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Abstract

Ensuring cooperative awareness by periodic message beaconing in vehicular environments is necessary to address pedes-
trian safety. However, high periodic basic safety message broadcasting in dense vehicular environments makes accessing
the communication channel very competitive. Furthermore, high-frequency periodic broadcasting causes fast device
energy dissipation which is a key issue for small computing devices used in wireless sensor and mobile communications.
Therefore, in order to achieve reliable message dissemination for vehicle-to-pedestrian safety, energy loss minimization
mechanisms for pedestrian mobile devices should be developed. This article proposes controlling the number of broad-
casts by eliminating periodic safety message broadcasts from pedestrian nodes; these nodes only receive broadcasts from
vehicles and then conditionally communicate with the vehicles when safety alerts are raised. When the pedestrian nodes
do not receive messages from any vehicle for a specified period, pedestrian nodes broadcast a high-priority message
advertising their position. Furthermore, for the pedestrian, adaptive message emission rates and transmission duration
are proposed based on defined vehicle-to-pedestrian separation distances. This approach reduces the pedestrian device
energy consumption and end-to-end delay and improves the packet delivery ratio compared to the vehicular broadcast
approach for safety messages defined in the |IEEE 802.1 | standard.

Keywords
Broadcasting, energy consumption, IEEE 802.1 1, message dissemination, pedestrian safety

Date received: 4 March 2017; accepted: 19 October 2017

Handling Editor: Carlos Calafate

Introduction efficiency and reliability requirements for BSM delivery in
vehicular ad hoc networks (VANETS) presents consider-
able challenges. The major challenge addressed in this
study is the fast energy dissipation caused by periodic bea-
coning of safety messages leading to a short life span in
pedestrian devices.

The intelligent transport system (ITS) revolution has
given birth to tremendous technologies in the realm of
vehicle-to-vehicle (V2V) and vehicle-to-infrastructure
(V2I) communications. In the recent past, technologies
addressing vehicle-to-pedestrian (V2P) safety communica-
tions started taking center stage in both the automotive
industry and communications research communities. In
2013, Honda' announced its V2P safety technology based  School of Electronics Engineering, Kyungpook National University, Daegu,
on dedicated short range communications (DSRC). It is  Republic of Korea
important to note that DSRC for safety is based on the .
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Pedestrian devices in a V2P communication system
are mainly small mobile computing devices that are
highly constrained by energy capacity especially when
compared to the complete V2V system. This is defi-
nitely a threat to the feasibility of V2P safety if energy-
consuming processes such as high-frequency periodic
transmissions® are not carefully dealt with. The BSM
application conventionally specifies a transmission
interval of 100 ms as defined in the SAE J2735.% By this
convention, basic safety messaging is a heavy traffic—
generating application.* Reports in various studies’
indicate that high-frequency periodic transmissions are
one of the major causes for the broadcast storm in
VANETsS.

Part of the IEEE 802.11° standard defines bench-
marks for wireless access in vehicular environments
(WAVEs). From this point onward in this article, the
code IEEE 802.11 shall refer to the “vehicular” part
defined in IEEE 802.11.° In a typical IEEE 802.11 V2P
communication scenario where all pedestrians and
vehicles are participating in the periodic transmission
of status and warning BSMs, there is a high likelihood
of channel congestion when either vehicular or pedes-
trian density is high. Furthermore, the co-existence of
both conditions could grossly impact the communica-
tion channel’s availability and the pedestrian devices’
lifetime. In addition to periodic broadcasting as an
energy-consuming process, channel congestion may
result to packet dropping which negatively affects the
packet delivery ratio (PDR). Therefore, the IEEE
802.11-based standard as it is for V2P communications
is not very reliable for energy-constrained pedestrian
devices, hence a hindrance to achieving V2P safety.
Communication methods with minimum energy loss
for pedestrian devices need to be orchestrated for V2P
safety applications.

The broadcast storm problem in VANETSs has been
addressed in the literature.” '* Nowadays, research
works®'> " addressing energy-efficient communica-
tions in V2P safety are attracting attention. However,
to the best of the authors’ knowledge, this is the first
work focusing on controlling the broadcast storm in a
typical V2P safety system while benchmarking on IEEE
802.11. Furthermore, the proposed method minimizes
the pedestrian devices’ energy loss without deviating
much from the IEEE 802.11 conventional approach.

In this article, a broadcast storm suppression
approach that eliminates pedestrian node periodic
broadcasts is presented; the pedestrian nodes receive
vehicle broadcasts and then conditionally communicate
by unicasting to the specific transmitting vehicle when
received BSMs are considered a threat to safety.
Certain conditions such as signal interference by high
vehicles may affect the transmission and delivery of
messages to the pedestrian. In such conditions, when
the pedestrian nodes do not receive messages from any

vehicle for a period of 3 s, the pedestrian node broad-
casts a high-priority message advertising its position
and direction of motion to the vehicles. This strategy is
set up to reduce the safety risk which may arise due to
lack of information between the vehicle and the pedes-
trian as a result of bad channel conditions. Once the
pedestrian  receives vehicle broadcast messages,
pedestrian-to-vehicle (P2V) communication is then
based on the distance between the pedestrian and the
vehicle. Furthermore, limited defined separation dis-
tances are associated with specific data rates and trans-
mission durations from a pedestrian. In other words,
the data rates and transmission duration are adaptive
based on the V2P distance. The results of the study
show that the proposed scheme is effective in low- and
high-density vehicular scenarios. The original contribu-
tions of this article are summarized as follows:

® A broadcast suppression technique characterized
by vehicular periodic broadcasting and event-
driven pedestrian feedback suitable for energy-
efficient P2V safety applications.

e A P2V communication method utilizing adaptive
emission rates and transmission duration based
on pedestrian to vehicle distance.

® A numerical analysis of energy consumption
based on packet size considering the SAE J2735°
BSM specification in both the conventional
IEEE 802.11 broadcast and the proposed vehicle
broadcast-to-pedestrian (Vbr2P) scheme.

® A channel collision analysis for the proposed
Vbr2P considering the number of nodes.

¢ A simulation analysis of pedestrian device energy
loss, end-to-end delay, and packet delivery ratio,
while comparing the conventional IEEE 802.11
and the proposed Vbr2P.

The next sections of this article are organized as fol-
lows: section “Related work” discusses the related
works. Section “Basic safety applications” presents var-
ious BSM applications and energy consumption model-
ing. Section “Proposed vehicle broadcast to pedestrian
scheme” presents the proposed V2P scheme and analy-
sis. Section “Simulation” presents the simulation setup
and performance evaluation. Finally, section
“Conclusion” concludes this article.

