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Connected and automated vehicles bring the capability to generate traffic data for intersection control
applications. Unfortunately, for various reasons, such as signal blocking and interference, vehicles may
experience communication failures leading to inefficiencies, e.g., unnecessarily long waiting queues, increased
noise and greenhouse gas emissions or increased delays of emergency vehicles at intersections resulting in lower
life-saving rates. This paper proposes an analytical approach to estimate vehicular communication reliability for
road intersection control applications. The road segment in front of the intersection is divided dynamically into
two areas. Due to the physical proximity to the roadside unit, the adjacent area is assumed to have more reliable
communication than the more distant area. Consequently, the information about the approaching traffic in the
more distant area is deduced from received communication in both areas. The effectiveness of the proposed
method is verified by simulation experiments. First, we evaluate the communication reliability estimator by
prediction accuracy metrics. Second, we study the benefits of the deployment of this estimator for emergency
vehicle preemption. Our results provide evidence that the estimator has the potential to improve the performance
of intersection control applications.

1. Introduction operation of many other communication systems in the same area con-

tributes to increased interference. All those factors may contribute to

A near-future introduction of the connected vehicle (CV) technol-
ogy is expected to improve traffic and vehicle control through driving
assistance, collision avoidance and extended traffic management appli-
cations [1]. CV telematics data can be utilized to enhance the efficiency
of traffic management and control, most notably intersection signal
control, by identifying in advance and constantly tracking the exact
positions of approaching vehicles, getting more accurate traffic status
measurements and developing more efficient prioritization schemes.

Even without considering hardware failures and communication sys-
tem overload, the baseline performance of vehicular communication
systems is not perfect. The urban setting, where vehicular communi-
cation often takes place, is a very challenging environment for any
mobile wireless communication system. Narrow streets, high-rise build-
ings and many other static and dynamic objects result in severe obstacle
shadowing, multipath signal propagation and fading. Furthermore, the
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the suboptimal performance of vehicular communication systems [2,3].

Communication failures may negatively affect the efficiency of ser-
vices that utilize the data generated by CV technologies. A prominent
example is an emergency vehicle (EV) preemption system. Most emer-
gencies in urban areas require the presence of an emergency response
crew on site. Emergency vehicles need to reach the site as quickly and
safely as possible to minimize damage to life and property, where even
a slight delay can lead to a significant increase in cost and chances of
loss of life [4,5]. As the population continues to grow rapidly, so does
road congestion in the city centers, which increases emergency vehicles’
response times. Signalized intersections are obvious obstacles that de-
lay emergency vehicles. To facilitate a smoother intersection crossing, a
preemption module can be implemented to identify the traffic situation
at the intersection and provide an approaching EV with the appropriate
right-of-way time window so the EV will experience zero or minimal de-
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lay. A study presented in [6] attributes a potential increase of between
32% and 90% in cumulative survival ratio (CSR) gains for acute and
critically ill patients to the implementation of preemption at signalized
intersections. These benefits could be negatively affected by communi-
cation failures.

2. Literature review

In this section, we provide an overview of the available literature
dealing with the reliability of the vehicular communication technolo-
gies and its estimation. Furthermore, we analyze the relevant literature
aimed at the application of the CV technology to prioritize emergency
vehicles (EVs) in an urban traffic setting, as we assume this is one of
the areas where implications of erroneous communication may cause
the most serious societal consequences.

