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ABSTRACT Cooperative vehicular systems require that vehicles fuse sensor data and broadcast one-hop
safety messages containing their kinematic information to enable vehicular applications based on incident
detection. Several congestion control mechanisms have been proposed to mitigate channel congestion
resulting from the continuous transmission of safety messages. This paper investigates the effect of message
rate adaptation-based congestion control from a road safety perspective by evaluating the feasibility of
prominent approaches, such as PULSAR, LIMERIC, reactive ETSI DCC, and SAE J2945/1, to support
lane-changing maneuvers on multi-lane highways under varying conditions. Simulation results demonstrate
that message size, vehicular density, losses at the physical layer, and observation time significantly influence
the lane-changing application’s capability to detect unsafe maneuvers when congestion control is in action.
Specific recommendations and guidelines for congestion control are provided to improve decision-making
at the application level.

INDEX TERMS Congestion control, cooperative vehicular systems, ETSI DCC, incident detection, lane-
changing maneuver, LIMERIC, PULSAR, road safety applications, SAE J2945/1, vehicular density.

I. INTRODUCTION

Cooperative vehicular systems (CVS) are rapidly progressing
and will soon significantly reduce road traffic accidents [1],
[2], [3]. Automobile manufacturers already include an
increasing number of embedded sensors (e.g., lidars, radars,
and cameras) in modern vehicles with the aim of effectively
detecting potential threats in the proximity [4], [5], [6].
As a complement to sensors, vehicles are also equipped
with wireless communication technologies to increase their
perception of the surrounding traffic [7], [8], [9]. Two key
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radio access technologies for vehicle-to-everything (V2X)
communications are Dedicated Short Range Communica-
tions (DSRC) [10], which have led to the new standard IEEE
802.11bd [11], and Cellular V2X (C-V2X), which includes
4G Long Term Evolution (LTE) V2X and the recent 5G New
Radio (NR) V2X [8], [12]. DSRC is based on the IEEE
802.11p standard, which employs the Carrier Sense Multiple
Access with Collision Avoidance (CSMA/CA) protocol
to coordinate access to the communication channel [10],
[13]. In C-V2X, vehicles can operate outside network
coverage by autonomously selecting their communication
resources [8], [12]. IEEE 802.11bd and 5G NR V2X have
been developed by the automotive industry and research
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community to support enhanced V2X services [14]. The
integration of detection sensors and V2X communications
is crucial for enabling future connected and autonomous
vehicles [15].

In CVS, vehicles periodically transmit one-hop broadcast
messages, called Basic Safety Messages (BSMs) [16] in the
U.S. and Cooperative Awareness Messages (CAMs) [17] in
Europe, that contain kinematic information such as position,
speed, acceleration, and heading. These safety messages are
the basis for enabling real-time road safety applications rely-
ing on vehicle-to-vehicle (V2V) communications for incident
detection in different vehicular scenarios [6], [7], [17]. Lane-
changing is a safety-relevant vehicular scenario addressed
by the Society of Automotive Engineers (SAE) and the
European Telecommunication Standards Institute (ETSI) in
SAE J2945/1 [18] and ETSI TS 101 539-3 [19], respectively.
Lane-changing maneuvers are challenging and can con-
tribute to merging conflicts and traffic accidents [20], [21].
Consequently, V2V-based lane-changing applications should
utilize the kinematic information from received messages to
avoid potential collisions between target vehicles [18], [19].
In some cases, the perception capabilities of vehicles can be
improved by using V2V communications to exchange not
only local kinematic parameters but also sensing information
(e.g., from the onboard detection sensors) in the form of
Collective Perception Messages (CPMs), as specified in ETSI
TR 103 562 [22]. Fused data from detection sensors can be
affected by in-vehicle faults and interferences, which may
propagate to safety-related applications and impair decision-
making [23].

A critical concern is the channel congestion arising from
the regular transmission of safety messages. In contrast
to C-V2X, where the study of congestion control is
relatively new [8], [24], congestion mitigation for V2V
communications based on IEEE 802.11p has been further
investigated [18], [25], [26], [27]. Congestion control typi-
cally adapts the transmission parameters (e.g., message rate,
transmission power, and/or data rate) of safety messages in
vehicles to maintain the channel load below a certain target
threshold [28]. Congestion control based on transmission
power adaptation can lead to inadequate warning distances
for different vehicular contexts because the transmission
power usually depends on the channel load (i.e., vehicle
dynamics are not considered). On the other hand, the data
rate has a significant influence on packet losses in both
medium-access control (MAC) and physical (PHY) layers.
The data rate determines the time a safety message is sent
on the communication channel, which is directly related
to packet collisions at the MAC layer [29]. The data
rate could also degrade the message reception probability
due to PHY properties because a higher data rate is
more prone to interference and requires a higher receive
threshold [13]. These issues pose a challenge to isolating
the effect that congestion control based on the adaptation of
transmission power and data rate may have on road safety
applications.
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The adaptation of the message rate is a relevant dimension
within the congestion control approaches standardized by
SAE and ETSI in [18] and [19], respectively. Message rate
adaptation-based congestion control focuses on adjusting
the vehicle transmission rate of safety messages to directly
regulate channel utilization without affecting the transmis-
sion range or modulation scheme. Given the importance
of standardized message rate adaptation-based congestion
control for the proper performance of CVS, as well as
the challenge of isolating the effect of congestion control
based on the adaptation of transmission power and data
rate on safety applications, this work specifically focuses
on analyzing the influence of message rate adaptation,
leaving the study of power and data rate controls for
future research. Prominent congestion control approaches
that rely on the adaptation of message rate for IEEE 802.11p-
based V2V communications have been proposed in the
literature. In their work on Vehicle Safety Communica-
tions, Tielert et al. [25] presented the Periodically Update
Load Sensitive Adaptive Rate (PULSAR) approach utilizing
binary rate control with the Additive Increase Multiplicative
Decrease (AIMD) technique for congestion management.
Bansal et al. [26] proposed the Llnear MEssage Rate
Integrated Control (LIMERIC) algorithm, which aims to
limit channel utilization and achieve fairness in message
rate allocation among neighboring vehicles. On the other
hand, ETSI has proposed a set of Decentralized Congestion
Control (DCC) [27] mechanisms that adapt the transmission
rate of vehicles to mitigate channel congestion. Two different
rate adaptation-based approaches have been specified by
ETSI. The adaptive approach, which is based on LIMERIC,
and the reactive approach, which relies on a state machine.
In the congestion control approach standardized by SAE
J2945/1 [18], the transmission rate of safety messages in
the vehicle is determined based on the number of nearby
neighbors.

A. CONTRIBUTION AND ORGANIZATION

Congestion control has been effective in controlling channel
load, however, its influence on the decision-making process
necessary for critical road safety tasks at the application level
should be further investigated. To the best of our knowledge,
the effect of congestion control has not been examined from
the perspective of road safety.

This paper investigates the effect of prominent message
rate adaptation-based congestion control approaches, such
as PULSAR [25], LIMERIC [26], reactive ETSI DCC [27],
and SAE J2945/1 [18], on the decision-making of road
safety applications under varying conditions. Specifically,
the capability of a lane-changing application relying on
V2V communications based on IEEE 802.11p is evaluated
to identify unsafe maneuvers using safety messages rate-
limited by a congestion control mechanism. The analysis
considers the influence of message size, vehicular density,
safety message losses at the PHY level, and the time window
in which the feasibility of the lane-changing maneuver is
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evaluated. It is worth pointing out that the study focuses on
assessing the impact of a congestion control mechanism on
road safety rather than designing a complex safety application
for accident prevention. As such, the lane-changing applica-
tion employed in the evaluations follows a straightforward yet
effective design. The design of more robust operation modes
for road safety applications, including the lane-changing
application, remains an open challenge that is outside the
scope of this work.