Related work
Broadcast control in VANETs

The major conventional approaches that address the
broadcast storm problem are probabilistic flooding,'®
clustering,” distance-based forwarding mechanisms,”'°
and adaptive control methods. Compared with the
usual mobile ad hoc networks (MANETS), for which
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there is quite a vast number of proposed solutions,
studies for the same problem in VANETS are increas-
ingly becoming more popular in ITS research. Chitra
and Satya® surveyed several techniques targeting broad-
cast suppression in VANETSs. The survey classifies the
broadcast suppression techniques into four categories
including simple broadcasting, probabilistic and delay
broadcasting, area-based broadcasting, and neighbor
knowledge—based broadcasting. To show the state of
the art, a few selected approaches from the literature
relating to the categories illustrated in Chitra and
Satya’ are reviewed next.

The weighted p-persistence broadcasting algorithm’
is a probabilistic flooding scheme based on distance. On
receiving a packet from node i, node j checks the packet
identity and rebroadcasts it with probability py;, if that
packet is being received for the first time; otherwise, it
discards it. Denoting the relative distance between
nodes i and j by Dj;, and the average transmission range
by R, the forwarding probability p; can be calculated
on a per packet basis using the following expression

-7 (1)

The slotted 1-persistence broadcasting algorithm’ is
also a probabilistic flooding scheme based on distance.
On receiving a packet, a node checks the packet identity
and rebroadcasts it with probability 1 at the assigned
time slot Ty, if the packet is received for the first time
and no duplicates are received before the assigned time
slot; otherwise, it discards the packet. Given the relative
distance between nodes i and j, Dj;, the average trans-
mission range R, and the predetermined number of slots
N, Ts, can be calculated as

TS,-,- = S,'jT (2)

where 7 is the estimated one-hop delay, including both
the medium access delay and propagation delay and s;;
is the assigned slot number, given by

on (A

R

where min (x, y) is the minimum value between x and y.
The broadcasting protocol with prediction and selec-
tive forwarding® in VANETs is a distance-based
scheme. In the scheme, each node maintains a record of
its variance in acceleration and informs all its neigh-
bors. Any sending node in the neighbor-based cluster
then selects a forwarder based on the fastest candidate
in terms of future mobility in the broadcast direction.
The selective reliable broadcast protocol (SRB)’ is a
cluster-based protocol. To suppress broadcasts, SRB
uses the concept of relay nodes, dubbed as cluster
heads. Cluster head selection is based on the message

rebroadcasting efficiency of a given node. The vehicle
inside each cluster furthest from the center is chosen as
the cluster head.

A distance-aware broadcasting algorithm'® where
the farthest forwarding station is assigned, the highest
forwarding probability was presented. The length of
the collision window is manipulated to follow a nonu-
niform distribution contrary to the standard uniform
distribution defined by the IEEE 802.11 enhanced dis-
tributed channel access (EDCA) mechanism. The
authors argue that fairness in medium access control is
not important where critical safety messages must be
delivered with minimal delay.

The multi-metric over-head-free routing scheme
(MORS)"" for VANETs is based on probability of
reception rates and distance over communication range.
In their work, it is underscored that achieving a low
end-to-end latency in multi-hop message dissemination
schemes comes with a cost of low message delivery
rates. Their study, therefore, presents a distributed
asymmetrical transmit power adjustment technique to
enable message propagation in over two hops and
selects the best relay vehicles by estimating the prob-
ability of reception rates to meet the required defined
safety thresholds. It is worth noting that the scheme
uses both a power control-based technique and a multi-
hop approach for message dissemination.

The power control-based broadcast scheme'” is a
hop-based transmission protocol. It uses transmit and
receives power information available in the packet
frames, to adjust the packet retransmission power, thus
achieving reliable and faster message dissemination in
VANETs. The vehicular multi-hop algorithm for stable
clustering (VMaSC)'? is also a cluster-based protocol.
This protocol uses a hybrid architecture, with both
IEEE 802.11 and long-term evolution technologies to
achieve reliable and faster safety message dissemina-
tion. It also uses the concept of cluster heads and mem-
bers in its IEEE 802.11 network.

Energy loss control approaches in V2P
communication

Currently, there are very few studies™'>"'” addressing

energy consumption in pedestrian devices for V2P com-
munications which will be discussed in this section. Lee
and Kim'> proposed a hybrid V2P communication
approach where pedestrian-to-pedestrian (P2P) com-
munication is based on the Wi-Fi-direct standard and
V2P communication is based on IEEE 802.11. They go
ahead to present a pedestrian group owner (GO) selec-
tion method based on the energy capacity of a node,
and a selected node acts as the V2P interface to the rest
of the other pedestrian nodes. It is worth noting here
that their proposed algorithm may exhibit an
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undesirable delay due to the aggregation and coordi-
nating activity in the Wi-Fi-direct standard application.

Bagheri et al.> proposed a V2P communication
approach coupled with cloud-based computing
whereby pedestrian nodes share geolocation data to the
cloud servers which then give appropriate feedback to
the pedestrians. They note that beaconing causes quick
energy drainage of the pedestrian batteries; therefore,
they proposed an adaptive multi-mode (AMM)
approach built on situation-adaptive beaconing. In
situation-adaptive beaconing, the cloud server through
the AMM approach notifies the pedestrian to change
its beaconing rate based on the information it has
received from the vehicles in the vicinity of such a
pedestrian. Bagheri et al.'” proposed an adaptive bea-
coning frequency based on traffic density and consid-
ered the use of a cellular-based approach for
communication because it allows for cloud-based
computing.

Lewandowski et al.”” proposed a low-power pedes-
trian protection system (LP’S) based on IEEE 802.15.4.
They focused on the provision of a small low energy—
consuming pedestrian device which communicates with
another device installed in the vehicle. The LP*S has a
special protocol design for warnings and alerts both in
the vehicle and on the pedestrian end which minimizes
false alerts and offers a high probability of conditional
meaningful warnings.

