platoon.

3022 VOLUME 6, 2025



FIGURE 4. Collisions in packet transmission with different platoon size.

C. TSNCTL: PLATOON REORGANIZATION
To maintain platoon stability in dynamic scenarios where
nodes may enter or leave the platoon without prior notice,
each TSNCtl instance tracks the nodes that successfully
communicated during their assigned slots. If a node fails to
transmit information during its allocated slot, it is removed
from the platoon, and its slot is reallocated. This process
involves distinct actions depending on whether the leaving
node is a follower or the leader.
When a follower node exits the platoon, the leader node

manages slot reallocation by compacting the slot schedule
during the next available “first” controller slot. The leader
shifts all subsequent allocations to fill the gap left by the
departing node. In the following controller slot, the updated
allocation is communicated to all remaining nodes in the
platoon. This ensures the platoon’s slot structure remains
efficient and avoids protracted communication delays.
If the node exiting the platoon holds the leader role,

different strategies are employed to ensure continuity. One
option is to trigger a new platoon formation, resetting
the state and initiating a new leader election (i.e., re-
election method). Alternatively, the leader role can be
directly transferred to the next node in the existing slot
allocation (shift method). The latter strategy avoids the
need for a new leader election, reducing message overhead
and reorganization time. By maintaining the current platoon
structure and simply transferring the leader role, the system
ensures minimal disruption to ongoing operations.
It should be noted that nodes may leave the platoon after

successfully transmitting a message during their allocated
time slot. In such cases, their departure is only detected when
they fail to participate in the following time window. This
delayed detection necessitates careful consideration to avoid
communication gaps and to ensure the efficient reallocation
of resources (further details are provided in Section V).
The platoon reorganization procedure supported by TSNCtl

relies on the shift method for leader reselection, ensuring
robust and efficient platoon management, even in highly
dynamic scenarios.

FIGURE 5. Impact of collisions by message type (1ms).

V. EVALUATION RESULTS
To demonstrate the usefulness and efficiency of our proposal,
we developed the TSNCtl component outlined in Section IV
within the OMNeT++ simulation library. We utilized INET
4.5 to simulate ad-hoc communications, specifically D2D
scenarios, adhering to the IEEE-802.11p standard. Although
IEEE 802.11p is traditionally used for V2V communications,
it was chosen for this study as it effectively represents
the Wi-Fi protocol commonly compared against the 5G
sidelink, both applicable in industrial scenarios. Furthermore,
we used the INET turtle mobility model to simulate device
movement, where their speeds are generated through a
uniform distribution, ranging from 2 to 5 m/s.

We implemented two OMNeT++ simple modules: a mock
service (e.g., coordination service), sending messages to
TSNCtl (Fig. 1), and a mock application, sending messages
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directly on the socket. Both modules generate UDP packets
with a regular interval of 100 ms. Packet sizes rely on
the analysis conducted by the 5G Alliance for Connected
Industries and Automation (5G-ACIA) [5] providing traffic
models for different industrial use cases, including mobile
robots and AGVs. Furthermore, we introduced a spawner
module that generates and destroys devices within a specified
area and frequency. For our testing, we fixed window
duration to 100 ms and defined a 14,400-square-meter
platoon formation area (180m × 80m) corresponding to a
typical factory [5].

In this environment, we initially examined the behavior
of our model by varying the number of devices within a
platoon and their entry frequency. Next, we assessed the
resilience of our solution under different packet sizes. Finally,
we evaluated the robustness of the proposed controller by
altering the frequency at which devices were generated and
removed, analyzing three distinct scenarios: low, medium,
and high generation/removal frequencies.
These experiments were performed on a Linux VM

running OMNeT++ having 16 CPUs and 32 GB of
RAM. Each experiment was repeated ten times to ensure
statistical reliability. It should be noted that, at this stage,
the experiments do not consider signal attenuation due to
obstacles like objects and walls within a factory.

A. ASSESSING PACKET COLLISIONS BY VARYING
PLATOON SIZES
The first set of experiments involves investigating the
performance of our proposed solution (Section IV) when
varying the number of nodes to be included in the platoon.
These experiments assume a maximum packet size of
256 bytes [5], a window duration of 100 ms, 1 minute
simulation time, and three slot lengths: 1, 2, and 4 ms.
Fig. 4 compares the percentage of packet collisions between
scenarios using CSMA/CA (Baseline) and those utilizing the
TSNCtl controller introduced in this work.
Fig. 4(a) shows the percentage of packet collisions

obtained when nodes attempt to form a platoon with an
interval of 1 ms between their request, representing a highly
synchronized scenario. This could occur, for example, when
mobile robots in a smart factory simultaneously receive
commands to execute a specific action, such as asking
devices to move materials or goods across the factory.
Conversely, Fig. 4(b) presents results for a scenario where
nodes initiate platoon formation with a 1-second interval,
simulating a more generalized and less synchronized use case
where nearby nodes join the platoon over time to optimize
resource utilization.
The TSNCtl controller effectively mitigates packet col-

lisions and supports efficient platoon formation in both
scenarios. In Fig. 4(a), the discrepancy between TSNCtl and
the Baseline case is particularly marked, as the percentage of
collisions does not exceed 1% in the TSNCtl scenarios using
2 and 4 ms slot lengths compared to an average of 9.14%
in Baseline cases. Conversely, in Fig. 4(b), the gap between