The specific contributions of this study are summarized as
follows:

o The effect of message rate adaptation-based congestion
control is investigated from a road safety perspective,
focusing on the decision-making process necessary for
critical safety tasks at the application level.

o The lane-changing scenario is modeled considering
unsafe maneuvers and incident detection based on
position and motion state tracking utilizing kinematic
data from received safety messages.

o The influence of message size and vehicular density,
in conjunction with congestion control, on both the
message rate of the approaching vehicle and the
reception probability of the vehicle performing lane
changing is studied, focusing on the IEEE 802.11p MAC
layer. The impact of the application’s time window and
message losses at the PHY level on road safety is also
investigated.

o The impact of standard message rate adaptation-based
congestion control on the incident-detection capability
of the V2V-based lane-changing application is evaluated
under varying conditions.

The remainder of this paper is organized as follows.
Section II reviews related work. Section III introduces the
system model containing the in-vehicle unit architecture,
the lane-changing scenario, and the lane-changing appli-
cation. Section IV presents standard rate adaptation-based
congestion control. The influence of congestion control on
road safety is discussed in Section V. The overall findings
and recommendations as well as conclusions are given in
Sections VI and VII, respectively.

Il. RELATED WORK

This section overviews relevant state-of-the-art research into
the design and evaluation of rate adaptation-based congestion
control. It also addresses the motivations and objectives of
this work as well as the significance of the studied congestion
control approaches.

In [30], the capabilities of PULSAR, LIMERIC, and
reactive ETSI DCC to control channel load and achieve a fair
message rate allocation at urban intersections are evaluated.
To achieve global fairness, the cooperation strategy used in
PULSAR is applied to LIMERIC and reactive ETSI DCC.
The simulation results presented in this paper show that the
global fairness principle leads to soft transitions decreasing
the convergence time and volatility. Simulation results also
evidence that the state machine-based control mechanisms of
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reactive ETSI DCC may impair communication performance
in terms of information freshness and communication range.
The performance of PULSAR and LIMERIC in computing
the message rate of vehicles is evaluated in [31]. This work
shows that the underlying AIMD algorithm of PULSAR is
outperformed by LIMERIC in terms of convergence speed
and stability.

In [7], the authors evaluate the performance of LIMERIC
considering metrics such as position error, packet collision
rate, packet delivery ratio (PDR), and end-to-end latency. The
simulation experiment performed in this study shows that
the underlying linear rate-control equation in LIMERIC pro-
duces unfairness in message rate allocation in noisy channel
busy ratio (CBR) measurements even with gain saturation.
Besides, it is shown that LIMERIC maximizes channel uti-
lization at the cost of reducing communication reliability and
it is not capable of guaranteeing a pre-defined position error.
In [32], the authors examine the performance of the reactive
ETSI DCC mechanisms to understand their respective points
of strength and weakness, considering the stability, channel
load, delay, and reachability. This simulation analysis has
been conducted under a variety of channel load conditions
based on link metrics. The authors provide concrete findings
and hints to improve the overall performance of reactive
ETSI DCC.

In [33], multi-hop forwarding in the context of decentral-
ized congestion control is addressed. The authors focus on
congestion-enabled forwarding to improve communication
performance in terms of reliability and latency for mixed
data traffic composed of single- and multi-hop packets
with different priorities. LIMERIC is employed as the rate
adaptation algorithm to adjust the message rate and ensure
that the network load keeps below a pre-defined threshold
of the bandwidth. In [34], the authors focus on effectively
integrating awareness control with congestion control by
not only adapting the message rate to limit channel load
but also considering the surrounding traffic situation. The
performance of the proposed approach is compared to
other rate adaptation-based congestion control algorithms,
including LIMERIC + PULSAR.

The adaptive variant of ETSI DCC is studied in [35]. The
authors analyze how the chosen parameters for the control
approach can lead to a slow speed of convergence and long
periods of unfairness in message rate allocation in transitory
situations. To improve the performance, the authors propose
a modification to the underlying adaptive control mechanism.
In [36], the authors provide a more detailed investigation into
the impact of the parameters configuration of the adaptive
ETSIDCC in steady state and transitory situations. Their sim-
ulation study shows that an incorrect selection of parameters
can make the adaptive ETSI DCC approach ineffective. In [5],
the authors assess the impact of both reactive and adaptive
ETSI DCC on cooperative perception. The set of experiments
in this work shows that congestion control can influence
the perception and latency in connected and automated
vehicles.
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In [37], the authors present a data rate control method with
adaptive traffic control based on LIMERIC. For this purpose,
a formulation of CBR related to transmission probability and
application reliability is developed. Realistic simulations are
used to evaluate the performance of the proposed method
in terms of end-to-end delay and packet error rate. In [38],
the authors provide a review of the ETSI DCC mechanism
with its advantages and limitations. Alternative solutions and
approaches are outlined and classified according to different
scenarios (e.g., platooning) and control parameters (e.g.,
transmission rate, transmission power, and data rate). In [39],
a decentralized congestion management system is developed
by adapting the message rate based on the exponential
function. The simulation results presented in this work show
that the use of the developed technique reduces the channel
busy time and the total lost packets. In [40], rate adaptation-
based congestion control is applied to a platooning scenario.
This work shows that the performance and stability of
the platoon can be maintained under high channel load
conditions. In [41], the authors evaluate the performance of
the reactive ETSI DCC approach. They highlight the channel
capacity under-utilization and the communication quality
degradation and also propose several design improvements
to enhance its performance.

In [42], the authors study the feasibility of implementing
the distributed congestion control algorithm introduced in
the SAE J2945/1 standard on top of the C-V2X stack. The
performance of the message rate and transmission power
control mechanisms is evaluated in dense vehicular scenarios.
From the evaluation, they identify areas for potential design
enhancements and further investigation. In [43], the authors
investigate the performance of the SAE J2945/1 congestion
control approach in C-V2X communication environments.
They find that the SAE J2945/1 algorithm exhibits an
imbalance between message rate control and transmission
power control during congestion. To address this, the authors
propose adjusting the message transmission rate control to
react more relaxedly to congestion, allowing transmission
power control to contribute actively to overall conges-
tion control. In [24], the SAE 2945/1 congestion control
mechanism is used to compare the performance of V2V
communications in freeway scenarios under different traffic
densities and radio access technologies. A relevant finding of
this research is that both the SAE 2945/1 congestion control
and the communication technology can significantly impact
the performance of V2V communications.

In [44], the authors propose a distributed congestion
control method that adjusts the interval of safety messages to
maximize the number of successful transmissions. Vehicles
estimate the vehicular density in their vicinity, and based
on the estimated density, they calculate an optimal message
transmission interval to maximize the number of successful
message receptions per second by vehicles located at a target
distance. In [45], the authors present a distributed algorithm
for the joint adaptation of transmit power and message rate for
congestion and awareness control. This approach employs a
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network utility formulation of the congestion control problem
to induce a desired fairness notion and set different priorities
for vehicles. In [46], the authors propose a congestion
control strategy based on the adaptation of message rate for
alleviating channel congestion and minimizing information
loss. Simulations are used in this work to demonstrate the
advantages of the proposed solution in terms of metrics such
as message transmission rate, message reception rate, PDR,
and information loss ratio.