The broadcast scheme proposed in this article,
referred to as the Vbr2P, allows vehicle nodes to broad-
cast their information to pedestrians. In return, pedes-
trian nodes conditionally unicast to the BSM
transmitting vehicle at varying data rates and transmis-
sion time depending on the V2P separation distance.
An analysis of the proposed Vbr2P scheme is per-
formed to evaluate the energy consumption, end-to-end
delay, and packet delivery ratio. The Vbr2P scheme is
compared with the conventional IEEE 802.11 broad-
cast approach. Additionally, the self-similar least action
walk (SLAW) model' is adopted for the first time in
VANET simulation literature, to characterize pedes-
trian mobility. In the next section, an exploration of
different BSM kinds and their functionality is made
together with an analytical study focusing on energy
consumption.

1.16

Basic safety applications

The SAE J2735° BSM format is characterized by two
parts. The first part (part 1) is composed of vehicle
position information, the motion direction, the time,
and the general status of the vehicle. The content of the
first part appears in all periodic BSM broadcasts. The
second part (part II) allows additional content to be
included in the message. These are basically

event-driven messages that the vehicle feels useful. Such
events are used to derive alert and warning messages
such as the following:

1. Cooperative collision warning (CCW)—When a
vehicle receives location information from sur-
rounding vehicles, it performs a risk analysis on
the data. If the result of the analysis results in
an expected collision, then a CCW message is
broadcasted.

2. Cooperative forward collision warning (CFC)—
CFC is designed to aid the driver in avoiding or
mitigating collisions with the rear end of vehi-
cles in the forward path of travel through driver
notification or warning of the impending colli-
sion. The system does not attempt to control the
host vehicle to avoid an impending collision.

3. Lane change warning (LCW)—This application
provides a warning to the driver if an intended
lane change may cause a collision with a nearby
vehicle. The application receives periodic updates
of the position, heading, and speed of surround-
ing vehicles via V2V communication. When the
driver signals a lane change intention, the applica-
tion uses this communication to predict whether
or not there is an adequate gap for a safe lane
change based on the position of vehicles in the
adjacent lane. If the gap between vehicles in the
adjacent lane is not sufficient, the application
determines that a safe lane change is not possible
and provides a warning to the driver.

4. Emergency vehicle at scene warning—
Emergency vehicle transmits a signal to warn
oncoming motorists from either direction that
there are emergency vehicles ahead.

5. Pre-crash sensing—Pre-crash sensing can be
used to prepare for imminent, unavoidable colli-
sions. This application could use vehicle infra-
structure integration (VII) communication in
combination with other sensors to mitigate the
severity of a crash. Countermeasures may
include pre-tightening of seat belts, airbag pre-
arming, front bumper extension, and so on.

6. Blind spot warning—This application warns the
driver when he/she intends to make a lane change
and his/her blind spot is occupied by another
vehicle. The application receives periodic updates
of the position, heading, and speed of surround-
ing vehicles via V2V communication. When the
driver signals a lane change intention, the applica-
tion determines the presence or absence of other
vehicles in his blind spot. If the presence of a vehi-
cle in his blind spot is detected by the application,
a warning is provided to the driver. A variation
on this is the merge assist where the same pro-
cesses are used at merge points.
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Both part I and the fully embodied part I plus part
II messages are discussed in terms of energy consump-
tion once transmitted. The energy consumption for
transmitting a message is basically an aggregate of the
electronics energy and the signal-amplifying energy.
Figure 1 shows a radio transceiver energy consumption
model. The transmitting energy consumption is defined
in Heinzelman et al.*” and expressed as
Etx(ka dtx) = kEgiec + eampk(drx)z (4)
where E.(k,d;) is the energy consumption function
depending on the variables k and d,, which represent
the size of the message in bits and the separation dis-
tance between the transmitter and the receiver, respec-
tively. The electronic energy E.. refers to the energy
spent on the encoding of a single bit by the radio trans-
mission circuits.’ €amp 18 the signal-amplifying energy
required to obtain the bits in the radio waves. E¢j. and
€amp are optimally considered to be 50 nJ/bit and
0.0013 pJ/bit/m®, respectively.”® The receiving energy
consumption is expressed as

Erx(ks dtx) = kEelec

()
where E,, is the message receiving energy dissipation.
In receiving a message, no amplification is done as
required in the transmitting process. The receiving
energy consumption is, therefore, less than the trans-
mitting energy. By adding equations (4) and (5), the
total energy consumption E;(k, d.) can be defined as

From equation (6), longer distances and higher mes-
sage quantities attract higher energy consumption. In
the proposed system, the messages transmitted by the
pedestrian are event-driven messages. The messages are
composed of both part I and part II of the BSM with
exception of a worst case when the pedestrian receives
no message from a vehicle for some specified time and
must send a part I message to broadcast its position.
The proposed system is expected to yield a minimized
energy consumption due to the message quantity and
transmission frequency.

Proposed vehicle broadcast to pedestrian
scheme

System model description

Algorithm 1 describes the broadcast dissemination pro-
cess of Vbr2P, and Figure 2 is an illustration of the
Vbr2P concept in a one-dimensional space having vehi-
cle A, vehicle B, vehicle C, vehicle D, and the pedes-
trian node. Only communications from vehicles that
exist in the represented separation ranges d,, d;, and d,
are able to invoke BSM transmission from the pedes-
trian. The pedestrians’ transmission rate and duration
are dynamic based on the separation distance range.
For specificity, the further the range, the lower the
emission rate and transmission duration. On the
reverse, nearer V2P distances attract higher emission
rates and longer transmission duration from the pedes-
trian. The variation is because nearer cars pose a
greater risk to safety compared to vehicles far away.
The range denoted in the Vbr2P algorithm is defined
depending on the application considered. In the case of
this study, the application under consideration is the
safety warning.

According to Table 1 as adopted from Gupta
et al.,>! the transmission range for the safety warning
application is from 50 to 300 m. Therefore, for our per-

Eq(k,dy) = 2(kEeec) + eampk(dtx)2 (6) formance evaluation, we use the least case scenario of
¢ 4 » PR d 2 e N
Car Aand B's direction of motion % d
5> O3> D555 >>> >> ¢ " 7777777777777777777 o N Car Cand D’s direction of motion
C n b CarB <<LLL LKL <LLLLLL KLk
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Figure 2. lllustrating the Vbr2P concept in a one-dimensional space.
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Algorithm I: The proposed Vbr2P algorithm.

I. if (pedestrian node receives a message from a vehicle)
2. Based on location information in the packet, calculate the
V2P separation distance d in meters

3. for n defined ranges

3. if (disin range |) then

3a. set transmission time for the P2V communication for the
specific node

3b. set transmission interval

3c.  Transmit alert message to source vehicle

4d else if (d is in range 2) then

4a. set transmission time for the P2V communication for the
specific node

4b.  set transmission interval

4c.  Transmit alert message to source vehicle.

