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Abstract: In the face of cooperative intelligent transportation systems (C-ITS) advancements, the
inclusion of vulnerable road users (VRU), i.e., pedestrians, cyclists, and motorcyclists, has just recently
become a part of the discussion. Including VRU in C-ITS presents new challenges, most notably the
trade-off between the increase in VRU safety and the aggravation in channel congestion resulting
from VRU-generated messages. However, previous studies mainly focus on network-related metrics
without giving much consideration to VRU safety-related metrics. In this context, we evaluated
such a trade-off with a study of motion-based message generation rules for VRU transmissions. The
rules were analyzed using theoretical and simulation-based evaluations. In addition to studying the
message generation rules using channel load metrics, such as channel busy ratio (CBR) and packet
delivery ratio (PDR), we introduced a new metric: the VRU Awareness Probability (VAP). VAP uses
the exchange of messages from active VRU to measure the probability of VRU detection by nearby
vehicles. Results show that fixed message-filtering mechanisms reduce the overall channel load, but
they could negatively impact VRU detection. We established the importance of quantifying the VRU
awareness and its inclusion in C-ITS analysis because of its direct impact on VRU safety. We also
discussed approaches that include VRU context and dynamism to improve the definition of message
generation rules.

Keywords: awareness; cooperative ITS; message generation rules; vulnerable road user; vehicle-to-
pedestrian communications

1. Introduction

Vehicular networking represents one of the critical elements to enable a diverse set
of applications related to intelligent transportation systems (ITS). Such applications range
from safety to convenience services bringing benefits to accident prevention, accident
mitigation, traffic optimization, comfort, and many others [1].

In the safety area, several approaches have been proposed to detect (mobile) road users
other than vehicles. The most common approach is passive detection, in which vehicles
use different sensor technologies, such as video analysis and object detection based on non-
visible light, to characterize the surroundings (e.g., signalization elements and presence of
pedestrians) and to identify possible traffic threats involving other road users. Nevertheless,
the need for line-of-sight (LoS) restricts the proper operation of the sensing devices in the
passive approach. Moreover, because the LoS condition cannot be ensured in all situations,
the passive approach is unsuitable for several safety use cases, as previously pointed out
by many authors [2–7]. Consequently, cooperative communication-based approaches,
called cooperative intelligent transportation systems (C-ITS), have emerged as a suitable
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alternative. In C-ITS, vehicles have sensing capabilities together with communication
capabilities to actively broadcast information to other vehicles, other road users, and the
infrastructure [8].

Despite the benefits that C-ITS brings to traffic safety, existing systems still fail to
include all possible road users as active participants in the communication processes [8].
One relevant group that has not been fully considered is that of vulnerable road users (VRU),
which includes a broad range of road users, such as pedestrians, cyclists, motorcyclists,
and powered two-wheelers (PTWs) [6,9,10]. Road accidents are particularly harmful to
this group of users. In fact, the World Health Organization (WHO) states that among the
1.35 million deaths associated with road traffic each year, half of these belonging to this
group of road users. The lack of inclusion of these actors in the planning, design, and
management of road operations explains a significant percentage of these fatalities [11].

1.1. Motivation

In recent years, several efforts have sought to reduce road traffic deaths and improve
the safety of VRU using communication technologies. These efforts involve exchanging
messages between vehicles and VRU using vehicle-to-pedestrian (V2P) communications;
V2P includes the exchange of information between vehicles and any type of VRU. Different
technologies are proposed for V2P, including Wi-Fi [12], cellular networks [13], dedicated
short-range communication (DSRC) and Bluetooth [14], and radio frequency identification
(RFID) tags [15].

In vehicular networks, VRU can take on active or passive roles. An active VRU
participates in the communication process by sending information (e.g., location and
speed), usually in a periodic manner, or following a particular set of transmission rules. A
passive VRU waits for messages sent by vehicles and may reply only when it receives a
message. Establishing the suitability of these roles for the effective integration of VRU in
C-ITS is still an open challenge [6,16]. The authors in [16] report an active role may have
better performance than a passive one in terms of safety-requirement fulfillment (e.g., time
of detection before a collision). In addition, active VRU may help improving the perception
that vehicles have about their environment. The active role of VRU may be deployed in
parallel or as an additional feature to the development of cooperative perception messages
(CPM) [17,18] in the search to improve the knowledge of different communication nodes
in a vehicular environment. However, as the number of active VRU increases, network
congestion could become severe and negatively impact the reception capabilities of all
network nodes.

The congestion problem becomes even more critical when considering the radio access
technology. For example, in the case of DSRC, there are concerns about the suitability
of the technology to support the increase in network traffic associated with VRU. These
concerns are mainly because this technology already suffers from network congestion on
the Control Channel—used for the exchange of safety packets—when the network density
increases [4,5,19]. The problem may become critical in some countries, like the US, if the
push to reduce the spectrum allocation for DSRC continues [20].

Different proposals of decision systems address network congestion problems associ-
ated with the active participation of VRU. Typically, they manage the transmission rate or
filter the transmissions of active VRU according to the context or motion characteristics.
Such context-aware systems use environmental variables and VRU motion features (e.g.,
velocity) to modify the transmission rate of VRUs’ mobile devices. In general, the proposed
message generation rules allow the overall reduction in network load measured by the
channel occupancy [4,5,19].

Although the use of rules achieves a network load reduction, a crucial factor that has
not been sufficiently evaluated is the ability of contextual-decision systems to maintain VRU
awareness when applying message filtering. We define VRU awareness as the proportion
of VRU detected by a vehicle over the total number of VRU nearby. We maintain that
this parameter is critical in contextual-decision systems because of its direct relation to
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the capacity of vehicles to detect possible threats and avoid traffic accidents through the
exchange of messages. Understanding the trade-off between reducing network congestion
and maintaining an appropriate level of VRU awareness in contextual-decision systems is
what motivated this work.

1.2. Contributions

In an effort to improve the safety of VRU, this work investigated the capacity of
vehicles to identify nearby active VRU using contextual systems that apply message
generation rules. The contributions of this paper can be summarized as follows:

• We defined a novel VRU awareness metric to analyze the impact of VRU message
generation rules on the timely detection of VRU. Our proposed VRU awareness
probability metric (VAP) measures the ability of a vehicle to detect the surrounding
VRU as a function of the probability of successful message reception.