In [47], a DCC strategy called Transmission Timing
Control (TTC) is presented, which distributes transmissions
over time to avoid channel contention and reduce channel
load. In [48], the authors propose a cross-layer technique
for controlling congestion in an Internet of Vehicles (IoV)
network, considering throughput and buffer use. Finally,
in [49], an adaptive CAM messaging algorithm based on the
emerging methodology of the age of information (Aol) is
presented to minimize the age-penalty function in a trajectory
prediction application. These studies address congestion
control from different angles highlighting the importance of
underlying control mechanisms for the successful operation
of vehicular systems.

A. MOTIVATIONS AND OBJECTIVES

Although there are valuable works on congestion control in
the literature, the influence of underlying congestion control
mechanisms on the decision-making processes of road safety
applications remains insufficiently explored. The studies on
rate adaptation-based congestion control primarily focus on
parameter adaptation or evaluating the approach’s capability
to control channel load and achieve fairness in message rate
allocation, considering factors such as convergence speed and
stability. While some works have evaluated the performance
of congestion control in terms of metrics relevant to road
safety, studying the incident detection effectiveness of road
safety applications when running on top of congestion control
is still missing.

The primary objective of CVS is to enable road safety
applications based on incident detection to improve driving
safety. Accordingly, congestion control approaches should
not only mitigate channel congestion but also facilitate the
correct operation of road safety applications. This study
intends to take a step forward by providing a comprehensive
analysis of the effect of congestion control on road safety.
Unlike previous studies, this research focuses on determining
how rate adaptation-based congestion control influences inci-
dent detection at the application level. The focus is on eval-
uating the performance of a lane-changing application that
operates on top of prominent congestion control approaches,
such as PULSAR, LIMERIC, reactive ETSI DCC, and SAE
J2945/1. Interest is in gaining insights into the application’s
ability to detect unsafe maneuvers under varying conditions
to understand the limitations of congestion control. The study
also aims to provide recommendations for congestion control
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to improve the incident detection capabilities of road safety
applications.

B. SIGNIFICANCE OF THE STUDIED APPROACHES

To achieve the goals, the performance of the lane-changing
application is evaluated by comparing four prominent con-
gestion control approaches: PULSAR [25], LIMERIC [26],
reactive ETSI DCC [27], and SAE J2945/1 [18], which hold
great importance and garner significant interest from the
research community and the automotive industry. This work
specifically emphasizes PULSAR and LIMERIC, as they
are two of the most relevant congestion control approaches
available in the literature. PULSAR is a pioneering approach
that has stood out in the literature on congestion con-
trol. The importance of PULSAR is determined by its
early contribution to congestion mitigation by adapting
the message rate of safety messages in vehicles to limit
channel load and ensure global fairness. LIMERIC is another
pioneering and widely recognized message rate adaptation-
based congestion control method that has considerably
influenced the design and implementation of congestion
control algorithms. It has served as a reference for subsequent
research, including the adaptive congestion control technique
specified by European standards [27]. Additionally, the
reactive variant of ETSI DCC as well as SAE J2945/1 are
considered, as they represent standardized solutions. The
DCC mechanisms standardized in ETSI TS 102 687 [27]
are pivotal to ensuring the reliable operation of CVS. The
ETSI DCC mechanisms dynamically adjust the transmission
parameters of vehicles to prevent communication degradation
due to excessive channel load. The congestion control
mechanism standardized in SAE J2945/1 is essential for
maintaining scalability as the number of communicating
vehicles increases. This method aims at preventing channel
saturation by adjusting the transmission parameters of
safety messages according to the number of neighboring
vehicles.

lll. SYSTEM MODEL

This section presents the system model which comprises the
in-vehicle unit architecture, the lane-changing scenario, and
the lane-changing application.

A. SYSTEM OVERVIEW

Vehicles are progressively including sensors, such as lidars,
radars, and cameras, that locally perceive the driving envi-
ronment [4], [5], [6]. However, the detection sensors are still
impaired by obstacles (e.g., obstructions due to nearby vehi-
cles on the road), illumination, and weather conditions. They
have issues in determining the location of oncoming traffic
successfully, and their detection capabilities are affected by
the distance [4], [5], [6]. To complement the operation of
sensors, vehicles are equipped with wireless communication
devices to increase their perception of the surrounding traf-
fic [12], [14]. The premise is that by knowing the movement
state of their neighbors, vehicles are better able for decision-
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FIGURE 1. In-vehicle unit architecture devised from a road safety
viewpoint.

making in hazardous situations [18], [19]. Thus, to make
neighbors aware of their presence, vehicles regularly broad-
cast one-hop safety messages (i.e., BSMs [16] or CAMs [17])
including their kinematic information (e.g., position, speed,
acceleration, heading, and other relevant data). The exchange
of motion-state information allows creating a knowledge
database with information on the dynamics of surrounding
vehicles [17]. Then, kinematic information is employed
by road safety applications to mitigate potential threats in
real time [6], [7].

B. IN-VEHICLE UNIT ARCHITECTURE

To better understand the relationship between the different
components from a road safety perspective, the in-vehicle
unit architecture as shown in Fig. 1 is devised. This custom
architecture visualizes that decision-making of road safety
applications, such as the lane-changing application, relies
on kinematic information obtained from neighbors through
V2V communications, which in turn, depends on congestion
control. Road safety applications can also employ the
information obtained through sensors to detect threats in the
proximity of the vehicle.

In Fig. 1, the PHY and MAC layers are defined by
vehicular communication technology, for example, based on
IEEE 802.11p [10], [13]. Vehicle dynamics contain onboard
sensors that produce vehicle motion state measurements
(e.g., velocity, acceleration, and heading) and a Global
Positioning System (GPS) receiver that provides positioning
information [6], [7]. The Local Dynamic Map (LDM)
database stores motion state information from surrounding
vehicles, which is utilized to detect potential threats (e.g.,
a dangerous situation can be detected by tracking the position
and movement state of vehicles) [6], [17]. If an imminent
danger is identified, road safety applications provide visual
and/or audible warnings to drivers in human-driven vehicles
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FIGURE 2. Lane-changing scenario. Vehicle A intends to change from
lane 1 to lane 2 while B is approaching on lane 2. Vehicles in lanes 1, 2,
and 3 move in the opposite direction of vehicles in lanes 4, 5, and 6.

and perform collision avoidance actions in the case of assisted
and autonomous driving. The kinematic information obtained
from vehicle dynamics is broadcast to the communication
channel, where the transmission rate of safety messages in the
vehicle is controlled in real time using the congestion control
approach (e.g., PULSAR [25], LIMERIC [26], reactive ETSI
DCC [27], and SAE J2945/1 [18]). The information perceived
by detection sensors can also be broadcast through CPMs or
attached to BSMs or CAMs [22].

C. LANE-CHANGING SCENARIO

Lane-changing maneuvers occur on multi-lane highways
that may experience different traffic conditions, e.g., one
direction has free-flow traffic while in the other direction,
vehicles suffer traffic congestion. In this context, it is critical
to consider the combined impact of congestion control
mechanisms and vehicular density on the performance of the
lane-changing application. Fig. 2 visualizes a lane-changing
maneuver that is influenced by the channel load generated
by a varying number of communicating neighbors moving in
the other direction of the highway. In this scenario, vehicle A
intends to change lanes to overtake vehicle C while vehicle
B is approaching A, driving on the lane intended to be
occupied. The lane-changing application running on vehicle
A should utilize the received safety messages for real-time
tracking of the position and movement state of vehicle B
to assess the feasibility of the lane-changing maneuver and
avoid dangerous situations.