. (...If more ranges exist, insert conditions here ...)

5a. else if (d is in range n) then

5b.  set transmission time for the P2V communication for the

specific node

5c.  set transmission interval

5e.  Transmit alert message to source vehicle.

6. end if

7. end for

8. else if (Pedestrian node does not receive vehicles message
for a duration of 3 s)

8a. Pedestrian node makes one broadcast of its location
information as a high-priority message.

50 m, and hence, we arbitrarily selected ranges up to a
maximum of 50 m.

Based on the IEEE 1609.4** multi-channel architec-
ture, safety and control messages must be delivered to
the control channel (CCH) during a common time
interval. The control channel interval (CCHI) is used
for transmission of safety messages, and the service
channel interval (SCHI) is used for transmission of
infotainment data.

In Figure 3, the Vs and Ps represent vehicles and
pedestrian nodes, respectively. In this study, safety mes-
sage transmission is considered in a continuous channel
access mode. The scheduled broadcasts in Figure 3 refer
to the periodic safety messages showing position and
speed of vehicles which possess only part I of the BSM
format. The conditional communication refers to the
message with both parts I and II of the BSM format.

Scheduled broadcast communication
Conditional communication for safety alert

-——->

Figure 3. Vehicle broadcast to pedestrian (Vbr2P)
communication scheme in a continuous channel access mode
based on IEEE 1609.4.2

Depending on the result of the analysis of the
received safety messages at the pedestrian node, if an
alert message is invoked, then it implies that the gener-
ated message consists of both part I and part II con-
tent, which, therefore, must be unicasted to the vehicle
whose BSM was received. No other kind of transmis-
sion is made from the pedestrian to the vehicles unless
the pedestrian node does not receive any message from
any vehicle for over 3 s. In such a case, the pedestrian
broadcasts only one message advertising its position.
This is what is referred to as the pilot message in this
study.

Theoretical analysis

In this section, we numerically show how much energy
is consumed by the proposed Vbr2P scheme compared
to the conventional IEEE 802.11 broadcast mechanism
of safety messages.

One of the key parameters used to analyze the total
energy consumption based on equation (6) is the num-
ber of bits k transmitted during the communication. As
explained earlier in this article, the BSM format can be
classified as having sizes m; and m; for part I and part
I1, respectively, based on the SAE J2735.3 For each
transmission, a message of a size m; or m; + my is

Table I. VANET standard safety applications and specifications adapted from Gupta et al.!

Application Network traffic

Allowable latency (ms) Transmission range (m)

Event driven
Event driven
Event driven
Event driven

Life-critical safety

Intersection collision avoidance
Emergency braking avoidance
Transit vehicle signal priority

Safety warning Periodic
Cooperative collision warning Periodic
Vehicle position reporting Periodic

100 300

100 300

100 <50

100 300-1000
100 50-300
100 50-300
100-500 300
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transmitted. In order to determine k, a model that finds k = Ne,my + N, (my + my) + N,(my + my) 9
the total size of data transmitted needs to be built based ©)

on m; and my.

Theorem. Assuming that there exist N. cars and N,
pedestrians  distributed in a 6-km  distance,
N. =N, + N,,, where N, refers to the number of cars
transmitting messages with a size m; and N,, refers to
the number of cars transmitting messages of size
my + my. Similarly, N, = N,, + N,,, where N, refers to
the number of pedestrians transmitting messages with
only m; and N, refers to the number of pedestrians
transmitting messages of size m; + m,. Using the con-
ventional IEEE 802.11, for the vehicles, the total quan-
tity of m; messages can be defined as N, m; and the
total size of m; + m, messages can be defined as
N.,(my + my). Considering the pedestrians involved,
the total size of m; messages can be defined as N, m;
and the total size of m; + m, messages can be defined
as N, (m; + my). The total message size k is the sum of
messages transmitted by all the pedestrian and vehicle
nodes. Therefore, k is modeled as

k=mi(N,, + Ne, + Ny, + N,,) + my(Ne, + Np,) (7)

It is clear here that N, + N, + N,, + N,, represents
the sum of all the cars and the vehicles. Therefore k can
be simplified as k& = Nm; + my(N,, + N,,), where
N = N, + N,. What remains unknown are N, and N,,,.
In order to find N,, and N,,, we consider that messages
of size m; + m, are invoked only when the separation
distance between any two nodes is reached. This is just
a case in applications such as safety warnings. The
probability that an m; + m, message size will be
invoked depends on the separation distance d of two
nodes equivalent to the warning message-invoking dis-
tance and the maximum signal transmission distance
bmax. Therefore, the probability that an m; + m; size
message will be invoked is considered as d/bm,x. By
applying the probability, N., and N,, can, therefore, be
defined as N.(d/bmax) and N,(d/bmax), respectively. We
can now define the complete formulae for the trans-
mitted message size in IEEE 802.11 as

k = Nmy + m» (Nc{i} + Np{ d }) (8)
bmax bmax

In the proposed scheme, for the cars, the total size
of m; messages is defined as N, m; and the total size of
m; + my messages is defined as N, (m; + my).
Assuming that the pedestrians are able to receive mes-
sages from at least a vehicle within the communication
range bmax, the total size of messages transmitted by
the pedestrian is N,(m; + my). The total message size k
which is the sum of messages transmitted by all the
pedestrians and vehicles is modeled as

=m (N, + N, + N,) + my (N, + N,,)

By following the probability concept mentioned ear-
lier in this section, k can be simplified as

d
k= Nm; + my {NC (—) Np}
bmax

By substituting equation (8) into equation (6), the
total energy consumption for the IEEE 802.11 trans-
missions can be found. Similarly, by substituting equa-
tion (10) into equation (6), the total energy
consumption for the proposed Vbr2p protocol can be
analytically found. In our analysis, each vehicle and
pedestrian transmits one message which leads to a total
message size k for all nodes. The total message size k is
calculated on the assumption that all the vehicles and
pedestrians have transmitted their packet. Therefore,
the time taken for all vehicles and pedestrians to trans-
mit their packets is considered as the time delay to
compute k. k is, therefore, described as the total num-
ber of participating nodes (N, + N.) multiplied by the
single-hop end-to-end delay D for each node expressed
as D X (N, + N.). Similarly, the energy dissipation in
equation (6) is, therefore, computed over the same time
delay DX (N, + N.). Table 2 shows the notation of
parameters used in computing the total message sizes
and the total energy consumed.