2.1. Communication failures in CV technologies

Message loss in a wireless communication system is caused by sys-
tem overload, hardware failure, insufficient signal strength at the re-
ceiver caused by signal attenuation and fading, naturally- or artificially-
induced interference and high levels of noise in the communication
chain. Even without considering hardware-related communication fail-
ures, the communication performance of Dedicated Short-Range Com-
munications (DSRC) as well as Cellular Vehicle-to-Everything (C-V2X)
can often be limited by environmental factors. For example, Lee et
al. [7] conducted a comparative experimental study measuring the per-
formance of DSRC and Wi-Fi in different locations and under varying
weather conditions. The authors conclude that compared to laboratory
measurements, the outdoor performance of DSRC in terms of packet loss
and jitter deteriorated considerably, especially at longer communica-
tion distances, i.e., above 180 meters. The DSRC performance degraded
even further in rainy weather. Bai et al. [8] performed measurements
at an urban/suburban freeway to analyze the application-level reliabil-
ity of DSRC communication for vehicle safety applications. They found
that the Packet Delivery Ratio (PDR) drops quickly with increased dis-
tance between the communicating nodes. While the measured PDR is
around 90% at 100 meters, it drops to values as low as 67% and 58%
at 300 and 400 meters, respectively. Very similar figures are reported
also by [9]. The authors evaluated the Vehicle-to-Vehicle (V2V) com-
munication reliability based on experimental data, collected at an urban
expressway. The data show that even in Line-of-Sight (LOS) communi-
cation scenarios, PDR drops significantly for communication distances
greater than 150 meters. The reported LOS PDR is below 70% at 200
meters and 67% at 300 meters. The performance in Non-Line-of-Sight
(NLOS) communication scenarios is even worse. PDR at 200 and 300
meters in this case reaches only 65% and 42%, respectively. Gonza-
lez at al. [10] executed a performance comparison of the mode 3 and
mode 4 of the 4G-based C-V2X for the V2V communication in terms
of the packet delivery ratio. They showed that the centralized mode,
i.e., the mode 3, obtained the higher PDR levels for the larger cov-
erage distances than the non-centralized one, which does not demand
cellular network coverage and vehicles can control the usage of radio
resources by deploying the pre-established mechanism. Moreover, they
also found, similarly as in the DSRC case (see the text above for more
details), that the PDR drops quickly with increased distance between
the communicating nodes in the case of the both modes. While the PDR
for the packet transmission rate of 50 packets per second is around
97% and 75% at 100 meters, it drops to 15% and 38% at 400 me-
ters for the mode 3 and mode 4 respectively. Ghodhbane et al. [11]
studied the performance of the mode 4 of the 4G-based C-V2X consid-
ering event-based Decentralized Environmental Notification Messages
as well as Cooperative Awareness Messages (CAM) and the V2V com-
munication. The results show that a performance of 4G-based C-V2X is
significantly affected by traffic load and sensing-based semi persistent
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scheduling mechanism parameters, i.e., sensing window and keep prob-
ability. Moreover, when it comes to the PDR behavior, they report a
rather similar trend for a highway scenario as the one reported in [10]
but naturally with a bit more positive PDR levels. Regarding the DSRC
and 4G-based C-V2X performance benchmark, the interested reader is
referred to the following studies [12-24]. Moreover, when it comes to
the 4G-based and 5G-based C-V2X performance benchmark, the inter-
ested reader is referred to [25].

With such a high level of packet loss reported above for both com-
munication technologies, i.e., DSRC and C-V2X, many services relying
on real-time data transmitted via Vehicle to Everything (V2X) commu-
nication might be severely impacted. Liu et al. [26] demonstrated how
a failure in communication of a single vehicle destabilizes a CV pla-
toon. Furthermore, the authors developed a CV following model which
compensates for disruptions in communication topology and perception
inaccuracies to stabilize platoons. Therefore, it is important to be able
to estimate the instantaneous message loss ratio in the selected part of
the communication network, so that mechanisms to compensate for the
lost vehicular data might be deployed.

Traditional methods for estimation of the message loss ratio in wire-
less networks are based mostly on the transmission of probe messages.
In the case of Vehicular Ad hoc Networks (VANETS), this approach has
two major limitations. Firstly, the periodic transmission of probe mes-
sages presents a significant overhead in bandwidth-limited VANETs.
Secondly, the size of a probe message is usually much smaller than
the size of a message carrying payload data, hence it is much less prone
to bit-error-induced losses than the typical payload messages. To limit
the network overhead induced by frequent transmissions of probe mes-
sages, Jiang et al. [27] proposed an estimation algorithm for packet
loss on VANET which is based on the general statistical properties of
packet loss rate over distance in VANET. The algorithm uses the Gaus-
sian Mixture Model (GMM) and a limited number of probe packets to
estimate the packet loss ratio probability density. The proposed algo-
rithm is more bandwidth-efficient compared to the traditional methods
for packet loss estimation in wireless networks, however, it assumes
the statistical model of packet loss in VANET to be known. This can
result in a rather high estimation error in the case when the commu-
nication environment does not match the statistical model. Alzamzami
and Mahgoub [28] proposed an enhanced directional greedy forward-
ing scheme that incorporates a link quality estimation. The link quality
estimation is based on the broadcasting of HELLO messages to con-
sider the loss rate in both communication directions. For that sake, the
HELLO messages need to be acknowledged, which further increases the
signalization overhead.

To sum up, to the best of our knowledge, published approaches so
far involve the probing technique, which generates additional traffic
load. So, it is rather ineffective in the context of bandwidth-limited com-
munication environments, e.g. VANET, etc. This fact has motivated us
to develop a new approach mitigating this limitation. Furthermore, as
demonstrated in our previous work [29], communication failures may
significantly decrease the efficiency of intersection control algorithms.
In that paper, we tested a simple mechanism to estimate the number
of vehicles approaching an intersection that compensates for communi-
cation failures. This solution helps to decrease the effects of communi-
cation failures on intersection control algorithms, but it is application-
specific. In this paper, we propose and evaluate an application-agnostic
approach to estimate communication reliability in the neighborhood of
a road intersection.