The lane-changing decision should determine whether a
lane-changing maneuver can be performed safely based not
only on local positioning and movement information but also
on safety messages received from surrounding vehicles. For
instance, following the representation in Fig. 2, at time instant
t,, vehicles A and C move with uniform motion at the same
speed (v4 = v¢) while maintaining a controlled distance
Dac between them when the first message from vehicle B
is received by A.

Vehicle A would consider its lane change to be unsafe if
i) vehicle B is approaching on the left lane; and ii) within
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a time window (#,), the distance between A and B (d4p)
regarding the front side of vehicles, becomes smaller than a
certain safety distance (Dy(¢)) plus the length of vehicle A
(La), as expressed in (1).

dap(t) < Dy(t) + La. ey

The safety distance D;(t), presented in (2), comprises the
stopping distance of vehicle B, which is the distance required
by B to stop in the case of an emergency involving vehicle A,
plus an additional distance (d,) to increase the reliability of
the lane-changing maneuver.

Stopping Distance of B Additional Distance
—_——~— — =
Ds(t) = dr + dBr + da . (2)

The stopping distance in (2) includes the reaction distance

dy), d, = vg-t, + ”Bz't’, where vp and ap represent B’s
speed and acceleration, respectively. The term ¢, refers to the
reaction time, which is the time required to detect a hazard

and activate brakes. The stopping distance also considers the

braking distance (dp), dp = B (6], which is the
distance required by B to stop once the brakes have been
activated, where u,, represents the friction coefficient of the
road.
" : (ap—ap)-t?

The additional distance (dy), dy = (vg—va) - t;+——F—",
depends on the relative speed of vehicles B and A, where
ay represents the acceleration of A. It also depends on the
safety time (), t; = tﬁlL + t;u, which consists of the lane-
changing time (tle) of vehicle A and a margin of time (#,,)
to account for potential errors in the position measurements.
The lane-changing time tCIZL, as shown in (3), represents the
time required by vehicle A to change from the right to the left
lane [6],

1
zach Iy 2
—vA + (vf1 + A5 )
[RL _
ch — ch ’
as

ast > 0, (3)

where /,, is lane width, 6 is the lane-changing heading, and
ajh is the lane-changing acceleration.
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Fig. 3a visualizes the lane-changing time X on vehicle A
for a typical lane-changing heading 6 ranging from 5° to 20°
[51], a lane-changing acceleration aﬁh of 2.5 m/s? [6], and a
common lane width /,, of 3.5 m [6], [50]. Fig. 3b illustrates
the safety distance Dy according to the speed of vehicle B for
an average driver’s reaction time ¢, of 1.5 s [7], aroad friction
coefficient u,, of 0.8 corresponding to dry asphalt [6], and a
safety time #; of 3 s.

D. LANE-CHANGING APPLICATION

As specified by ETSI in [19], road safety applications should
monitor the movement dynamics of target vehicles within
a pre-defined time interval and decide whether to execute
the maneuver or not. Accordingly, in our lane-changing
test application, vehicle A employs a kinematic model and
the messages received to track the position and movement
state of vehicle B [6]. For each received safety message,
vehicle A utilizes the position (P;Ig_l), speed (v%_l), and
acceleration (ap) of vehicle B to determine B’s new position
(P%) and speed (v%). This is accomplished by using (4),
where ¢ — 1 and ¢ represent the previous and current states,
respectively, and At denotes the prediction time step. If Az
passes without receiving a message from B, then vehicle A
utilizes the previously received information to predict B’s
current position P} and speed v}, [6].

q qg—1 2
-5 A ] [ o
Vg 0 1 v% At

Algorithm 1 shows the steps executed by the V2V-based
lane-changing application in vehicle A. Vehicles derive
their position, speed, acceleration, and length from onboard
sensors, e.g., from the vehicle dynamics module depicted in
Fig. 1. An accurate estimation of the movement parameters
can be obtained with Kalman Filters [6]. On each message
received from B or state prediction, vehicle A decides
whether to proceed with or abort the lane-changing maneuver,
based on the estimated values of d4pg and D, and the condition
stated in (1). The distance d4p is estimated from the positions
of A (P4) and B (Pp). State predictions occur at regular time
intervals At after each message is received from B, and the
decision to perform or abort the maneuver is taken within a
time window ¢t,,,.

The lane-changing application utilizes the position, speed,
and acceleration of vehicles A and B as initial conditions
whereas the considered parameters are employed to estimate
the safety distance and assess the condition. It is important
to note that the algorithm has a main process where a
function is regularly called to decide whether to abort or
not the lane-changing maneuver. The main process of the
algorithm starts when vehicle A receives a safety message
from B. Immediately, the function is called to check the
safety condition based on D; as well as on dup. If the
condition is true, the maneuver is aborted, otherwise, the
position and speed of vehicle B are predicted every At.
Then, the function is called again to check the safety
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condition considering the new position and speed of B.
This process is repeated until reaches the end of the time
window or receives another safety message from vehicle B
which cancels the scheduled task and starts a new main
process.

Algorithm 1 Lane-Changing Application on Vehicle A

Initial Conditions: {P4, va, aa, Pp, vp, ag, to}

Considered Parameters: {7, s tms La, o}

Result: {ABORT}

On each safety message from B, cancel the scheduled task and do:

begin
1 call Decide; Function Decide (Pg, vg, ag)
2 Every Arup 10 (to + ) do 1 Compute dap;
, Update [P‘,f] @): 2 Compute Dy (2);
vp 3 if (dpap < Dg + Ly ) then
4 call Decide; 4 L set ABORT;

IV. CONGESTION CONTROL

Prominent congestion control approaches based on message
rate adaptation for V2V communications have been pro-
posed [18], [25], [26], [27] to mitigate channel congestion
in high-density vehicular scenarios. This work focuses on
PULSAR [25], LIMERIC [26], reactive ETSI DCC [27],
and SAE J2945/1 [18]. The power control and tracking error
strategies in SAE J2945/1 are excluded to focus on the
effect of its message rate adaptation-based congestion control
mechanism on road safety.1 Hence, these control methods
dynamically adjust the transmission rate of safety messages
to mitigate channel congestion, while maintaining a fixed
vehicle power level. As specified by ETSIin [27], congestion
control should have cross-layer functionality; therefore, it is
not limited only to the MAC layer. Accordingly, in the
proposed architecture, congestion control operates above
the MAC layer controlling the transmission rate of safety
messages in the vehicle (see Fig. 1).

A. PULSAR

In PULSAR [25], the message transmission rate (rx+1)
of the vehicle is computed at each iteration (kK + 1)
based on its previous message transmission rate (rx) and
channel utilization (Uy) using (5), where U, is the target
channel utilization and the parameters ap and Sp define the
convergence behavior of the AIMD technique.

re +ap, Uy < Uy,
Tht1 = (5)
(I — Bp)ri, Uy, > U,.

To overcome the slow convergence problem, vehicles
include their current message transmission rates on BSMs or
CAMs [25]. When a new message transmission rate (7,0,) iS
received, target rate (ry) is updated as r; = (1 —8)r: + 68 - Fnew,
where § € (0, 1) determines the weight of r,,,. Then, r; is
utilized as a gravitation pull by adding the parameter w to

I The effect of all features of SAE J2945/1 on road safety will be addressed
in future work.
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FIGURE 4. State machine on reactive ETSI DCC according to ETSI TS 102
687 [27].

the AIMD technique [25]. The parameter w is equal to the
acceleration factor a., w = a., forry < r, orw = % for
ry > r;. A higher value of a. accelerates the convergence
at the cost of decreased smoothness. PULSAR utilizes the
modified AIMD with a gravitational pull, as in (6), where
U, k.2 is the maximum channel utilization reported for the two-
hop area.

e +w-ap,
Tk+1 =

(I = Bp/wr,

Uk2 = U, ©)
Ui > Us.
B. LIMERIC

In LIMERIC [26], vehicles adapt their message transmission
rates such that channel utilization converges to a specified
value. The underlying mechanism computes the message
transmission rate 7;(¢) of vehicle j at time instant ¢ according
to (7), where 7c(¢ — 1) is the aggregate message transmission
rate of all vehicles participating in congestion control, 7 is
the goal of the total message transmission rate, and oz, and
B1 are parameters that control stability, fairness, and steady-
state convergence.