Observations in Figure 4(a) and (b) show that the
proposed scheme provides a lower total message quan-
tity k compared to the conventional IEEE 802.11 trans-
mission mechanism at various pedestrian densities.
Therefore, the proposed system is expected to provide
a lesser energy consumption as shown in Figure 4(c)
and (d). The total message quantity transmitted in the
proposed scheme does not show significant variations
at different pedestrian densities compared to the con-
ventional IEEE 802.11. Generally, as the number of
nodes increases, the total message quantity increases.
Despite of the lesser amount in the message quantity
generated by the proposed scheme, our simulations
that fully considers the transmission channel character-
istics shall later show that the PDR achieved in the pro-
posed scheme is better than the legacy IEEE 802.11
method.

It is also important to note at this point that equa-
tions (6), (8), and (10) do not consider the effect of con-
tention in the media access control (MAC) layer which
leads to backoff and hence would definitely affect the
number of transmissions and hence the total message
quantity. We can understand the expected amount of
contention in a network by finding the collision prob-
ability. The collision probability refers to the probabil-
ity that at least two or more vehicles or pedestrians
start transmitting at the same time slot. Based on

(10)
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Table 2. Notations.

Acronym Description Acronym Description
my, my Message size: 300 and 200 bytes, respectively d Node to node separation distance equivalent to
the event-invoking separation distance
k Number of bits transmitted during the dv2p Vehicle-to-pedestrian event-invoking separation
communication distance
N, Total number of cars brax Maximum transmission distance: 0.3 km, which
is tantamount to 0.6 km given an
omnidirectional antenna
N, Total number of pedestrians CWhin Minimum size of the contention window
N, Number of cars transmitting messages of size m; D Single-hop end-to-end delay for each node
N, Number of cars transmitting messages of size m; Eclec Electronics energy: 50 n)
Ny, Number of pedestrians transmitting messages of Eamp Amplification energy: 0.0013 p)/bit/m*
size m)
Np, Number of pedestrians transmitting messages of p Collision probability: the probability that at least
size my two or more vehicles or pedestrians start
transmitting at the same time slot
G| Number of transmissions without applying the Mo, Total derived message quantity without the
contention effect contention effect
G, Number of transmissions affected by contention Mg Message quantity in bits for the expected
at the MAC layer successful transmissions
G Number of expected successful transmissions G L Varying message size of either size m; or
expressedas G = G| — G, m; + m,

MAC: media access control.

Carvalho and Garcia-Luna-Aceves,” collision prob-
ability p can be expressed as

(2CWain{[Nec + N,| —1})
({[CWmin + 1}2}2 + 2CWmin{ [N + N,] — 1})

(11)

where CWyy;, 18 the minimum size of the contention win-
dow and N, + N, represents the number of participat-
ing nodes.

The collision probability (11) represents a case for
the saturated network given that all nodes equally par-
ticipate in generating traffic over the channel. This con-
dition matches with the conventional IEEE 802.11
broadcast scenario that is considered in this study. The
collision probability of the proposed Vbr2P broadcast
scenario can be expressed as

o (omm(frm ]} -1))
B ({CWmin + 1}2 + ZCWmm<{Nc TN, [Z;_Z\Z}} B l))
(12)

where d,p, is the separation distance between a vehicle
and a pedestrian but within a range that invokes pedes-
trian communication. dyap /bmax is the probability that
there exists a communication from a pedestrian to a
vehicle. Therefore, n,(dy2p/bmax) represents the number
pedestrians that communicate when the separation dis-
tance dyp, is within the event-invoking range.
Figure 5(a) and (b) shows the collision probabilities

p=

when the number of vehicles and pedestrians is varied
at different contention window sizes. Observations in
Figure 5(a) and (b) show that the proposed scheme
exhibits a lower collision probability at different con-
tention window sizes. The reason behind this phenom-
enon is the customized participation levels of all the
vehicles in the proposed scheme.

The effect of a collision at the MAC layer is best
expressed in terms of the number of transmissions. To
this extent, therefore, we formulate an approach to
quantize the number of transmissions which are
expected after applying the contention effect at the
MAC layer on the derived amount of messages to be
transmitted. We state that the number of transmissions
G, without applying the contention effect can be
expressed as G, = My, /L, where My, is the total
derived message quantity without the contention effect
and L is the message size. The number of transmissions
G, affected by contention at the MAC layer can, there-
fore, be expressed as G, = p X G;. The number of
expected successful transmissions G is then expressed as
G = G — G,. The message quantity My in bits for the
expected successful transmissions is then finally
expressed as My = G X L.

Figure 6(a) and (b) shows the results for the
expected number of transmissions and the total
energy consumed after applying a minimum conten-
tion window size of 16 ws. Observations in Figure
6(a) show that the expected number of successful
transmissions G does not have a significant variation
in each of both the proposed and legacy IEEE 802.11
schemes for various pedestrian densities. However,
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Figure 4. (a and b) Message quantities transmitted considering various message alert-invoking separation distances for 50 vehicles/
km and 100 vehicles/km and (c and d) total energy consumed considering various message alert-invoking separation distances for

50 vehicles/km and 100 vehicles/km.

the proposed scheme shows a slightly lower number
of transmissions.

The closeness of the data indicates that more trans-
missions are deferred in the legacy system compared to
the proposed scheme. This shows that even though the
proposed system is an event-driven system, it does not
suffer any significant throughput issues. Figure 6(b)
shows the energy consumed by each scheme. The pro-
posed scheme provides a lower energy consumption.

End-to-end delay theoretical analysis

In this section, the MAC layer is analyzed for both the
proposed scheme and the conventional IEEE 802.11

broadcast method. The end-to-end delay D and colli-
sion probability p is considered for analysis. The end-
to-end delay refers to the time to send a packet from
source to destination for which in the study case is a
single-hop scenario. In order to take care of the backoff
and freezing time cases during channel access, D is
expressed as

D:TB+TF+TT (13)

where Ty is the timer backoff, T is the timer freeze,
and T7 is the transmission time.