• We conducted a trade-off study based on channel busy ratio (CBR), packet delivery
ratio (PDR), and VAP to analyze VRU message generation rules proposed in the
literature [4]. For this purpose, we extend a vehicle-only IEEE 802.11p model to
integrate VRU nodes in the vehicular communication network. In contrast to [4], our
model does not separate the traffic of VRU and vehicles in different communication
channels; instead, we considered a single shared channel scenario. The model also
accounts for the effect of hidden terminals, caused by obstacles, to evaluate the impact
of the network traffic generated by VRU.

• We developed a simulation tool to validate our theoretical model, which differs from
previous works and tools that consider only pedestrians and cars (e.g., [4,5,19]). In
this work, we also included bicycles and motorcycles, which present different mobility
patterns compared to pedestrians. This inclusion is important because the mobility
patterns directly affect the activation of the VRU message generation rules under
study, especially those related to the position of VRU in urban scenarios.

The remainder of the paper is organized as follows. Section 2 reviews the related work,
focusing on proposals of message generation rules; we also review the incorporation of
awareness metrics in existing contributions. Section 3 describes the theoretical part of the
methodology used in this study, presenting the message generation rules, the evaluation
metrics, and the design of theoretical tests. Section 4 presents the simulation aspects
used for the analysis of the message generation rules. Section 5 evaluates the impact of
VRU message generation rules and discusses further improvements in the rules’ design.
Finally, Section 6 concludes the paper and presents future work.

2. Related Work

Although contextual-based transmission mechanisms are a well-investigated field in
vehicular communications, to date, similar techniques that focus on VRU do not present
the same depth of exploration. Elements of vehicular context-based triggering systems
were used as an important inspiration for this work. One example is the development of
the context-based rules for collective perception messages (CPM) and the evaluation of the
effectiveness of detection using such messages (closely related to awareness). CPM, stan-
dardized by the European Telecommunications Standards Institute (ETSI) [21], allow the
exchange of sensor information among vehicles, increasing each vehicle’s environmental
knowledge of the road [17].

The context-based rules include contextual variables of the detected objects, such
as their movement, novelty, and speed changes to determine if a message is transmitted.
Previous works have studied the channel load variations, derived from the transmissions
triggered by these rules compared with a baseline case—a fixed message transmission rate.
They also introduced metrics related to object awareness. In [17], the authors introduced
two relevant metrics: the object awareness ratio (OWR) and the time between object
updates. OWR measures the time between received CPM that contain information of
the same object. In contrast, the time between object updates measures object-related
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awareness using the number of distinct acknowledged objects via CPM. Along this line
of study, the authors in [18] measure the object awareness using the number of distinct
acknowledged objects via CPM.

In the context of VRU communications, the authors in [19] developed a DSRC-based
system for vehicle-to-pedestrian communications using smartphones. The system incor-
porates a context-awareness module to enable and disable the DSRC operation on the
VRU side. First, the smartphone determines the pedestrian’s motion-state (i.e., stationary,
walking, or running). The state information is used to turn off the message transmission
and GPS signal reception in stationary pedestrians. The authors stated that the control
mechanism allows the system to reduce power consumption and channel congestion,
although the latter was not analyzed. They also discussed several challenges related to
VRU inclusion in C-ITS, such as the spectrum and channel congestion. They proposed
a mitigation alternative, termed receive-only mode, where mobiles are only allowed to re-
ceive. However, such a mode resembles a passive approach, which can reduce pedestrian
detection compared to an active communication approach [16].

Sewalkar et al. [5] studied VRU transmissions through simulations. In the simulated
scenarios, the authors studied two metrics, namely the channel busy percentage (CBP) and
the beacon packet error ratio (BpER), to evaluate the impact of the inclusion of pedestrians
to the existing vehicle-to-vehicle (V2V) communications. In light of the simulation results,
the authors concluded that implementing critical safety applications in V2P communica-
tions is not possible using a fixed beaconing rate. To cope with this problem, the authors
proposed a variable beaconing rate based on a context-aware system. The system, proposed
by the authors, uses a context-sensitive clustering mechanism. This mechanism groups
pedestrians and allows just one to send group information to vehicles, thereby reducing
the number of exchanged messages.

Lee et al. [22] investigated communication channel overload along with battery-
savings. They proposed a mechanism that considers clusters of VRU that exchange mes-
sages through WiFi Direct while a cluster leader exchanges messages with cars through
IEEE 802.11. In terms of channel load, the system reduces the load by changing the state of
the slave devices to sleep mode if the cluster leader detects a low velocity of surrounding
vehicles. In contrast, when high vehicle velocity is detected, the devices transmit at a higher
rate. A more straightforward approach is taken by the WiSafe system [12], which defers
transmissions when pedestrians are detected to be indoors.

Bagheri et al. [23] proposed a system based on vehicle-to-cloud (V2C) and pedestrian-
to-cloud (P2C) to exchange information between mobile nodes and the cloud, where the
alerts are generated. The cloud sets the transmission rate of pedestrians lower or higher
depending on the velocity of vehicles. If pedestrians are located indoors, the system stops
the pedestrians’ message transmission, considering that they are in a safe place.

Rostami et al. [4] studied the problem of channel congestion in IEEE 802.11p. To
reduce congestion, the authors proposed a context-based transmission system using three
rules based on the motion and position of pedestrians. To test these rules, they carried
out simulations and compared the decision system performance in contrast to a fixed rate
mechanism based on CBP, packet error rate (PER), and a near-the-worst-case Inter Packet
GAP (95% IPG). The results show an improvement of these metrics when applying the
triggering rules. However, there was no evaluation of VRU detection capabilities. Based
on the work in [4], in this paper, we studied both the system capacity to cope with channel
congestion—as in the original paper—but also the effectiveness of the VRU detection.
Furthermore, in contrast to [4], where they assumed a dedicated channel for pedestrians,
we considered a shared channel among vehicles and VRU.

3. System Model

The study scenario includes nodes of both types: VRU and cars equipped with IEEE
802.11p connectivity [24]. In addition to vehicle traffic, VRU also exchange safety messages
with cars and other VRU to raise the context cooperative awareness. Therefore, in this
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network, VRU are defined as active nodes capable of sending information to their entire
neighborhood. A representation of the scenario is illustrated in Figure 1a, where both
vehicles and VRU establish bidirectional communication links.