1) = (1 —ap)rjt — D)+ BrL(Fg —Fc —1)). ()

LIMERIC employs a gain saturation mechanism to ensure
convergence in the calculation of the transmission rate of
safety messages in scenarios with high vehicular density [26].
The linear rate-control equation with gain saturation is given
in (8), where parameter X; is the threshold for limiting the
update offset.

() = (1 — o )F(t — 1) + sign (g — F(t — 1))
-min [Xz, B |Fe — Fct = D[] ®)

C. ETSI DCC

Reactive ETSI DCC [27] employs a state machine to
tackle channel congestion and provide an equitable resource
division. It consists of several channel states (relaxed, active,
and restrictive) depending on the current channel utilization,
as illustrated in Fig. 4. State transitions are driven by the
channel load (CL) locally measured by each vehicle, where a
higher channel utilization leads to a lower transmission rate
of safety messages.
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D. SAE J2945/1

SAE J2945/1 [18] mitigates channel congestion by adapting
the message transmission rate of vehicles based on the
number of neighbors. Vehicles periodically estimate the
number of communicating neighbors N (k) in a 100 m range at
each 1000-ms interval & and compute the smoothed number
of vehicles as Ng(k) = A - Nk)+ (1 — X) - Ng(k — 1),
where the parameter Ay € (0, 1) is the weight factor. The
vehicles then set the message transmission interval (7yirT(k))
[ms] according to (9), where B is the vehicular density
coefficient, and TyminrTT [Ms] and TymaxrTT [MS] represent
the minimum and maximum allowed message transmission
intervals, respectively.

TyMinITT, Ny(k) < B,
s( ) TvMaxITT
Turtk) = TyMinITT * , B < Ny(k) < m - B,
TyMaxITT
TyMaxITT, LB < Ny(k).
TyMinITT
9

V. INCIDENT DETECTION EVALUATION

This section introduces the simulation setup and discusses
the impact of message rate adaptation-based congestion
control strategies on road safety. The basic settings of the
evaluation scenario and the configuration for congestion
control are presented in Section V-A. The effects on the
incident detection of congestion control mechanisms are
discussed in Sections V-B to V-D.

A. CONFIGURATION

The experiments were conducted using Matlab on a straight
highway with three lanes in each direction, as illustrated in
Fig. 2. The lane-changing scenario is modeled in real time.
In one direction of the highway, vehicles A and C move with
uniform motion (i.e., with accelerations a4, ac of 0 m/sz) at
the same speed (v4 = v¢) maintaining a controlled distance
Dyc, while vehicle B approaches A (vg > v4) with an
initial acceleration ag of 0 m/s%. To model different lane-
changing situations, speeds from 50 to 80 km/h, in steps of
10 km/h were considered for A and C. In each simulation,
the speed v4(vc) is randomly selected from {50, 60, 70, 80}
km/h. Dsc was defined according to the stopping distance
required by vehicle A (see Section III-C). Stopping distances
from 33 to 65 m are required for speeds of vehicle A
between 50 and 80 km/h, considering an average driver’s
reaction time ¢, of 1.5 s [7] and a friction coefficient u, of
0.8 equivalent to dry asphalt. The initial speed of vehicle
B is set with a random excess from v4 in the range of
10 to 30 km/h, in steps of 10 km/h, i.e., vg is v4 plus
random{10, 20, 30} km/h.

It is defined a lane-changing acceleration agh for vehicle
A of 2.5 m/s? and a lane width 1, equal to 3.5 m [6], [50],
which for typical lane-changing headings 6 ranging from 5°
to 20° [51] lead to a maximum lane-changing time tﬁlL of
2.5 s. Accordingly, a Rl of 2.5 s (similarly to [52], [53]) and a
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margin time ¢, of 0.5 s were established, resulting in a safety
time #; of 3 s. The position of vehicle B is randomly selected
such that, at time instant ¢,, the distance dsp is higher than
Dy(t,) + Ly, indicating that vehicle B is not initially a threat
to vehicle A (see (1)).

To model a dangerous situation, vehicle B is programmed
to accelerate within ¢,,, which is the time window in which
A evaluates the feasibility of the lane-changing maneuver.
In this scenario, an incident occurs when the distance dsp
becomes equal to or less than Dy(#) + L4 within ¢, as defined
in (1). Note that vehicle A performs a dangerous lane
change if the maneuver is not aborted. To address a wide
range of incident situations, the time instant at which B
accelerates is uniformly distributed within (z,, f, + t,).
The acceleration of B was randomly selected from {2, 2.5,
3} m/s’>. The maximum speed of B (vg™) is set to an
excess of 10 km/h for vg, resulting in a vig®* ranging from
70 to 120 km/h.

The lane-changing application is influenced by the pres-
ence of vehicles in the other direction of the highway, as illus-
trated in Fig. 2. As in [29], a variable number of vehicles
uniformly spaced on the road were configured to achieve a
vehicular density ranging from 10 to 80 veh/km/lane, in line
with the vehicular densities utilized in [7]. Note that the
defined vehicular densities correspond to a total of 30 to
240 veh/km, which are in the range of [24], [26], [29],
leading to an approximate spacing between vehicles per lane
from 100 to 12.5 m, respectively. Vehicles are equal in size
and employ the IEEE 802.11p standard [10], [13]. Safety
messages are broadcast following the CSMA/CA protocol
with no acknowledgments, retransmissions, or multi-channel
switching [6], [7], [29]. The lane-changing application runs
on vehicle A as defined by Algorithm 1. A time step At of
20 ms was used for position and movement-state tracking.
Vehicles A and B employ Kalman Filters to estimate their
kinematic parameters. As specified in SAE J2945/1 [18],
a normally distributed noise with zero mean and standard
deviation of 0.3 m/s2, 0.27 m/s, and 1.5 m is used to model
sensing errors. The time instants at which safety messages
are received within the time window f,, are random. The
transmission rates of safety messages in vehicles, including
vehicle B, are controlled in real time by PULSAR [25],
LIMERIC [26], reactive ETSI DCC [27], and SAE J2945/1
[18]. The lane-changing application runs on top of congestion
control. Accordingly, decisions made by the application are
influenced in real time by congestion control approaches. The
parameter settings for the lane-changing scenario and the rate
adaptation-based congestion control mechanisms are listed in
Tablel.

Vehicles communicate with a fixed power level of 20 dBm
at a frequency of 5.890 GHz on a shared control channel
(CCH) of 10 MHz [7], [54]. Quadrature-phase-shift keying
(QPSK) modulation and a code rate of 1/2 were employed,
resulting in a data rate equal to 6 Mbps [13]. In line with the
reasoning in [29], it is considered unity gain omnidirectional
antennas as well as a constant and equal size Interference
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TABLE 1. Scenario and approaches setting.