2.2. Approaches to EV prioritization in CV environment

Application of vehicular communication performance estimation
can bring the highest benefits at intersections. Here, the probability of
gathering a large number of communicating vehicles in a short time
and a limited area is the highest. Increased density of communicat-
ing nodes may severely affect the performance of the traffic control
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by overloading the communication channel [30]. Inefficient traffic con-
trol leads not only to economic and environmental damage caused by
congestion, such as increased fuel consumption, air pollution, time loss
and is a source of annoyance for drivers and passengers, but it may
turn deadly in situations requiring the quick intervention of emergency
response services [31]. Therefore, communication performance estima-
tion together with missing data compensation mechanisms is of utmost
importance for applications such as intersection preemption for emer-
gency vehicles in a CV environment.

There are several ways to use CV technology to facilitate emergency
vehicle traversal along signalized urban arterials. Su et al. [32] devel-
oped a dynamic queue-jump method, where an EV sends instructions
via V2V interface to the downstream vehicles to make them clear its
lane. In reality, this approach might be less efficient in dense urban cen-
ters where clearing the lane might be impossible due to limited space.
Xie et al. [33] suggested that in addition to broadcasting a V2V warn-
ing message to drivers in the corresponding area, a signal preemption
is activated once the emergency vehicle is within a fixed distance from
the intersection. In this scheme, providing the right-of-way to the EV
is made as soon as possible and the green light is extended as much as
necessary, i.e., until the EV crosses the intersection. However, such an
approach might lead to extensive delays of the conflicting movements
at the intersection.

While [33] and [34] focused on minimization of EV delay as the
top priority guiding the signal control logic, the effects on non-priority
vehicles need to be considered and reduced if possible. One way to
achieve this is to minimize the required green duration for EV preemp-
tion by estimating the moment in time when an EV Signal Group (SG)
needs to be switched to green. Qin and Khan [35] proposed a preemp-
tion model where a minimum notification period is calculated, i.e., the
point when the preemption green needs to be activated, represents a
sum of switchover to green time, queue discharge time and safety time
interval which ensures large enough gap between the last vehicle in
the queue and the incoming EV for safety reasons. Paruchuri [36] pro-
posed a similar approach to minimize the disruption to normal traffic
by adaptively adjusting the preemption duration based on the existing
traffic conditions, i.e., constantly calculating the time required to switch
to green and to clear the queue. In [35], once the EV crossed the stop
line, a recovery period is activated, where green duration for conflict-
ing movements is optimized to shorten the queues to their predefined
acceptable lengths.

One of the main inputs to the preemption control algorithm is the
EV’s estimated time of arrival (ETA). It directly influences the control
decisions required to eliminate or minimize delay to an approaching
vehicle while keeping the duration of disturbance to conflicting move-
ments minimal. A comprehensive review of preemption methods [37]
states that there is a gap between a calculated ETA and the actual ar-
rival time as theoretical models are based on calculations that do not
necessarily account for all the factors that impact the EV’s movement.
In the case of CV, this gap might be even larger, as the majority of
models are based on the unrealistic assumption of perfect communica-
tion. Imperfect communications are rarely considered in traffic control
schemes in a connected vehicle environment. In a recent review of Traf-
fic Control strategies for Emergency Vehicles [38] the issue of reducing
interference and communication costs is described as one of the future
research directions. Despite this fact, the most recent research on Emer-
gency Vehicles preemption in Connected Vehicles environment [39,40]
still follows the common practice of not taking into account the effects
of imperfect communications. Perfect communication assumptions may
lead to inefficient performance and increased delays in scenarios, where
communication disruptions are present. Our work addresses this gap in
two ways:

1. Considering communication failures and the properties of traffic
flows, an analytical Message Loss Ratio estimator is developed and
its accuracy is evaluated by prediction accuracy measures.
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2. An utilization of the suggested approach is showcased in a traf-
fic signal control algorithm with EV prioritization. By utilizing the
knowledge of the estimated magnitude of imperfect communica-
tion conditions, an EV estimated ETA is adjusted to compensate for
uncertainties in the assessment of the traffic situation. Using simu-
lation tools, we show that such an adjustment reduces delays of EVs
at intersections. The reduction may be critical to avoid a possible
increase in injury severity, loss of life and property damage.