Based on the exponential backoff mechanism, the
contention window CW doubles after each collision
until it reaches the maximum CWax = 2" CWpin, Where
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Figure 5. Theoretical results for collision probability versus the number of vehicles given (a) 60 pedestrians and (b) 120 pedestrians.
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Figure 6. (a) Theoretical results for the expected number of transmissions and (b) total energy consumed considering various
node-to-node separation distances, minimum contention window size of 16 s and 50 vehicles/km.

h is the maximum number of transmission trials, CWpyax
1s the maximum size of the contention window, and / is
set to 7 for IEEE 802.11. The expected duration of the
timer backoff Tp is, therefore, expressed as

TB =
(%) (258 — 1), Els|<h

(g){CWmax — CWhin + CWinax(E[s] — 1)}, E[s]>h
(14)

where 7 is the backoff time slot length equal to 16 ps
and E[s] represents the expected number of retransmis-
sions on successful packet delivery®* which is derived as

7 7 8
_ 1-8p" +7
E:SPS1<1_p):( 4 p)

Elsl = 0—7)

(15)

s=1

where p is the collision probability.

For the conventional broadcast approach, the back-
off timer freeze T defined by Li and Chigan®* can be
expressed as
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Te = ({[Ne + N = 1}) +

(16)

where f(t) = (jvc+Np>7f(l — ) = ({[Ne + N1}/

(({[N.+N,] — })7'(1 — 7)™ "™ and 7 represents the
transmission probability.
According to Bianchi*

2(1 —2p)

(41— 22 HCWaia + 1} + pCWain{ 1~ 2p]'})
(17)

T =

The Tr in the proposed Vbr2P can be expressed as

e (Peevfiz] )
) ({[Nﬁ%(fﬁ) n 1} [E[s]l}}) (8)

(nl, + n,,)
2

t
The period for a successful data packet transmission
Tr is

where f(1)= (Nc + Ny(dyop /bimax) ) - [bmas)

Ty = % + DIFS + SIFS + ACK (19)
where R is the data rate, e is the packet size, DIFS is
the differential interframe space, SIFS is the short inter-
frame space, and ACK is the acknowledgement time
out period.

Figure 7 shows the delay encountered analytically. It
is observed that the end-to-end delay basically increases
when the number of vehicles increases. The interesting
phenomenon is that the proposed system exhibits a
lower delay compared to the conventional IEEE 802.11
method.

Simulation
Mobility model

Two classes of mobility models are used in this study.
These are the vehicle mobility model for vehicle mobi-
lity and pedestrian mobility model for pedestrian mobi-
lity. Each of them is described next.

Pedestrian mobility. There exist three common fundamen-
tal statistical features reported in the literature®® 2® about
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Figure 7. Theoretical result for end-to-end delay considering
various numbers of vehicles and 120 pedestrians.

human mobility traces. These include (1) heavy-tail flight
and pause-time distributions, (2) heterogeneously
bounded mobility areas of individuals, and (3) truncated
power-law intercontact times (ICTs). The SLAW
model® illustrated in Figure 8 unveiled two more
statistical features about human walks. These are (1) the
destinations of people (waypoints) are dispersed in a self-
similar manner and (2) people are more likely to choose
a destination closer to the current waypoint. Each statis-
tical feature of human mobility is described below:

® Heavy-tail flights and pause-time distributions:
This feature shows that each human flight has a
heavy-tail distribution. The flight in this case is
the Euclidian distance between two waypoints vis-
ited by a person. A waypoint is a location along
the flight route where the person spends a longer
amount of time without moving. The time spent
at a waypoint is referred to as the pause time.

® Heterogeneously bounded mobility areas: This
feature provides a view that different persons
have different mobility patterns depending on
the area of confinement.

e Truncated power-law ICTs: In Lee et al.,*’ the
distribution of ICTs—that is, the time elapsed
between two successive meetings of the same
persons—can also be modeled by a truncated
power-law distribution, which consists of a
power-law head followed by an exponentially
decaying tail after a certain characteristic time.

e Self-similar waypoints: In human walks, way-
points are considered to be self-similar. This
means that different persons are attracted to
popular places. Therefore, the destinations and
waypoints tend to be heavily clustered. Possible
examples of a waypoint include a bust stop and
a zebra crossing.
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Figure 9. (a) Sample mobility flight generated using the SLAW human walk model, (b) Manhattan grid for vehicular motion, and (c)
a Manhattan and SLAW model mix representing a vehicle and pedestrian mobility model generated by combining (a) and (b).

e [Least-action trip planning (LATP): This feature
shows that humans are most likely to visit desti-
nations nearer to their current waypoint when
visiting multiple destinations in succession.

The SLAW model by design exhibits all the men-
tioned five statistical features of a human walk.
Therefore, in this study, we choose to use the SLAW
model to aid the generation of the pedestrian mobility
trace using BonnMotion-2.1.3.>° The SLAW model
parameters are set as shown in Table 3.

Vehicle mobility model. The Manhattan model is used to
emulate the movement pattern of vehicle nodes on
streets defined by a map. The map is composed of a
number of horizontal and vertical streets. Each street
has one lane. The mobile vehicle node moves along the

horizontal and vertical grids on the map. At an inter-
section of a horizontal and a vertical streets, the mobile
node can turn left, right, or go straight. This choice is
probabilistic. The vehicle turn probability is set to 0.5.
We consider a two-dimensional 1500 m by 1500 m fully
connected road network in a Manhattan grid with vehi-
cles moving at a mean speed of 40 km/h. The grid
offers a total of 6 km for vehicular motion for the
single-lane scenario. Our mobility trace for the vehicles
is generated using BonnMotion-2.1.3.** Figure 9 shows
an example of a pedestrian flight generated from the
SLAW model and a Manhattan grid used in our simu-
lation experiments.

Performance evaluation

To analyze the performance of Vbr2P, we simulated its
system dynamics with the NS-3 simulator, version
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Table 3. Simulation parameters.

Description Value
Message payload size, S 300 bytes
Fading model Nakagami
Packet interval 100 ms
Data rate, R 3 Mbps
Content window size, minimum, maximum 15,256
Slot time, o 16 s
Arbitrary interframe space number (AIFSN) 2

Short interframe space (SIFS) time 32 ps
Antenna height [.5m
Frequency 5.9 GHz
Transmitter and receiver gain 3dB
Vehicle mean speed 40 km/h

Vehicle mobility model
Pedestrian mobility model

Simulation time

Manhattan-grid urban scenario

SLAW:*? waypoint ratio—S5, clustering range—I00,
maximum pause time—I0 s, minimum pause time—>5 s,
distance weight—10, levy exponent for pause time—I s
200 s

Table 4. Simulation performance metrics.