(a) Baseline scenario (b) PedOnStreet rule

Figure 1. Rules representation.

Although the assumption that pedestrians, cyclists, and motorcyclists may be equipped
with a communication unit that supports the IEEE 802.11p is not yet a reality, there have
been initiatives for implementing a DSRC protocol stack in smartphones [19], with no
need for additional elements. Moreover, given that smartphones are the most common
communication device for VRU [8,16], the access technology options are extended to the
use of cellular infrastructure and the Mode 3 and Mode 4 introduced for Cellular-V2X
(C-V2X) communication [25–27]. Beyond the wireless technology in use, in this paper, it
is of interest to evaluate the use and the availability of a shared communication channel.
Such an analysis may establish a precedent when considering other technologies, such as
C-V2X, and other architectures, such as heterogeneous networks [28,29].

The sets ped (i.e., pedestrians) and cycle (i.e., bicycles and motorcycles) form the
complete set of vulnerable road users, VRU, where |ped| = P and |cycle| = C. Hence,
VRU = ped ∪ cycle and |VRU| = V = P + C. From the set of VRU, there is only a
subset of members that are actively transmitting messages, since the message generation
rules cause some VRU to not always transmit. The subset of transmitting pedestrians is
pedtx ⊆ ped, where Ptx ≤ P, whereas the subset of transmitting cycles is cycletx ⊆ cycle,
where Ctx ≤ C. Hence, the subset of transmitting VRU is VRUtx = pedtx ∪ cycletx,
where Vtx = Ptx + Ctx. It is worth noting that the cardinalities Ptx and Ctx heavily depend
on the message generation rule. The scenario includes a set of vehicles, denoted by the
set car = {car1, ..., carNcar}, where |car| = Ncar. All cars are transmitting cooperative
awareness messages at a fixed rate.

The proposed system model presents the message generation rules that govern VRU
transmissions, together with the 802.11p model used to derive the evaluation metrics of
the system. The notations used in this section are summarized in Table 1.
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Table 1. Notation table.

Symbol Description

ped Set of pedestrians in a vehicle’s transmission range

cycle Set of bicycles and motorcycles in a vehicle’s transmission range

VRU Set of vulnerable road users in a vehicle’s transmission range

car Set of vehicles

pedtx Set of transmitting pedestrians in a vehicle’s transmission range

cycletx Set of transmitting bicycles and motorcycles in a vehicle’s transmission range

VRUtx Set of transmitting vulnerable road users in a vehicle’s transmission range

P Cardinality of the pedestrian’s set

C Cardinality of the cycles’ set

V Cardinality of the VRU’s set

Ncar Cardinality of the car’s set

Ptx Number of pedestrians sending messages

Ctx Number of cycles sending messages

Vtx Number of VRU sending messages

CBR Channel busy ratio

PDR Packet delivery ratio

VAP VRU awareness probability

P(CR)i Correct car’s reception probability for a VRU transmission (i)

Zi Exponent of the loss rate

λi Transmission rate.

pb Probability of sensing a busy channel

T Total transmission time of a packet

pdc Packet collision probability when hidden nodes are not considered.

β j Linear density of the j-th node (node/km)

R Node transmission range (km)

ρj Queue utilization of the j-th node.

pc Collision probability considering hidden terminals

P(H1) Probability that no hidden node is transmitting when a tagged node is transmitting

P(H2)
Probability that no hidden terminal starts transmitting until a tagged vehicle
finishes transmission.

3.1. VRU Message Generation Rules

The generation of safety messages by VRU follows each one of the three rules intro-
duced in [4] (see below). Note that the rules apply to outdoor VRU only.

1. Pedestrian on Street (PedOnStreet): Pedestrians only transmit messages when they
are on the street. Other types of VRU like bicycles and motorcycles—grouped under
the name cycle—are assumed to always be on the street, so they always transmit
messages under this rule. A representation of this rule behavior is shown in Figure 1b,
in which pedestrians who are not on the street make no transmissions.

2. Moving VRU (MovVRU): VRU transmit only when they are moving (VRU’s velocity
is different from zero); thus, stationary VRU do not transmit.

3. Multiple Transmission Rates (MultiTx): This rule modifies the transmission rate
(λMTx) of messages according to whether VRU are moving or not. In the case of a
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stationary VRU, the transmission rate is set to 2 Hz, while in the case of an in-motion
VRU, the transmission rate is set to 5 Hz. λMTx is defined in Equation (1), where v is
the VRU velocity:

λMTx =

{
2 Hz i f v = 0 [m/s]
5 Hz i f v > 0 [m/s]

(1)

To evaluate the performance of these three rules, we also defined a baseline. In the
baseline scenario, all VRU periodically generate safety beacons. We considered fixed
transmission rates of 1 Hz, 2 Hz, 5 Hz, and 10 Hz.

3.2. IEEE 802.11p Model

For the theoretical analysis of the message generation rules and calculation of metrics,
we adapted the IEEE 802.11p model proposed by Hassan et al. [30]. The authors address
the problem of modeling the performance of the IEEE 802.11p protocol on a cooperative
collision avoidance (CCA) system. Here, we briefly describe the model assumptions,
performance metrics derivations, and the adjustments made to comply with our study
scenario. The main assumptions in the model are [30]: (1) vehicles are considered in a
stationary state during the communication interval; (2) transmission and sensing ranges
are equivalent (value R), and they are the same for all nodes; (3) data packets arriving for
transmission at a node follow a Poisson distribution, with the same parameter λ for all
nodes; (4) the collision probability of each station is constant; (5) channel conditions are
ideal within the transmission and sensing range, R; and (6) a highway scenario is assumed.

Although we focus on an urban scenario, we justify using the model in [30] since the
transmission range of nodes using 802.11p is considerably wider than the street lane; hence,
the linear distribution of nodes can be assumed to satisfy the assumption (6). However, we
made modifications to consider nodes other than cars in the network. The notations used
in this section are summarized in Table 1.