Scenario & Approaches Parameter Value
Lanes by Direction 3
Lane Width () 3.5m [6], [50]
Vehicle Length (L 4) 4m [6]
Vehicle Width 1.8 m [6]
Vehicular Density 10 to 80 veh/km/lane
Speeds of A and C at t, (va,ve) 50 to 80 km/h
Operating Conditions Distance D o¢ 33to65m
for the Lane-Changing Acceleration (ai{") 2.5 m/s? [6]
Lane-Changing Application Initial Speed of B (vz) 60 to 110 km/h
Acceleration of B 2 to 3 m/s?
Maximum Speed of B (v5*) 70 to 120 km/h
Friction Coefficient (110) 0.8 (dry asphalt)
Reaction Time (t) 1.5s[7]
Lane-Changing Time (/) 25s
Margin Time (t.,) 05s
Safety Time (¢) 3s
Prediction Interval (At) 20 ms
ap, Bp 0.1 Hz, 0.03
PULSAR [25] 4, ac 0.1,2
Target Utilization (Ut) 0.6
ar, Br 0.1, 1/150
LIMERIC [26] Goal for Total Rate (7) 0.6
Threshold (X,) 0.0005
. Weight Factor () 0.05
Congestion Density Coefficient (B 25
Control SAE 12945/1 [18] Minimum Interval (TV]\EH,,I?”) 100 ms
Maximum Interval (T\MaxITT) 600 ms
State Channel Load M Rate
Relaxed <30% 10 Hz
Reactive* Active 1 30 % 039 % 5 Hz
ETSIDCC [27] Active 2 40 % t0 49 % 2.5Hz
Active 3 50 % to 60 % 2Hz
Restrictive > 60 % 1 Hz

1 The default parameters for congestion control are used. £ Configuration for maximum
transmission delay of 1 ms with transition interval of 1 s.

TABLE 2. Communication setting.

Parameter Value
Frequency 5.890 GHz
CCH Bandwidth 10 MHz
Transmission Power 20 dBm [7]
Receiver Sensitivity -82dBm [13]
Modulation QPSK [13]
Code Rate 1/2 [13]
Data Rate 6 Mbps [13]
Antenna Height 1.5 m [54]
Dielectric Constant (e;.) 1.02 [54]
Propagation Model Two-Ray Interference [54]

Range (IR), Carrier Sense range (CS), and Communication
Range (CR). These ranges are typically assumed as fixed
distances considering deterministic propagation [25], [26],
[29], which is a reasonable assumption when applied to
the study of congestion control. In this work, to derive IR,
CS, and CR, the Two-Ray Interference Model [54] with a
dielectric constant €, = 1.02 is used, which has been validated
based on an extensive set of measurement campaigns on the
road.” The antenna height is 1.5 m [54] and the receiver
sensitivity is - 82 dBm [13], leading to an approximate IR,
CS, and CR of 500 m. The communication parameters are
given in Table2.

The effect of congestion control approaches on road safety
is investigated by considering the impact of message losses
at the MAC and PHY levels. A message loss probability on
A from 10 % to 30 % is used to model the negative impact
of frame capture and multipath effects at PHY (see [55]).
Atthe MAC layer, the probability of successful reception (Py)
on A is modeled by utilizing the IEEE 802.11p CSMA/CA

2The Two-Ray Interference Model is included in the Vehicles in Network
Simulation (Veins) framework, https://veins.car2x.org/.
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probabilistic model presented in [29], which considers the
influence of shared receivers, hidden terminals, and message
sizes. Following the reasoning in [29], the shared receivers are
vehicles within the CS of B, and the hidden terminals can be
estimated based on the distance from B to A and the spacing
between vehicles in the other direction of the highway.
The time required to transmit the Preamble and Physical
Layer Convergence Procedure (PLCP) header was set
to 40 us [29].

It is worth pointing out that for evaluation purposes, this
work considers BSMs or CAMs and not CPMs; however,
CPMs could be included in a more advanced study to deter-
mine how much they help improve incident detection (e.g.,
see Fig. 2, information about B perceived by detection sensors
of D could be transmitted to A). The set of experiments
considered message sizes from 200 to 600 bytes [29] and
time windows #,, from 1 s to 6 s [52]. Each data point shows
an average of over 1,000,000 simulated incidents that occur
on the road. As a performance metric, the incident detection
rate (IDR) is used. The IDR is the ratio of the number of
detected incidents to the total number of simulated incidents.
In this study, the impact of message rate adaptation-based
congestion control mechanisms on road safety is assessed
under varying conditions, which are determined by different
message sizes, vehicular densities, safety message losses at
the PHY level, and time windows. By considering different
speeds, stopping distances, accelerations, and onboard sensor
errors, diverse lane-changing situations are modeled provid-
ing valuable insights into the performance of the application.
In the following, the discussion focuses on the mean values of
the message rate, channel load, P, and IDR, as these address
the action of congestion control and show the road safety
perspective.

B. ANALYZING THE EFFECT OF MESSAGE SIZE

Fig. 5 shows the influence of congestion control mechanisms
on key performance parameters for road safety depending on
message size utilizing a vehicular density of 70 veh/km/lane.
A high density is used because congestion control effects
are more significant for a large number of vehicles, and the
focus is on analyzing the joint influence of message size
and vehicular density on the capability of the lane-changing
application to detect unsafe maneuvers. As specified by
ETSI in [17], the transmission rate of safety messages is
constrained from 1 Hz to 10 Hz. The incident detection
rate of the lane-changing test application on vehicle A
depends on the message rate of B, reception probability in
A, and time window f,. Accordingly, Fig. 5a shows the
transmission rate of safety messages in B, Fig. 5b shows
the normalized channel load computed by the congestion
control mechanisms, Fig. 5c shows the achieved values
of Py on A, and Fig. 5d visualizes the IDR on A for a
t, of 2 s and a message loss probability on the channel
of 20 %. A time window #f, of 2 s is used because
in the lane-changing application, receiving at least one
timely safety message is sufficient to cancel the maneuver,
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and a higher #,, neglects the effect of congestion control
mechanisms.

Fig. 5a and Fig. 5d show that an increase in message size
not only leads to a lower transmission rate of safety messages
in B for PULSAR [25], LIMERIC [26], and reactive ETSI
DCC [27], but also to a lower IDR in A for all control mech-
anisms when vehicle B is involved in congestion control,
implying a potential risk for road safety. Fig. 5a demonstrates
the effectiveness of PULSAR and LIMERIC in providing
equitable resource division and ensuring fairness in the
rate allocation of safety messages. Although PULSAR and
LIMERIC employ different underlying control mechanisms,
specifically AIMD with gravitational pull and linear rate-
control with gain saturation, respectively, both strategies yield
similar average message rates in vehicles with an increase
in the size of the safety messages. This is because both
methods equitably distribute the available communication
resources among vehicles to maintain the channel utilization
below 60% of the channel capacity, as observed in Fig. 5b
and Tablel.

The reactive ETSI DCC [27] also provides equitable
resource division; however, unlike PULSAR and LIMERIC,
it utilizes a state machine with different levels of channel
utilization, as shown in Fig. 4 and Tablel. The underlying
mechanism of this approach suffers from unstable state
transitions, which causes oscillations in the transmission rates
of safety messages assigned to vehicles [7]. Consequently,
the message rate in B oscillates between 10 Hz and 5 Hz
for a message size of 200 bytes, between 5 Hz and 2.5 Hz
for a message size from 300 to 500 bytes, while remaining
stable in 2.5 Hz for a message size of 600 bytes. Fig. 5a shows
that an increase in message size also leads to a reduction in
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the average message rates of B with the reactive ETSI DCC.
Fig. 5b visualizes that the oscillatory nature of this approach
is also reflected in the channel load, which can effectively
mitigate channel congestion.