Metric Description

Average energy loss
receiving of BSMs
Maximum energy loss
transmission of BSMs
Average message dissemination delay
Packet delivery ratio (PDR)
source
Number of backoffs

The average electrical energy dissipated from a battery due to processing, transmission and
The maximum electrical energy dissipated from a battery due to processing and

The average time spent to send a packet from source to destination in a single hop
The ratio between the received BSMs by the destination and the generated BSMs by the

The number of deferred transmissions due to contention at the MAC layer

BSM: basic safety message; MAC: media access control.

ns-3-dev.*! Table 3 summarizes the general simulation
parameters and Table 4 defines the simulation perfor-
mance metrics. The tested density cases in terms of
vehicle per kilometer are 16, 25, 58, and 101 while the
density cases in terms of pedestrians per kilometer are
5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5, 25, 27.5, and 30. All
vehicles and pedestrians transmit power is 20 dB, and
the carrier sensing range is varying based on signal fad-
ing characterized by the Nakagami loss model and
nonline-of-sight conditions. Vehicle nodes can commu-
nicate with pedestrian nodes (V2P) and between them-
selves (V2V).

As earlier mentioned in the proposed system model,
the further the range, the lower the emission rate and
transmission duration. On the reverse, nearer V2P dis-
tances attract higher emission rates and longer trans-
mission duration from the pedestrian. The motivation
in this proposed setup is based on the fact that moving
cars nearer to a pedestrian are a greater risk to safety
compared to vehicles far away. A higher emission rate
for high-priority alert messages in short V2P distances

generates a great number of message alerts transmitted
to the vehicle. Such alerts help draw the driver’s atten-
tion and can cause a quicker reaction time in case of an
anticipated accident. The Vbr2P configuration in this
study is, therefore, set as follows: V2P separation dis-
tances between 0 and 20 m attract a pedestrian broad-
cast of 250-ms transmission interval for a duration of
5's. V2P separation distances between 20 and 30 m
attract a pedestrian broadcast of 500-ms transmission
interval for 4 s. V2P separation distances between 30
and 40 m attract a pedestrian broadcast of 800-ms
transmission interval for 3 s. V2P separation distances
between 40 and 50 m attract a pedestrian broadcast at
1-s transmission interval for 2 s.

From the configuration, the maximum separation
distance which triggers P2V communication is 50 m
and the lowest 0 m. The justification for this setting is
that at 50-m separation range, the vehicle and pedes-
trian are able to react to the safety messages as the
range keeps reducing. The BSM message size is set to
300 bytes since it is to contain state information such as
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Figure 10. (a) Average pedestrian energy loss, (b) pedestrian’s maximum energy loss, and (c) average end-to-end delay considering

various pedestrian densities.

location information, speed, and direction of motion,
and when alert events are triggered, the warning mes-
sage makes an additional 200 bytes.

The initial energy capacity of the battery used in the
simulation of pedestrian devices is 12,960 J, which rep-
resents a fully charged 3.6-V and 100-mAh mobile
phone battery.

Energy loss analysis

Pedestrian energy consumption is a major system
design issue for the Vbr2P concept. This is mainly
because it can be used for determining the pedestrian’s
battery lifetime. As previously mentioned in this article,
V2P safety message communication is only reliable
when the pedestrian device is always up.

By simulating the proposed Vbr2P and the IEEE
802.11, we show the performance in terms of the pedes-
trian energy loss at various vehicle densities in Figure
10(a) and (b). Observations in Figure 10(a) indicate that
the average energy loss realized by the proposed Vbr2P
scheme is much lower than that of the conventional
IEEE 802.11 broadcast system. The reason behind this
performance is attributed to the nonperiodicity of
broadcast transmissions expected from the pedestrian
nodes when the proposed system is used.

It can be observed that as the vehicle densities
increase in the conventional IEEE 802.11 system, the
pedestrian energy loss keeps decreasing. This is attrib-
uted to the minimized participation of all the nodes in
the periodic broadcasts due to an increase in the chan-
nel contention. On the contrary, for the proposed
Vbr2P, there is a slight variation in the energy loss as
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the vehicle density increases for all pedestrian densities.
The same phenomenon explained above is referred to
for the maximum energy loss shown in Figure 10(b). It
should be noted that the proposed Vbr2P significantly
shows almost the same energy loss at various pedes-
trian densities given the same vehicle density. This is
mainly because an increase in pedestrian density affects
the amount of energy consumed only when the addi-
tional number of pedestrians find themselves within the
event-triggering range for P2V communication.

Considering the results of IEEE 802.11 in Figure
10(a) for all vehicular densities, as the pedestrian den-
sity increases from 5 pedestrians/km to a peak of about
7.5 pedestrians/km, the energy loss tends to increase.
Thereafter, the energy loss decreases and maintains
relative stability as the pedestrian density increases.
Thus, there exists a critical pedestrian density that initi-
ates a transition phase behavior after which the energy
loss tends to converge. The results in Figure 10(a) for
the proposed Vbr2P show that the energy loss quickly
converges to a relatively stable value over all the pedes-
trian densities.

The difference in the energy loss convergence in the
two approaches (IEEE 802.11 and the proposed Vbr2P)
is the effect of the heavily populated pedestrian clusters
that express the self-similar feature of the SLAW mobi-
lity model. To say, the majority of the nodes as is seen
in Figure 8 mainly exist at waypoints forming highly
populated clusters and a few nodes in flight.

The pedestrians in the populated clusters are bound
to share a close proximity (in terms of separation dis-
tance) to any vehicle. This means that the pedestrians
in the same cluster are likely to request for channel
access at the same times in order to transmit their
event-driven BSM. It can, therefore, be stated that as
the pedestrian density increases, the cluster size
increases to a point where the number of transmissions
by the pedestrian nodes begin to decrease due to a
greater channel contention. It is the very channel con-
gestion by the pedestrians in the clusters that leads to a
reduction in transmission frequency, hence a reduced
energy dissipation. For our study scenario, this transi-
tion phase from high- to low-energy usage is realized at
7.5 pedestrians/km as seen in Figure 10(a) for the
IEEE 802.11 standard.

End-to-end delay analysis

End-to-end delay is a major concern in vehicular com-
munications for safety studies. In the Vbr2P protocol
design, elimination of the periodic broadcasts and using
event-driven communication from the pedestrian node
reduces the channel contention. This further reduces
the queuing delays and the end-to-end delay.
Observations in Figure 10(c) show that the Vbr2P
scheme provides a lower delay compared to the

conventional IEEE 802.11 broadcast style for the low
vehicular density at various pedestrian densities. As the
vehicular densities increase, the end-to-end delay also
increases due to increased channel contention leading
to increased backoffs that, in turn, causes longer queu-
ing delays. At medium and high vehicular densities of
58 and 101 vehicles/km, respectively, the end-to-end
delay tends to have a small variation in both schemes.