FIGURE 6. TSNCtl in a vehicular use case.

TSNCtl and the Baseline is less pronounced, as the average
collision rate remains below 1% even in the Baseline cases.
This suggests the system’s sensitivity to packet collisions
naturally decreases with more randomized communication
intervals.
It should be noted, however, that our proposal does not

perform well with slot lengths that are too small. As Fig. 4
demonstrates, with 1 ms slot length, the collisions start
growing with more than 10 nodes, meaning that TSNCtl
struggles with forming the platoon. Hence, to exploit the
full potential of our proposal, selecting an appropriate slot
length is imperative. To further analyze this aspect, Fig. 5
provides a zoom-in on each message type’s impact on the
total collisions generated (service or control), considering
the high dynamic scenario (interval of 1 ms). A lower blue
bar indicates better algorithm performance, implying that
most collisions are confined to control messages. The results
reveal that a 1 ms slot length is unreliable, as it leads
to collisions in service-related packets, compromising the
reliability of the solution. The same happens in 2 ms slot
length but only in scenarios with over 20 nodes.
Additionally, increasing packet sizes exacerbates

performance degradation. For instance, in a V2V use case
based on the CAR2CAR Communication Consortium’s
analysis [48], where the maximum packet size is set to 800
bytes, slot lengths below 2 ms show significantly reduced
performance. The generated collisions could prevent the
correct formation of the platoon (Fig. 6). In contrast, with
larger slot lengths (e.g., 4 ms), the TSNCtl consistently
achieves near-zero collision rates, ensuring robust and
reliable platoon management.
In industrial scenarios, where high reliability and strict

determinism are paramount, even minimal packet collisions
can disrupt operations or cause delays in task execu-
tion. By consistently maintaining near-zero collision rates,
TSNCtl ensures the predictability and reliability neces-
sary for time-sensitive applications, such as coordinating
autonomous robots or optimizing resource allocation in smart
factories.
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FIGURE 7. Collisions in packet transmission with different packet size.

B. ASSESSING PACKET COLLISIONS BY VARYING
PACKET SIZES
In this set of experiments, we further analyze the behavior
of our solution when varying the packet size in 1-minute
simulations. We consider a platoon of 20 vehicles generated
under the previously defined settings at intervals of 1 ms.
Fig. 7 illustrates the percentage of packet collisions observed
when varying packet sizes across different slot lengths.
The packet dimensions analyzed are derived from the data
provided in [5] for industrial scenarios and [48] for vehicular
scenarios.
The results show a clear trend for both Baseline and

TSNCtl, where the percentage of collisions increases as
packet size grows. As mentioned earlier, using a 1 ms slot
length proves unreliable, displaying unexpected behaviors.
For example, with 64 bytes packets, the percentage of
collisions is unexpectedly higher than with 128 bytes packets.
Similarly, packet sizes above 256 bytes exhibit a significant
increase in collisions, highlighting the limitations of this
configuration.
Fig. 7 also demonstrates the increasing trend that Baseline

has when increasing the size of the packet transmitted. It
shows an absolute deviation of around 11% from the average.
In the vehicular scenario (800 bytes), it reaches over 35%
collisions while remaining below 15% for the industrial
scenario. Conversely, TSNCtl shows a consistent collision
rate, staying below 1% for slot lengths greater than 1 ms.
Indeed, the absolute deviation from the average collision rate
is approximately 3.9% for a 2 ms slot length and just 0.8%
for a 4 ms slot length.
These results validate that TSNCtl effectively mitigates

collisions when an appropriate slot length is chosen,
maintaining packet collisions below 1% in both industrial
scenarios (64–256 bytes) and vehicular scenarios (>256
bytes). This also highlights the robustness and adaptability
of TSNCtl in addressing the challenges of dynamic commu-
nication environments.

TABLE 1. Dynamics study.