The paper is organized as follows: the next section presents the
MLR estimator and the modeling framework. Section 4 introduces MLR
estimator performance evaluation using prediction accuracy metrics.
Section 5 is showcasing the application of the MLR estimator to the
emergency vehicle preemption. Finally, the discussion and conclusions
are presented in Section 6.

3. Materials and methods

The section provides background information. The concept of the
MLR estimator, together with necessary justifications, is presented in
Section 3.1. Section 3.2 introduces the integrated traffic and communi-
cations modeling framework.

3.1. MLR estimator

The status of communication networks can be quantified by the Mes-
sage Loss Ratio (MLR):
_ N revd :
N if Ng,, >0 (l)

MLR= s
0, otherwise

where N, ., and N, are the true numbers of received and sent mes-
sages, respectively. In an environment with faulty communication, the
MLR value needs to be estimated. Nowadays, problems in estimating a
quantity from data are often handled by statistical or machine-learning
approaches [41]. This requires the availability of data for the training
of models and predictions, i.e., historical records of MLR values and
features that contain a signal correlated with MLR values. Typically,
there is no MLR data for road network intersections. Therefore, here
we propose an analytical approach, where the estimation of the MLR
value is derived from communication and traffic data that can be easily
collected and processed. The used notation is summarized in Table 1.
The proposed concept is based on the assumption that communi-
cation reliability mainly depends on the distance between the sender
and receiver as illustrated in Fig. 1. When the distance is short, com-
munication is expected to be more reliable as it is happening in a
communication range of vehicles. To model this assumption, the length
of the observed area P in front of the intersection can be split into a
part with mostly reliable communication C and a part with mostly un-
reliable communication U. Hence, the length of the area C is equal
to the average effective communication range of vehicles. By the ef-
fective communication range, we mean a dynamic range reflecting the
current transmission conditions. Thus, the communication range can
vary depending on the density of traffic. As the reliability of the com-
munication strongly affects an ability to infer the number of lost mes-
sages N, from the number of vehicles approaching the intersection,
we apply different approaches to the area within the communication
range and to the area outside of the communication range. Within
the communication range, the number of lost messages Nﬁst can be
estimated by keeping track of the vehicles that have communicated
previously and are still likely to be approaching the intersection. Impor-
tant prerequisites for this task are knowledge of the vehicles’ message
generation frequency and positions. A Road Side Unit (RSU) can ex-
tract the sender’s position from the Cooperative Awareness Messages
(CAMs), which are broadcasted periodically by each connected vehicle.
The message generation frequency depends on the specific Cooperative
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Fig. 1. Schematic illustrating the modeling approach considering the dependence of the communication reliability on the distance from the intersection.

Table 1
Table of used symbols in the description of the MLR estimator.

Symbol  Description

P The observed area in front of the intersection.

C The part of the area adjacent to the intersection with mostly reliable
communication.

U The part of the area in front of the intersection with unreliable
communication.

Ly The list of communicating vehicles that according to their last position
have not yet crossed the intersection. The roadside unit maintains the
list.

Ney The number of vehicles in the list L.

L,, The list of vehicles that successfully sent a message to the roadside
unit within the last ¢, time units. The roadside unit maintains the list.

N, ca The number of received messages by the roadside unit within an
observed time window.

Ny, The number of sent messages to the roadside unit within an observed
time window.

Ny The number of lost messages given by the difference between N, and
Nrcva-

Ifs . The estimated number of lost messages within the area C and period
t,. It is derived from previously received communication.

,lis . The estimated number of lost messages within the area U and period
t,. It is derived from the flow intensity estimate.

F The estimated intensity of the vehicular flow.

1 The length of the period given by the periodicity of sending
communication messages. In experiments, the value of 1 s was used.

t, The length of the period selected for estimation of quantities. In
experiments, the value of 600 s was used.

ty The average time the vehicles spend in the area U.

Intelligent Transport System (C-ITS) application and is either known or
can be easily estimated from the received data. It is assumed that this
frequency does not vary in time, which is currently the case in the con-
text of the Cooperative Awareness basic service [42]. It is worth noting
here that a suitable CAM message generation frequency depends on a
position and velocity of vehicles. The value of the frequency can be
specified by the TGen parameter.