On the other hand, SAE J2945/1 [18] computes, in this
traffic setup, approximately 45 communicating vehicles in a
range of 100 m, leading to a message transmission interval of
180 ms equivalent to a message transmission rate in vehicle
B of 5.5 Hz, as observed in Fig. 5a. Because the message
rate is adapted based solely on the number of surrounding
vehicles, it is not affected by the message size. However,
an increase in message size also leads to a higher channel load
(see Fig. 5b), resulting in a lower probability of successful
reception of safety messages in A due to packet collisions,
as shown in Fig. 5c. This issue indicates the necessity of using
a power control strategy in SAE J2945/1, but the adaptation
of transmission power based solely on channel load can lead
to harmful warning distances, imposing a challenge for road
safety because vehicles need to be notified at a sufficient
distance from the expected impact to take collision-avoidance
actions [7], [19].

Importantly, Fig. 5b and Fig. 5¢ show that the channel load
is directly related to the probability of successful reception
P of safety messages in A. Specifically, an increase in
channel utilization degrades Py, impairing the capability of
the lane-changing application to detect unsafe maneuvers.
In particular, when the message size increases from 300 to
500 bytes, P in A decreases from almost 70 % to 55 % for
reactive ETSI DCC, despite the message rate in B remaining
constant at 3.75 Hz. This also occurs for SAE J2945/1, where
an increase in the size of messages from 200 to 600 bytes
degrades P, from almost 70 % to 35 % although B’s message
rate is fixed at 5.5 Hz, leading to an IDR of 62 % on A
for a message size of 600 bytes (see Fig. 5d). An increase
in the probability of packet collisions is responsible for this
phenomenon.

It is observed that the intrinsic operation of the addressed
congestion control mechanisms leads to a dependency
between B’s message rate and A’s probability of successful
reception P; which may limit road safety. For instance, the
smaller the message size, the greater the transmission rate
of safety messages in vehicle B, which is convenient for
detecting an incident. However, such message size reduction
simultaneously increases the message rates of the remaining
vehicles, leading to a higher interference in vehicle A, and
hence to a lower Pg; and IDR. Further, it is important to
highlight that the underlying congestion control mechanisms
do not take into account specific vehicle dynamics which
also affects road safety since B is incapable of guaranteeing
a high message rate when it changes its movement state.
These drawbacks are responsible for all congestion control
approaches exhibiting similar incident detection downtrends,
as shown in Fig. 5d.

To demonstrate the effect of congestion control on road
safety, Fig. 5d visualizes the IDR on vehicle A when
vehicle B participates in congestion control in comparison
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with the case in which B utilizes a fixed message rate
of 10 Hz. As observed, the IDR on A may drop from
90 % to less than 80 % if the message size increases
from 200 to 600 bytes and the message rate of B is
controlled by congestion control. Furthermore, the influence
of congestion control on the incident detection rate of the
lane-changing application is more significant than that of
a fixed message rate of 10 Hz for a higher message size.
Note that the IDR on vehicle A is reduced by at least
15 % for a message size of 600 bytes with congestion
control, highlighting the importance of using a high trans-
mission rate for safety messages in B according to its
movement state.

C. ANALYZING THE EFFECT OF

VEHICULAR DENSITY

Fig. 6 shows that vehicular density, in conjunction with rate
adaptation-based congestion control, may also influence the
incident detection rate at the application level. In this case,
the key performance parameters for road safety are shown
for a message size of 378 bytes [7], [26], whereas the IDR of
vehicle A is visualized in Fig. 6d for a ¢#,, of 2 s and a PHY
layer message loss probability of 20 %. Fig. 6a shows that
the underlying congestion control mechanisms lead vehicle
B to reduce the transmission rate of safety messages when
the vehicular density in the opposite direction of the highway
is increased. This negatively affects the capability of the
lane-changing application on vehicle A to detect unsafe
lane-changing maneuvers because B’s movement state is
not considered in the message rate adaptation, as shown in
Fig. 6d. Fig. 6a shows that increased vehicular densities in
PULSAR [25] and LIMERIC [26] led to a more efficient
distribution of available channel resources than the classifi-
cation mechanism employed by the reactive ETSI DCC [27].
Fig. 6b also evidences that PULSAR and LIMERIC are
capable of successfully limiting channel utilization to 60%
in dense scenarios.

In these traffic situations, the transmission rate of safety
messages computed by B with reactive ETSI DCC remains
stable in 10 Hz for a vehicular density of 10 veh/km/lane,
oscillates between 10 Hz and 5 Hz for a density ranging
from 20 to 30 veh/km/lane, remains stable in 5 Hz
for a density ranging from 40 to 50 veh/km/lane, and
oscillates between 5 Hz and 2.5 Hz for a density rang-
ing from 60 to 80 veh/km/lane, resulting in a reduced
average message rate, as observed in Fig. 6a. Fig. 6b
shows that similar to the message size case, the reactive
ETSI DCC can also effectively regulate channel utilization
according to vehicular density. In SAE J2945/1 [18], the
number of communicating neighbors within a range of
100 m increases from approximately 9 to 51 vehicles
for a vehicular density of 10 to 80 veh/km/lane, respec-
tively. Consequently, the message transmission interval in
B increases from 100 ms to 204 ms, equivalent to a
reduction in the message rate from 10 Hz to 4.9 Hz,
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showing similar behavior to PULSAR and LIMERIC (see
Fig. 6a and Fig. 6b).

Fig. 6¢ visualizes that an increase in vehicular density leads
to a degradation in the probability of successful reception P;
of safety messages on A due to an increase in channel load,
and hence, to a lower IDR when the message rate of B is
adapted by congestion control, see Fig. 6d. This evidences
that the incident is less likely to be detected if the interference
generated by vehicles in the congested section of the road
is increased. Further, in all congestion control mechanisms,
a change in vehicular density may limit road safety. For
instance, the gain in message rate due to a reduction of the
vehicular density could limit the gain in the IDR since the
higher message rate leads to higher interference [29]. In this
sense, Fig. 6d shows that the IDR on A may drop from 98
% to 80 % when the vehicular density increases from 10 to
80 veh/km/lane and B operates with congestion control.
Furthermore, the IDR on vehicle A is impaired by at least
10 % due to congestion control mechanisms in comparison
with the case when vehicle B utilizes a fixed message
transmission rate of 10 Hz for a vehicular density higher
than 70 veh/km/lane.

D. INFLUENCE OF LOSSES AT PHY LAYER AND THE TIME
WINDOW

Fig. 7 evidences the influence of message loss probability
at PHY and time window ¢, on the incident detection rate
in the presence of congestion control for a message size
of 378 bytes and a vehicular density of 70 veh/km/lane.
Fig. 7a visualizes the IDR on A for a 7, of 2 s, whereas
a message loss probability at PHY of 20 % is utilized in
Fig. 7b. As specified in [8] and [56], enhanced V2X services
for platooning, extended sensors, and advanced driving with
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a high level of automation may require a message size higher
than 600 bytes, imposing an additional challenge for road
safety. Consequently, in Fig. 7, the analysis is extended to
a message size of 800 bytes. As expected, frame capture
and multipath effects impair the decision-making of the lane-
changing application on A, which is more critical when a
higher message size is required, see Fig. 7a, and the feasibility
of the maneuver is evaluated in a shorter #,,, as observed in
Fig. 7b.

Fig. 7a shows that an increase from 10 % to 30 % in the
message loss probability at PHY reduces the IDR on A by
approximately 12 % in all congestion control approaches for
a message size of 378 bytes. If a message size of 800 bytes is
employed, the IDR on A drops from approximately 75 % to
less than 50 % for PULSAR, LIMERIC, and ETSI DCC. This
increase in message size also significantly affects the incident
detection capability of the lane-changing application with
SAE J2945/1, reducing the IDR on A from almost 60 % to
less than 10 % for a message loss probability at the PHY layer
higher than 25 %. This is because a message size of 800 bytes
critically increases the channel load with SAE J2945/1,
leading to a drastic reduction in the reception probability,
as shown in Fig. 7b.