To calculate the probability of a busy channel, pb, the authors in [30] employed the
busy time approach: the time the radio senses the medium as occupied, which is a function
of the packet transmission rate and the packet collision probability pdc. The original
calculation of pb in [30] is:

pb = (Ntr − 1)λT(1− pdc
2

). (2)

In this equation, λ represents the rate of the Poisson process associated with the packet
generation, and T is the packet transmission time, including the wait for a distributed
coordination function (DCF) interframe space, DIFS. pdc is the packet collision probability
when hidden nodes are not considered. As shown in Equation (2), there is a unique value
for λ. Hence, we modified the model to consider multiple types of nodes—including VRU—
in the network. Equation (3) is the new calculation of busy time, whereas Equation (4) is
the new computation of pb, which we now call CBR. To compute the cardinality of the sets
pedtx (P), cycletx (C), and car (Ncar) we use the expression Cardinalityj = 1 + 2Rβ j, where
β j is the density of the j-th category of transmitting nodes. For example, the number of
transmitting pedestrians is computed as pedtx = 1 + 2Rβped:

BusyTime = T ∗ (Ncarλcar + Pλped + Cλcycle), (3)

CBR = BusyTime ∗ (1− pdc
2

). (4)

Here, we present the equations used for the computation of the collision probability
and the probability of a node transmitting in an arbitrary time slot. As we consider
arbitrary tagged nodes in each category of road users, the collision probability of the jth
node category can be expressed as follows:

pdcj
= (1− (1− ρj)(1− pb))P(tx). (5)
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The probability of any transmission in an arbitrary time slot, defined as P(tx), can be
defined as follows:

P(Tx) = 1−
(
(1− τρcar)

Ncar−1(1− τρped)
Ptx−1(1− τρcycle)

Ctx−1
)

, (6)

where τ is computed as τ = 1
W̄+1 , with W̄ being the mean value of the contention window.

The packet collision probability, when considering hidden terminals (pc), can be defined
as follows:

pc = 1− (1− pdc)P(H1)P(H2), (7)

where P(H1) and P(H2) represent the occurrence probability of two events in a hidden
terminal scenario. H1 is the event of a tagged vehicle transmitting, and none of the hidden
terminals are transmitting. On the other hand, H2 is when none of the hidden terminals
start to transmit until the tagged vehicle finishes its transmission. Both pdc and pc only
account for collisions between two packets.

3.3. Evaluation Metrics

To evaluate the generation rules, we propose a novel awareness metric, the VRU
awareness probability (VAP), to account for the knowledge that vehicles have about VRU
presence in their surroundings. Such a metric is complemented with the channel busy ratio
(CBR) and the packet delivery ratio (PDR) to account for the channel load and successful
delivery of packets, respectively.

To calculate CBR, we employ Equation (4). In the PDR case, we calculate the ratio
between the successfully delivered packets and the total number of sent packets. To
compute this ratio, we consider that the correctly delivered packets are the packets that
do not present collisions. Considering this definition, PDR can be calculated using pc
in Equation (7) for the case with hidden nodes. More specifically, PDR is computed as
follows:

PDR = 1− pc. (8)

VAP assumes that VRU are only detected through the exchange of messages. Under
this definition, the metric represents the proportion of correctly received VRU messages
over the total number of VRU nodes in a tagged vehicle’s transmission range (Figure 2).
VAP is calculated as a function of the transmission range of vehicles, the overall value of
PDR, and the VRU density in the vehicle’s transmission range.

Figure 2. Representation of the interest zone around a tagged vehicle for VAP.

PDR was defined as the probability of the successful delivery of messages from a
tagged node. For VAP computation, we considered that PDR is the same for every node;
hence, the probability of the correct reception of VRU messages at the tagged vehicle is
equal to the probability of effective delivery as seen by each VRU node that surrounds the
tagged vehicle under study.
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VAP can be expressed as follows:

VAP =
∑i P(CR)i

V
; i ∈ VRUtx, (9)

where P(CR)i is the correct car reception probability for each active VRU (denoted by i).
To calculate P(CR)i we use the following expression:

P(CR)i = 1− (1− PDR)Zi ; where Zi ∝ λi, (10)

where Zi represents the exponent of the loss rate computed as (1− PDR). Zi is proportional
and not equal to the transmission rate λi because, as shown in [31], the augmentation of the
transmission rate, above a practical limit, does not contribute to the awareness capabilities if
a time window of one second is considered. Thus, a transmission rate above approximately
2 Hz does not present considerable awareness improvements in neighborhood knowledge;
therefore, a maximum value of Z = 3 is used in this paper.

4. Simulation Analysis

To support the inclusion of active VRU in the wireless communication network, we
developed an extension to the Veins framework [32] inspired by [33]; this extension allows
the exchange of information between cars and VRU through the use of the IEEE 802.11p
technology. Additionally, we can manage all protocol stacks for pedestrians and other
kinds of VRU.

We focused on evaluating an urban intersection scenario in which VRU naturally
co-exist and interact with vehicular traffic. In particular, the buildings and roads were
extracted from the simulation presented in [34], and VRU were included in SUMO using
information from the road infrastructure presented in the micro-state of Monaco [35].
Figure 3 shows a satellite capture of the simulated intersection, together with captures from
SUMO and OMNeT++.

(a) Satelital image (b) Sumo Scenario (c) OMNeT++ Scenario

Figure 3. Views of the urban scenario with VRU.

We extracted a portion of the map in [34], corresponding to a square of 200 m × 200 m
and with a total road length of 1.14 km. Using car and VRU flows, we created scenarios with
two different total densities (expressed in node per km2). In both scenarios, the number
of pedestrians is considerably larger than the other nodes to better observe the impact of
the message generation rules related to moving/stationary pedestrians. The two scenarios
used for simulations are presented in Table 2. The values presented in Table 2 are mean
values of the density because there are minor variations of the simulator’s node density in
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the analyzed time window (see Figure 4a for the low-density scenario and Figure 4b for
the high-density scenario).

Table 2. Description of tested scenarios.

Scenario Low-Density High-Density

Density (node/km2)
Cars 38 66

Pedestrians 89 186

Cycles 54 93

Behavior (%)
Moving pedestrians 94.44 75.63

Moving cycles 78.90 91.68

Pedestrians on street 0.86 2.10
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(a) Low-density scenario
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(b) High-density scenario

Figure 4. Composition of nodes in each scenario.