In the Vbr2P, high vehicle density causes shorter
V2P separation distances which, in turn, causes an
increase in the frequency of the event-driven pedestrian
transmissions, hence affecting end-to-end delay in the
Vbr2P. Nevertheless, the Vbr2P was orchestrated with
the main objective of minimizing pedestrian energy loss
which it achieves as seen in Figure 10(a) and (b).

PDR analysis

PDR provides information on what ratio the trans-
mitted messages have been received. Figure 11(a) shows
the PDR achieved in both the Vbr2P and the conven-
tional IEEE 802.11 for the various vehicular densities
given a 5-pedestrian/km low-density scenario. At a low
vehicular density represented by 16 vehicles/km, the
PDR for the proposed Vbr2P is slightly better than that
for the conventional IEEE 802.11 style. The slight differ-
ence in channel contention for both schemes due to the
small node density is the reason behind this observation.

By comparing the medium density (58 vehicles/km)
and high density (101 vehicles/km), the Vbr2P
approach provides a better performance in the PDR
though not large. This phenomenon arises because of
the channel congestion problem in the conventional
approach. In the Vbr2P, there are lesser number of
nodes contending for the channel; therefore, it gives
alleyway for the transmission of more packets by the
vehicles.

The pedestrian nodes also contribute to the trans-
mission conditionally as earlier discussed in the Vb2P
design. The same phenomenon expressed above on the
PDR with regard to Figure 11(a) applies to Figure
11(b). In Figure 11(c), which represents a high-
pedestrian density scenario, the proposed Vbr2P exhi-
bits an improved PDR performance compared to the
conventional system.

At low vehicle densities (25 vehicles/km and below)
and a 100-m separation distance, the conventional
broadcast style is better than the Vbr2P. However, as
the distance increases, the Vbr2P is better in terms of
PDR. At high vehicular density, the PDR performance
compared to the conventional style shows an increase.

High node density increases contention for channel
access, therefore leading to a broadcast storm which
plays a high negative role in the PDR performance of
the conventional IEEE 802.11 style of broadcasting.
The broadcast storm is minimized by the event-driven
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Figure 11. PDR achieved at various separation distances for (a) 5, (b) 15, and (c) 30 pedestrians/km.

communication from the pedestrian in the Vbr2P. The
effect of higher node density is stronger in the conven-
tional IEEE 802.11 style compared to the higher node
density in Vbr2P. Again, increasing pedestrian density
in Vbr2P does not necessarily mean directly increasing
the proportion of the BSM transmitting nodes because
pedestrian node transmission only takes place when an
event-triggering instance has occurred. This explains
why the PDR performance of the Vbr2P is even better
in our scenario when the pedestrian density is increased.
A perfect scenario is that after increasing the pedestrian
nodes, only the vehicles will periodically transmit their
BSMs, and some percentage of the added pedestrian
nodes may participate in the event-driven transmission.
The other pedestrian nodes (which are not transmit-
ting) only keep receiving the BSMs. In this case, the
total number of nodes (both pedestrians and vehicles)
contending to access the communication channel is

lesser compared to the conventional IEEE 802.11 BSM
periodic broadcast mechanism where all nodes must
transmit BSMs periodically. The lesser contention for
channel access in the Vbr2P implies that more BSMs
can be transmitted compared to the conventional IEEE
802.11 style. Therefore, by computing the ratio of the
number of BSMs transmitted to the number of BSMs
received, the result would show an increase in the PDR.
This phenomenon is observed in Figure 11(a)—(c).

The better performance exhibited by the Vbr2P in
terms of PDR and delay shows that the proposed sys-
tem not only improves energy consumption but also
improves the reliability in V2P safety communications.

Number of backoffs

Backoff is a result of a transmission request to a busy
channel due to other transmissions. Signal collision in
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Figure 12. (a—c) The number of backoffs encountered in low, medium, and high vehicle densities, respectively, due to the EDCA

mechanism at the MAC layer.

the channel (physical layer) also leads to backoff. In
the physical layer, multipath objects such as buildings,
tree cover, and others cause fading effects in the signal
which contributes to packet loss and errors. The num-
ber of backoffs based on the EDCA mechanism for
low, medium, and high vehicular densities is shown in
Figure 12(a)—(c). The results show that the proposed
scheme maintains relatively the same number of back-
offs in each case but lower than the conventional
scheme.

At the physical layer, packet loss rate estimation
techniques such as those defined in Jiang et al.**> due to
collisions and multipath effects were presented and
would be relevant in the determination of how much
collisions have occurred. For clarity, Figure 12(a)—(c) is

specific to the backoff count due to the EDCA mechan-
ism at the MAC layer. The number of backoffs shown
in Figure 12(a)—(c) is an aggregate of both the pedes-
trian and vehicle backoff instances.

The proposed scheme competes the legacy IEEE
802.11 because of the minimization of the broadcast
storm caused by periodic beaconing. The results show
that more backoffs are encountered by both schemes as
the vehicular density increases. However, the proposed
scheme maintains relatively the same number of back-
offs at various pedestrian densities. The reason behind
this phenomenon is the event-driven pedestrian com-
munication, which in many cases will render the net-
work to have fewer participating nodes unless an event
is triggered.
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Conclusion

In this article, we proposed a broadcast scheme called
Vbr2P for V2P safety communications that minimizes
the pedestrian device energy consumption by eliminat-
ing periodic broadcasts from the pedestrian nodes and
enabling event-driven broadcasts based on V2P separa-
tion distance. Through mathematical and simulation
analysis, the pedestrian broadcast participation method
can reduce the energy loss of the pedestrian device with-
out compromising the end-to-end delay and PDR. The
proposed system improves the end-to-end delay in the
communication system, especially in low vehicular den-
sity, and improves the PDR particularly in highly dense
vehicle and pedestrian scenarios.

This study can further be conducted to include a
sleep and wake-up management mechanism for pedes-
trian nodes by roadside units when there is totally no
vehicle in order to eliminate the pilot message beacon
which the pedestrian nodes transmit as mentioned in
this article.

This work did not target the P2P communication
layer; hence, future work can also be directed toward
investigating P2P communications in vehicular envir-
onments. Furthermore, packet loss and error estima-
tion for the proposed scheme based on different radio
channel characteristics is useful for future work. This
study is relevant for communication protocol designers
targeting V2P safety.
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