Fig. 7b also shows that a #,, of 1 s significantly reduces the
capability of detecting unsafe maneuvers on A. However, a t,,
of 6 s improves the IDR reducing the effect that congestion
control mechanisms, message size, and vehicular density
may have on the IDR because it increases the probability of
receiving at least one safety message on vehicle A after B
has changed its movement state. However, a longer t,, will
increase the waiting time in A to make a decision, which
may lead to missing the opportunity to execute the lane-
changing maneuver. Hence, #, requires careful tuning and
further investigation. Finally, supporting more demanding
safety services for assisted and autonomous driving with strict
operational requirements poses an additional challenge for
tuning t,,. Fig. 7b shows that for a message size of 378 bytes
and a t,, from 2 s to 4 s, the IDR on A increases from 82 % to
91 %. However, if the message size is 800 bytes, the best-case
IDR on A does not surpass 62 % for a t,, of 2 s and 72 % for
a t,, of 4 s, irrespective of the congestion control mechanism
employed.
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FIGURE 7. Incident detection rate for vehicular density of 70 veh/km/lane
with a) ty of 2 s, b) Loss probability at PHY of 20 %.
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VI. OVERALL FINDINGS AND RECOMMENDATIONS

The evaluation results show that road incident detection rates
may drop from over 90 % to less than 50 % depending
on the operating conditions. Parameters such as message
size, vehicular density, losses at the physical layer, and
observation time of the road safety application may signif-
icantly influence the capability to detect unsafe maneuvers
effectively under message rate adaptation-based congestion
control. The intrinsic operation of the addressed congestion
control techniques, in conjunction with the fact that vehicle
dynamics are not considered, leads to a dependency between
the message transmission rate and the reception probability
in target vehicles, which may limit incident detection rates,
especially when a high number of vehicles and larger message
sizes are involved.

PULSAR and LIMERIC are effective in equitably dis-
tributing available communication resources, ensuring not
only fairness in the message rate allocation but also limiting
the channel load to a pre-defined threshold. However, at the
same time, their underlying control mechanisms can lead
to a reduced message rate in vehicles involved in lane-
changing, which implies a potential risk to road safety.
Conversely, the underlying control mechanism based on
the state machine of a reactive ETSI DCC is able to
regulate the channel load. However, it can cause undesirable
oscillations and may result in an inadequate message
rate. SAE J2945/1 is also capable of reducing channel
congestion; however, because the message rate is adapted
based on the number of neighbors, it also leads to a higher
channel utilization and a lower probability of successful
reception owing to packet collisions with an increase in
message size.

The evaluation results also demonstrate that the channel
load is directly related to the probability of successful
reception in the vehicle performing lane-changing and, hence,
to decision-making at the application level. Further, frame
capture and multipath effects, as well as the observation
time window, significantly influence the performance of
the safety application. A lower time window decreases the
incident detection rate, whereas increasing the time window
improves the probability of detecting the incident but may
also lead to losing the opportunity to execute the maneuver.
Furthermore, controlling channel congestion presents a
significant challenge when factoring in the operational needs
of enhanced V2X services. These services, which provide a
high level of automation, are fundamental for assisted and
autonomous driving.

Based on the evaluation results, specific recommendations
and guidelines for congestion control are provided to improve
the incident detection capability of road safety applications.
First, more in-depth research in the design and configuration
of rate adaptation-based congestion control is required. This
research should include the background effects of the con-
gestion control mechanism on the transmission rate of safety
messages. Additionally, it should consider the probability of
successful reception in the targeted vehicles. Both of these
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factors are crucial for the application-level performance of
incident detection. In this sense, it is essential to integrate
vehicle dynamics into the intrinsic operation of congestion
control techniques. A message transmission rate according
to the vehicle dynamics not only increases the probability of
timely communication changes in the motion state of vehicles
moving at high speeds but may also reduce interference from
neighbors.

Second, congestion control needs to factor in its potential
influence on the application’s decisions and how this meets
the operational requirements of highly demanding services
in assisted and autonomous driving. This involves not only
the size of the messages but also their frequency. Achieving a
balance is key to successfully supporting enhanced V2X ser-
vices in emerging technologies, such as IEEE 802.11bd and
5G NR V2X. Third, the impact of message rate adaptation-
based congestion control on road safety can be minimized by
designing cooperative safety applications in which vehicles
work together to identify an incident. However, the design
of cooperative applications is a complex task that remains an
open challenge.

VII. CONCLUSION AND FUTURE WORK
This paper studied the influence of message rate adaptation-
based congestion control from the road safety perspec-
tive, focusing on the decision-making process required
by road safety applications. Specifically, it was examined
how prominent approaches for congestion control, such
as PULSAR, LIMERIC, reactive ETSI DCC, and SAE
J2945/1, impact the capability of a lane-changing appli-
cation, which relies on vehicle-to-vehicle communications
to detect unsafe maneuvers under varying conditions. The
comparative evaluation demonstrated that congestion control,
in conjunction with message size, vehicular density, message
loss probability at the physical level, and the decision
time window, can significantly influence the incident
detection rates achieved by the safety application. It was
also observed that the underlying control mechanisms led
to a dependency between message transmission rate and
reception probability in targeted vehicles, which limited
road safety decisions. The challenges will be exacerbated
by the highly demanding operational requirements defined
for critical safety services in assisted and autonomous
driving.

The proposed model can be extended in various aspects.
It is worth pointing out that intelligent operation modes
where vehicles cooperate to avoid an accident do not
allow evidencing the influence of congestion control on
the performance of the lane-changing application. While
the model considers a straight road, it is acknowledged
its potential for extension to more complex road scenarios
by including the vehicle heading in the operation mode
of the lane-changing application. Moreover, the model
focuses on the IEEE 802.11p standard, but it could be
extended to consider vehicular technologies such as IEEE
802.11bd and C-V2X (LTE V2X and 5G NR V2X). However,
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the derivation of the probability of successful reception
based on relevant parameters for congestion control as
well as the design and evaluation of congestion control
mechanisms for these recent technologies remain an open
challenge.

In the model, a larger safety distance was set for a higher
speed, which is a reasonable assumption from a road safety
viewpoint, but other approaches are also possible to define the
safety distance (e.g., fixed). The work focused on studying
the effect of message rate adaptation due to the significance
of this dimension within the standardized congestion control
methods, and because the adaptation of transmission power
or data rate poses a challenge to isolate the effect that
underlying congestion control mechanisms may have on the
performance of the road safety application. Given the focus
of the research and to demonstrate the impact of message rate
adaptation-based congestion control, this study exclusively
considered safety messages. However, it could also be
extended to evaluate the influence of Collective Perception
Messages, which will be included in future works to explore
how the data gathered by detection sensors contributes to
enhancing the incident detection capabilities of road safety
applications.

Future work will be oriented to extend the proposed model
by adapting and examining the congestion control methods
within the evolving vehicular technologies IEEE 802.11bd
and 5G NR V2X. These platforms anticipate enabling more
sophisticated road safety services. Additionally, the aim is to
design strategies focused on road safety-oriented congestion
control. This takes into account the potential advantages of
incorporating collaborative applications to enhance incident
detection. Future work also aims to extend the study to other
relevant vehicular scenarios and road safety applications as
well as consider practical tests to increase the impact of the
findings.
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