For the definition of the scenarios, we used as boundaries the density values used by
Rostami et al. [4]. We computed these densities as the number of considered vehicles and
VRU over the area simulated in their work. Between these boundaries, we defined the two
scenarios presented in Table 2.

To study the performance of the different evaluation metrics, we simulated the sce-
narios using four message transmission rates: 1 Hz, 2 Hz, 5 Hz, and 10 Hz. The first three
transmission rates were previously tested by [4]. The rates are used when any of the tested
rules are activated. Table 3 presents a summary of all the parameters employed in the
simulations.

Validation of the Theoretical Model

We performed a comparative analysis of the theoretical model introduced in Section 3
and the simulation of a highly realistic intersection scenario. The parameters employed in
the numerical results, for the different scenarios and rules, are listed in Table 4. Note that
the parameters shown in Table 4 are consistent with the parameters shown in Table 3.
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Table 3. Simulation parameters.

Physical Layer

Frequency 5.89 GHz [36]
SimplePathLoss model α = 3.0 [37]

Transmission power 300 mW [38]
Receptor Ssnsitivity −100 dBm [38]

Thermal noise −110 dBm [38]
Antenna type Monopole [38]

Link layer

Bit rate 6 Mbps [38]
Contention window [15, 1023] [36]

Slot time 13 µs [36]
SIFS 32 µs [36]
DIFS 58 µs [36]

Messages

Beaconing frequency {1, 2, 5, 10} [Hz]
Beacon size 200 bytes

Vehicular traffic

Vehicular density {150, 279} [veh/km]
Vehicle types Buses, cars

pedestrians, bicycles
and motorcycles

Simulation

Simulation time 20 [s]

Table 4. System model parameters.

Parameter Value

Maximum backoff window size (W) 16

Transmission range (R) 0.366 km

Slot size (σ) 13 µs

DIFS 58 µs

Data rate (Rd) 6 Mbps

Packet arrival rate (λ) {1,2,5,10} packets/s

Packet length (airframe) 200 Bytes

We evaluated the theoretical model using Matlab. In the model, we assumed a scenario
geometry that approximates an intersection in a square grid of 200 m by 200 m to make it
consistent with the simulations. It also considered the transmission power and sensibility
threshold of the simulations, according to the values presented in Table 3. To account for
the effect of obstacles at the intersection (e.g., buildings), which affect the hidden-node
phenomena, we calculated the power decay using the path loss models WINNER+ [39].
Such models are commonly used in vehicular communications in urban areas. In the
theoretical scenario, we used the formulation of the B1 case (“typical urban micro-cell”)
corresponding to the non-line-of-sight case.

After obtaining both numerical and simulation results, we compared the results of
CBR and PDR to validate the precision of the model against a realistic scenario such as
the one employed in the simulations. The results for the comparison of CBR and PDR are
presented in Figure 5 for the low- and high-density scenarios, respectively. We observed
that the theoretical model is quite close but slightly optimistic when compared to metrics
obtained via simulations. Nevertheless, the model provides a good approximation that
allowed us to perform a sensitivity analysis to understand the effects of the message
generation rules in all the performance metrics: VAP, CBR, and PDR.
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Figure 5. Comparison of theoretical model and simulations of a realistic intersection for different scenarios: low-density
(a,b) and high-density scenarios (c,d).

5. Evaluating the Impact of VRU Message Generation Rules

This section evaluates the impact of the message generation rules that control the
sending of VRU context-awareness messages. First, we obtain the baseline results, where
VRU send messages at a fixed rate (i.e., no message generation rules are in place). We then
analyze the metrics considering the use of the message generation rules. In both analysis
(i.e., with and without generation rules), we consider the same two scenarios and density
compositions as shown in Table 2 and evaluate the impact via the theoretical model and
the realistic simulations.

In the following step, we study the variations of the node behavior. Hence, we vary
the proportions of moving pedestrians and cycles, as well as the percentage of pedestrians
on the street. Such a sensitivity analysis is only performed with the theoretical model,
given the limitations of modifying the proportions of nodes at will in the simulation tool
because it uses realistic traces [32].

5.1. Analysis of Baseline VRU Transmissions

First, we analyze the performance of the baseline rule in the two scenarios defined
in Table 2. The baseline rule results in terms of CBR, PDR, and VAP are presented as the blue
bars in Figure 6. In general terms, we observe that all metrics present better performance
(i.e., lower CBR, higher PDR, and higher VAP) when evaluated in the low-density scenario
(Figure 6a,c,e) as compared to the high-density scenario (Figure 6b,d,f). Such behavior is
expected, given that the three metrics are dependent on the overall number of exchanged
messages.
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Our proposed awareness metric (VAP) provides additional, useful information when
the frequency is varied. In the low-density scenario (Figure 6e), we observe that the aware-
ness capabilities offer good performance with VAP values close to 1.0 in both theoretical
and simulated results. The difference between beaconing rates is only significant when
passing from 1 Hz to 2 Hz, showing an increase of about 1% in the theoretical model and
10% in the simulation results. The high-density scenario (Figure 6f) gives us more insights
into the VAP behavior. Here, the simulation results exhibit a more considerable difference
when varying the beaconing frequency of VRU. Following the Baseline-Sim bar, we observe
that there is an increase in VAP when the beacon frequency varies from 1 Hz to 5 Hz. When
the frequency is increased from 5 Hz to 10 Hz, we observe that the VAP value decreases by
nearly 15%.

(a) CBR (b) CBR

(c) PDR (d) PDR

(e) VAP (f) VAP

Figure 6. Simulation results for the low-density (a,c,e) and high-density scenarios (b,d,f).

VAP variations can be explained by observing the formulation in Equation (9). VAP
has a non-linear relation with PDR. In Equation (9), the exponent stays the same in the 5 Hz
and 10 Hz case, while PDR decreases due to the increase in the number of packet collisions
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(see Figure 6d). The decrease in PDR is higher in the high-density case; hence, VAP reaches
a breaking point where an increase in beaconing rate tends to lower the awareness rather
than increase it. Figure 6f shows that this break occurs at a beaconing frequency of 5 Hz.

5.2. Comparison of Baseline and Message Generation Rules

Here, we present and discuss the results obtained for CBR, PDR, and VAP for the low
and high-density scenarios when the message generation rules are in place. The x axis
presents the data rates used by VRU to transmit when using each rule. When the MultiTx
rule is in place, there is no dependency on the frequency; hence, it is labeled as λMTx—as
described in (1).