C. TSNCTL ROBUSTNESS IN HIGHLY DYNAMIC
ENVIRONMENTS
Finally, we assess the robustness of the platoon after its
formation by varying the proportion of nodes affected by join
or leave events within a given time window. Three scenarios
were designed to represent different levels of dynamics: low,
medium, and high. In the low dynamics scenario, nodes join
every 2 seconds, with a maximum of two nodes leaving
per minute. The medium dynamics scenario features 3 to 5
nodes leaving per minute, while the high dynamics scenario
involves 4 to 12 nodes leaving per minute. The simulation
time is 10 minutes, slot length is 4 ms, and other settings
maintain the same mobility and area parameters as those
used in other experimental setups.
Table 1 presents the average time required to detect when

a node leaves the platoon. We have not included the time
needed to reorganize the platoon, as this depends on the
slot length. Indeed, once a departure is detected, the new
slot allocation is communicated during the controller slot
immediately following the detection. Specifically, detection
and slot reallocation are completed within the “first” con-
troller slot, and the communication of this update occurs
in the next controller slot. Consequently, as shown in the
table, the average detection time is approximately one time
window (around 107 ms). This value can increase when
nodes leave the platoon immediately after communicating
in their allocated time slot, as described in Section IV. In
such cases, the maximum detection can be close to two time
windows; in the simulated scenarios, we obtained 183.44 ms
on average (Detection Time Max).
It is relevant to highlight that detection time is entirely

independent of the level of network dynamics. The primary
impact of increased dynamicity is reflected in the percentage
of collisions, which remains negligible, consistently below
0.5%. This ensures the system maintains high reliability
and determinism in platoon management even under high
dynamic conditions.

VI. DISCUSSION AND FUTURE WORKS
The approach proposed in this work aligns with the increas-
ing interest from academia and industry in leveraging TSN
for wireless message propagation [19], [49]. This trend has
been further accelerated by the introduction of the latest
IEEE 802.11 standard–IEEE 802.11be, also known as Wi-Fi
7 [23]–which aims to fully integrate TSN functionalities to
support ultra-reliable, low-latency communications.
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5G Integration. Beyond its immediate advantages, our
approach introduces new research opportunities and has the
potential to reshape message dissemination within platoons.
As demonstrated in this work, a TSN-enabled D2D envi-
ronment can significantly enhance packet delivery ratios and
overall network performance in large-scale industrial and
vehicular deployments. Additionally, integrating TSN with
cellular networks presents a promising path for supporting
time-sensitive and low-latency applications [3], particularly
within 5G infrastructures [50]. This integration could also
yield substantial benefits for D2D communications utilizing
cellular technologies.
Platoon Formation. Future research will focus on

extending our solution to more realistic environments,
taking into account signal attenuation due to obstacles
and device trajectories, while also developing intelligent
error-handling strategies for platoon formation. Furthermore,
devices located at the boundary of two platoons must be
managed effectively and could even serve as relays, facili-
tating inter-platoon message forwarding. This would extend
the communication range and enable seamless integration
between adjacent platoons.
Synchronization. Our current implementation relies on

a shared time reference, achieved through GPS, radio
synchronization, or a centralized clock within an industrial
setting. However, time synchronization introduces additional
technical challenges in more complex scenarios where not
all devices are inherently synchronized. To address this,
the next phase of our solution will incorporate a wireless
implementation of the PTP protocol, enabling devices to
first establish a synchronized time domain before initiating
communication.
Messages Prioritization. In dynamic communication sce-

narios, devices may need to exchange messages with
varying priority levels. Our solution can leverage a TSN-
based approach to implement differentiated message queues,
particularly in delay-sensitive applications. By distinguish-
ing between critical and non-critical messages, network
resources can be allocated more efficiently, ensuring timely
delivery of high-priority information and improving overall
system reliability. Additionally, priority-based queues could
enhance the rapid and dependable dissemination of time-
sensitive messages across multiple platoons, supporting
stable operations in dynamic environments.

VII. CONCLUSION
This study presents an innovative approach to enhancing
D2D communications and facilitating platoon formation
through a TSN-like, slot-based scheduling solution, marking
a first step toward deterministic communication in direct
communication networks. Our TSNCtl controller effectively
orchestrates message dissemination by reducing packet col-
lisions and ensuring reliable data exchange between mobile
nodes. Performance results, measured within the OMNeT++
simulation environment, demonstrate the effectiveness of our
approach, particularly in scenarios with varying platoon sizes

and packet sizes. We also assessed the robustness of the
proposed controller by varying the events generated within
intra-platoon communications.
In the future, we plan to enhance the TSNCtl component

to support multi-platoon communications, leverage sensor
data for improved platoon formation, and integrate priority-
based message queuing. Additionally, we will investigate
the impact of varying network performance parameters and
assess the feasibility of deploying the controller without prior
synchronization.
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