In terms of channel load, Figure 6a,b show the CBR variations as a function of the
rules, beaconing frequency, and scenario density. We observe that the most considerable
difference is observed between the baseline rule and the PedOnStreet rule. For example,
we observe that in the low-density scenario (Figure 6b), CBR decreases by 20% for the 5 Hz
beaconing rate and by 30% for the 10 Hz beaconing rate. In addition, as expected, the
higher-density scenario (Figure 6b) exhibits a higher CBR compared to the low-density
scenario (Figure 6a). The CBR’s decrease when applying the PedOnStret rule is explained
by the fact that most pedestrians are on the sidewalk, and hence not transmitting according
to the PedOnStreet rule. The MultiTx rule exhibits a difference that changes from nearly
10% when compared to the 5 Hz baseline to 35% when compared to the 10 Hz baseline. The
MovVRU rule has a similar behavior as the MultiTx rule since both depend on the VRU
movement characteristics. The smaller decrease when using these rules is also explained
by the scenario composition, where approximately 90% of VRU are moving.

The other metric that was used to quantify channel load was PDR. We present PDR
results in Figure 6c,d. For both scenarios, this metric exhibits a relatively constant level
for the beacon frequencies of 1 Hz, 2 Hz, and 5 Hz. In the 10 Hz frequency, the value of
PDR decreases by approximately 15% with respect to its value in the 5 Hz frequency for
the high-density scenario (Figure 6d). In terms of rules, analyzing the 10 Hz beaconing rate
in the high-density scenario, we observe an increasing tendency for PDR. When comparing
the baseline and the PedOnStreet rule, we observe an increase of about 20% in the high-
density scenario. The improvements in these metrics are also observed when using the
MovVRU and MultiTx rules with the rest of the tested rates.

Despite the improvements observed in terms of channel load, VRU awareness demon-
strates a different behavior. VAP results are presented in Figure 6e,f for the low-density
and high-density scenarios. In the following, we analyze the high-density scenario with
a beaconing rate of 10 Hz. The most critical case in terms of VAP corresponds to the
one when the PedOnStreet rule is used. When we compare the simulated baseline with
the PedOnStreet rule, we observe a reduction of about 50% in VAP; this indicates that
an additional 50% of pedestrians is not detected through cooperative communications.
When applying the PedOnStreet rule in this scenario, only a few pedestrians, the ones that
are actually on the street, are allowed to send messages; all other pedestrians (98%) are
not detected.

The VAP decrease is less critical under the MovVRU rule, showing a variation of about
10% when compared to the simulated baseline. A higher number of moving VRU explains
this smaller decay. The case of the MultiTx rule is interesting in terms of awareness analysis.
Figure 6f shows that, under the MultiTx rule, VAP increases by about 10% compared to
the baseline, reaching a VAP value near a 95%. The behavior can be explained by the
formulation of this rule and the improvements exhibited in CBR and PDR. While the
MultiTx causes a PDR increase, instead of deferring the VRU transmissions, it changes
their transmission rate. The fact that VRU do not stop their communications but change
the beaconing rate means that every node has the possibility of being detected, but each
node’s message delivery probability is different.

We conclude that message generation rules can have different and opposite effects on
channel load and VRU awareness. This is shown most notably with the PedOnStreet rule,
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where the most significant decrease in the channel load came with the most considerable
decrease in VAP compared to the other rules.

5.3. Node Behavior Variation

Using the theoretical model (see Section 3), we perform a sensibility analysis, varying
the percentage of active nodes when applying each rule. The percentage of active VRU is
determined by the applied rule and the scenario characterization (proportion of moving
VRU and ratio of pedestrians on the street). For this analysis, we consider a transmission
rate of 5 Hz for VRU. We study the difference (in percentage) between the values of
the selected metrics—CBR, PDR, and VAP—when the different rules are applied and
when the baseline case is considered. We study both the case of the low-density and
high-density scenarios.

First, we present the results when applying the PedOnStreet rule. In this case, the
moving variable is the percentage of pedestrians on the street; cycles are assumed to be
always on the street. We vary the percentage of pedestrians on the street between 0%
and 100%. Figure 7 shows the results for the low-density (Figure 7a) and high-density
(Figure 7b) scenarios. The graphs start at an activation value different from zero because
of the presence of bicycles and motorcycles—always active under this rule—as shown in
Table 2.
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Figure 7. Difference(percentage) of CBR, PDR, VAP between the use of the baseline and PedOnStreet
rule in two scenarios: low-density (a) and high-density scenarios (b).
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From Figure 7, we observe that the pedestrians’ behavior heavily determines the
metrics variations. This effect is more evident in the VRU awareness capabilities reflected
by VAP. If we focus on the range of active VRU between 40% and 70%, we observe different
behaviors for each metric. For the low-density scenario (Figure 7a), in the case of CBR, we
observe a decrease of 10.5% and 5.2% when the percentages of active VRU are 40% and
70%, respectively. Analyzing the same metric in the high-density scenario (Figure 7b), we
observe a decrease when analyzing the same activation percentages. Figure 7 shows that
PDR variations under the same conditions show a similar tendency as CBR, with the most
relevant improvements (increases) at lower activation percentages.

Despite the improvements in PDR and CBR, VAP decreases. For example, in the high-
density scenario (Figure 7b), while the CBR values improve, the effect of the rule on VAP
is a reduction of 60.6% and 30.3% when the percentages of active VRU are 40% and 70%,
respectively. Results for the MovVRU rule (Figure 8) present the same tendency as that
obtained for the PedOnStreet rule, showing an improvement of the channel load metrics
while negatively affecting the VRU awareness capabilities. When using the MovVRU
rule, the negative effect on VAP could be more severe because even lower percentages of
VRU activation may occur. We consider this behavior critical when formulating message
generation rules because improvements in terms of channel load—a reduction in CBR
and an increase in PDR—could be accompanied by harmful effects on VAP due to the
transmission deferral associated with the application of rules.
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Figure 8. Difference (percentage) of CBR, PDR, VAP between the use of the Baseline and MovVRU
rule in two scenarios: low-density (a) and high-density scenarios (b).
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In contrast with the previous rules, the evaluatio of the MultiTx rule (Figure 9) differs
in its behavior when the node activation percentage varies. From the congested scenario
(Figure 9b), we observe that CBR decreases in the low activation portion while PDR in-
creases. A remarkable difference when using this rule is the behavior of VAP. While in
previously tested rules, this metric is severally affected in low-activation scenarios, when
using the MultiTx rule, we observe that VAP presents a slight variation compared to the
baseline; this means the VAP value is near 1.0, according to Figure 6f. This can be explained
by the fact that even when VRU are stationary, they still send messages but at a lower rate.
This means that the set of non-active VRU is not directly discarded from being detected by
vehicles.
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Figure 9. Difference (percentage) of CBR, PDR, VAP between the use of the baseline and MultiTx
rule in two scenarios: low-density (a) and high-density scenario (b).

We chose DSRC as the access technology for the current study mainly because of its
extended use and research. Other access technologies of interest, such as C-V2X, may vary
on their levels of PDR, CBR, and VAP; however, we believe that our proposed analysis
can apply to C-V2X technology with minor modifications to the metrics’ measurements.
Despite the difference in the level of congestion and the awareness probability between
the two technologies, the results, particularly in PDR and VAP, should follow the same
trend [40,41]. The authors in [40] show that PDR, when using C-V2X, exhibits a slighter
decrease compared to DSRC when the distance between the transmitter and the receiver
varies; however, the decreasing trend is similar for both technologies. The authors in [41]
compare the performance of IEEE 802.11p and LTE-V2X (precursor of C-V2X) using freeway
and urban scenarios. The comparison results show that PRR (packet reception ratio), a
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metric related to PDR, follows a similar trend but with a smaller decrease in the LTE-V2X
case for urban scenarios.

5.4. Variation for MultiTx Rule

Among the message generation rules under study, the MultiTx is the rule that shows
the best performance in terms of the trade-off between congestion—measured through CBR
and PDR—and awareness (VAP). The MultiTx rule varies VRU transmission frequency
between 2 Hz and 5 Hz when the VRU are stopped or in movement, respectively (see
Section 3.1). These arbitrary values were defined by the original formulation of the rules [4].
In this section, we perform a sensibility analysis, modifying the frequency pairs of the
MultiTx rule, to investigate the effects of these variations on the performance metrics. We
test four new combinations of frequencies (see Table 5).

Table 5. Variation of the MultiTx rule.

Variation Beacon Frequency in Hz

Moving VRU Stopped VRU

v1 2 1

v2 5 1

original 5 2

v3 10 1

v4 10 2

Figure 10a–c show the results for CBR, PDR, and VAP for the low-density scenario
while Figure 10d–f show the results for CBR, PDR, and VAP for the high-density scenario.
In both low-density and high-density scenarios, the behavior of PDR and CBR worsens
when the beaconing frequencies increase. For example, in Figure 10a,b, CBR increases by
32.3% by using combination v4 instead of v1, whereas PDR decreases by 8.5%. Similarly, in
Figure 10d,e, CBR increases by 39.1% by using combination v4 instead of v1, whereas PDR
decreases by 16.8%.

Although the new combination of frequencies have an impact on PDR and CBR, VAP
appears almost insensitive to the frequencies variations in the low-density scenario (see
Figure 10c). In the high-density scenario, Figure 10f shows that the original frequencies
(i.e., 5 Hz and 2 Hz) result in a better VAP. In this scenario, we observe a counterintuitive
behavior of VAP for combinations v3 and v4: although PDR decreases (see Figure 10e), VAP
shows a decrease for the same combinations, with respect to the original frequencies. Such
a behavior can be explained by analyzing Equation (9). Figure 10e shows that PDR is lower
in v4, compared to v3, which should negatively impact VAP. However, if there is an increase
in the beaconing frequency, the number of opportunities for VRU to be detected increases.
These two factors produce the difference in the trend followed by VAP in Figure 10.

(a) CBR (b) PDR (c) VAP

Figure 10. Cont.



Sensors 2021, 21, 3375 19 of 24

(d) CBR (e) PDR (f) VAP

Figure 10. Simulation results for the variations from MultiTx rule (denoted by v1, v2, v3, v4 and original in X axis); first row
corresponds to low-density scenario (a–c) and second row corresponds to high-density scenario (d–f).

5.5. Summary of Results

This section presented a study of a set of message generation rules based on chan-
nel load (CBR and PDR) and VRU awareness capabilities (VAP). As demonstrated in
Section 5.1, the natural behavior of channel load is to grow when the traffic and VRU
increase. This section also validated our theoretical adaptation of the model defined in [30]
taking the simulations as reference. In Section 5.2, we discussed the effects of the various
message generation rules on two predefined scenarios. The results showed that the more
restricting rules in terms of transmission deferral—PedOnStreet and MovVRU—tend to
reduce the channel load more significantly than the MultiTx rule. However, these improve-
ments come with a reduction in VAP due to the more significant percentage of VRU not
sending messages to their neighbors. The MultiTx rule proves to be the most suitable in
the tested scenarios. Finally, in Section 5.3, our sensibility analysis showed the benefits and
drawbacks that message generation rules could create in different mobility scenarios. The
results of this section overall support the notion of defining more dynamic and adaptive
message generation rules that successfully function in a more diverse set of conditions.

In the following, we summarize our findings based on the results obtained studying
the rules proposed in [4]. Simple rules can be efficient in computational costs; however,
they do not consider several features that can help in the transmission decision making.
These rules do not consider the VRU context in their formulation. The context can be used
to define the danger levels for different VRU. Moreover, the strict formulation of these rules
may be not applicable for dynamic scenarios; indeed, the urban mobility of cars and VRU
may lead to an excessive transmission of messages or a reduction in the awareness due to
over filtering mechanisms. Several existing contributions emphasize the importance of the
VRU intention recognition for the safety of VRU and the prevention of accidents [42]; VRU
intention can be also used to help in the filtering process of messages. In the following,
we briefly describe the key existing contributions that could help to develop message
generation rules while taking into account the VRU context, intention, and dynamism.

With respect to context, the most common feature is to defer transmission when
pedestrians are detected to be indoors; indoor sleeping mode was already considered
in [4] and the WiSafe system [12]. The authors in [23] expanded the indoor deferral and
included the case when pedestrians are stopped. Using V2C (vehicle-to-cloud) and P2C
(pedestrian-to-cloud) communications, the proposed system [23] also incorporates beacon-
ing management based on the distance between cars and pedestrians. More specifically,
vehicles and moving pedestrians send beacons periodically; however, when the system
does not detect possible threats to pedestrians, it commands to reduce the beaconing
frequency. When the system detects a possible threat, it alerts pedestrians and orders
them to change their beaconing frequency to 10 Hz. The authors in [43] defer the message
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transmission if any of the following conditions are met: static VRU, VRU indoors, VRU
on a vehicle, or VRU in parks or safe regions. There are also solutions that use clusters
(e.g., [22]), where the VRU cluster head exchanges messages with neighboring vehicles and
instructs the VRU cluster members to transmit messages only when the speed of vehicles
is high.

With respect to the VRU intention, several contributions propose to use visual sensors
(mainly cameras), thermal sensors, RADAR (radio detection and ranging) technology, and
LiDAR (light detection and ranging) to determine the intention [42]; the focus was mainly
on pedestrians crossing intention and bicycle turning prediction. The authors in [44] used
convolutional neural networks (CNNs) to determine the intention of pedestrians to cross
a street. They used the same methodology to determine a cyclist intention to make a
turn, assuming that she follows traffic rules to indicate maneuvers (arm signals). The
authors in [45] proposed detecting the intention of vehicles to improve the safety of cyclists
against the right turns of vehicles. The authors in [46] proposed to determine pedestrian
intention based on video, using a latent-dynamic conditional random field model, and
images including a laser scanner; they use recurrent neural networks, specifically a long
short-term memory network with attention mechanism. The authors in [47] proposed a
hidden Markov model, based on the use of 3D positions and displacements of 11 joints
located along the pedestrian body, to determine pedestrian intent.

With respect to dynamic rules, we consider that the dynamic nature of the vehicular
environment requires context-aware and adaptive rules. This is the subject of our current
research; more specifically, we are developing a decision system, based on machine learning
techniques, that allows to dynamically select between DSRC and C-V2X (cellular–vehicle-
to-everything) in a heterogeneous network.

6. Conclusions

One of the main obstacles to the correct deployment of VRU systems is channel
congestion. Several message generation rules have been proposed to cope with this
problem. However, despite the benefits of this kind of rules in channel congestion, the
effect on VRU detection has not been previously studied. In this paper, we introduced a
novel VRU awareness metric—VRU awareness probability (VAP)—and studied existing
message generation rules on channel load and VRU awareness. We performed the study
using realistic simulations in Veins and theoretical models implemented in Matlab. Using
these tools, we performed an analysis with real mobility traces and a sensibility study based
on the variation of rule activation. To the best of our knowledge, the study of message
generation rules with a scope including VRU awareness capabilities is new in the context
of VRU active communications.

From our analysis, we observed that despite the benefits that message generation
rules can bring in terms of channel congestion relief, there may be adverse effects on VRU
detection capabilities mainly due to the lack of transmission in the presence of specific
motion characteristics. We also showed that the degradation in detecting VRU through
communications could be even more critical in scenarios with large proportions of VRU
that do not satisfy the transmission criteria of fixed rules.

Overall, we consider our main contribution is to call attention to the importance of
including VRU awareness analysis when formulating message generation rules in C-ITS
systems. We defined a new metric that can support this additional evaluation. Finally,
we proposed research directions to meet the challenges of adding VRU signals to the
communication mix. In the following, we present a list of these challenges:

• Explore different access technologies: The use of other access technologies is an
open field of research. One example of these technologies is C-V2X, a technology
developed by 3GPP specifically designed for V2X communications. Works on C-
V2X have shown improvements compared to DSRC [41]; however, more evaluations
and implementations remain an open field. Another factor that adds interest to this
technology is that FCC recently allowed part of the DSRC-dedicated spectrum to be
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used by C-V2X [20]. Another technology that may get the community’s attention is
the IEEE 802.11p update named IEEE 802.11bd [48,49].

• Multiple access technologies: The use of different access technologies in a hetero-
geneous architecture could also be considered for channel load reduction without
necessarily reducing VRU awareness. Current access technologies, such as DSRC,
WiFi, and C-V2X, could coexist in the vehicular environment. There is a number
of contributions [17,18,29,50] that consider multiple access technologies; however,
they mainly focus on vehicular communications without the inclusion of traffic from
active VRU.

• Position-based rules: Another line of research is the exploration of message generation
rules that combine the position and direction of VRU with the motion-based policies
to filter unnecessary messages. For example, rules could stop the transmissions of
pedestrians considered to be in a safe zone (at a certain distance from the street or in a
safe space, such as parks [43]) or walking away from the street.

• Clustering: As indicated by ETSI [51], the clustering of VRU should be considered as
an alternative to managing large numbers of VRU. In this approach, future research
could explore the dissemination or transmission selection schemes based on groups
instead of individual VRU.
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LoS Line of Sight
C-ITS Cooperative Intelligent Transportation Systems
VRU Vulnerable Road Users
V2P Vehicle-to-Person
RFID Radio Frequency Identification
DSRC Dedicated Short-Range Communications
FCC Federal Communications Commission
CBR Channel Busy Ratio
VAP VRU Awareness Probability
PDR Packet Delivery Ratio
V2X Vehicle-to-Everything
CPM Collective Perception Message
ETSI European Telecommunications Standards Institute
OWR Object Awareness Ratio
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CBP Channel Busy Percentage
BpER Beacon Packet Error Ratio
PER Packet Error Rate
95% IPG Near-the-Worst-Case Inter Packet GAP
NLOS Non Line of Sight
CCA Cooperative Collision Avoidance
DCF Distributed Coordination Function
DIFS DCF Interframe Space
RMSE Root Mean Squared Error
V2C Vehicle-to-Cloud
P2C Pedestrian-to-cloud
LTE-V2X Long-Term Evolution-Vehicular-to-Everything
RADAR Radio Detection and Ranging
LiDAR Light Detection and Ranging
CNN Convolutional Neural Networks
C-V2X Cellular–Vehicle-to-Everything
PRR Packet Reception Ratio
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