The RSU maintains a list of communicating vehicles (denoted as
Lcy), i.e., vehicles that have successfully delivered a message and
according to their last known position have not yet crossed the inter-
section. A vehicle is detected to have left the intersection by receiving
a CAM message with the vehicle position indicating the change from
an incoming to an outgoing lane. The RSU is usually installed very
close to the intersection, therefore, it is reasonable to assume that at
least one message indicating the vehicle has crossed the intersection
will be received and the vehicle is removed from the L.} . For each
time window ¢, which equals to the vehicles’ message generation pe-
riod, we estimate the number of lost messages N lis . as a difference
between the number of vehicles in the list Ly, (N¢y,) and the number
of the successfully received messages N,.,, within the time window.
To estimate the number of lost messages N, ILU]S , in the area out of the
communication range, we define a time window of duration f, > t,

(see Fig. 2a) and estimate the average intensity of vehicles F arriv-
ing into the area U. Assuming that the intensity of vehicles arriving
into U is the same as for the area C, we estimate the value N Il{js . in two
steps:

1. Estimation of the average time, 1V, a vehicle spends in the area
U: When a vehicle enters the area P it records the current time.
This time information is included in every future message sent by
the vehicle. When RSU receives the first message from a vehicle,
it calculates U as the difference between the current time and the
time found in the message and the vehicle ID is stored in the list of
all vehicles L, .

2. Estimation of the average intensity, F, of the arrival flow of
vehicles to the area C: At the end of every time window t,, the
value F is updated by dividing the length of the list L 4}, by ¢, and
the list L 4y, is emptied.

Values F and 1V are then used to estimate the average number of
the lost messages in the area U as follows:

NY ={UF. (2)

lost

An overall M LR value is estimated at the end of every time window
t, (see Fig. 2¢) by using the following formula:

N, .
- — "reed_ ifN 4+ NS +NU >0
77 C U d
MLR= Nrewd+Njgq+Nigs revd T ost T oSt T 3)
0, otherwise

The implementation of the proposed MLR estimation approach is
available for the scientific community on GitHub [43].

3.2. Simulation framework

The simulation framework used to assess the performance of MLR es-
timation and its showcasing to the EV preemption is based on the work
published in [44]. It employs the principles of the federated telco-traffic
simulation [45-47] and consists of Objective Modular Network Testbed
in C++ (OMNeT++) [48] as a communication network simulator, PTV
VISSIM as a traffic simulator, MLR estimator module and an interface
facilitating bi-directional, real-time data exchange between the compo-
nents. As an alternative to PTV VISSIM, another state-of-the-art traffic
simulator (e.g. SUMO [49]) could be used. To simulate communication
protocols specific to connected vehicles, Veins [46], Simu5G [50] and
INET [51] simulation frameworks for OMNeT++ were used. The sim-
ulation workflow is depicted in Fig. 3. The simulation time is split into
equal time periods of length Ar. After the launch of the simulation, VIS-
SIM simulates the first A period, stores the attributes of communication
module-equipped vehicles in a shared file and waits for the outputs from
OMNeT++ and MLR estimator. The vehicle attributes include ID, geo-
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Fig. 2. Updates of MLR estimates on two different time scales t1 and t2. (a) Overlays of periods ¢, and ¢, and illustration of communication messages arrivals to
RSU. (b) The sequence of steps executed at the end of every period #,; (c) The sequence of steps executed at the end of every period ¢,. (d) The sequence of steps

executed upon each communication message arrival.
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Fig. 3. The simulation workflow diagram.

graphic location, speed, lane index and timestamp of the arrival to the
current road segment for each vehicle. This information is utilized by
OMNeT++ to update the positions of vehicles in the telco simulation

and to compute the per-vehicle message delivery status, whether a com-
munication message from the corresponding vehicle has been delivered
to the RSU within the corresponding At period in the telecommunica-
tion domain. The information from successfully received messages is
fed into the MLR estimator module, which uses it as input for the MLR
estimation algorithm described in Section 3.1. MLR estimator outputs
the estimated MLR value to a shared folder. At the end of the corre-
sponding At period, OMNeT++ and MLR estimator are suspended until
updated vehicle attributes are provided by VISSIM for the next At pe-
riod. The message delivery status and estimated MLR value are loaded
by VISSIM, which updates the traffic simulation modules accordingly
and the simulation cycle repeats until the simulation time horizon is
reached.

4. MLR estimator performance evaluation

In this section, we evaluate the performance of the MLR estimator
by prediction accuracy metrics. We start by introducing the simulation
settings and next we describe the results of numerical experiments.

4.1. Methodology

The simulated area and the detail of the intersection are depicted
in Fig. 4. The traffic model is based on a real intersection of Hanita-
Trumpeldor streets in the city of Haifa, Israel. For the purpose of this
work, a CV control scheme is utilized. The detailed description of the
CV control scheme algorithm can be found in [29]. The investigated in-
tersection model was equipped with a roadside unit (RSU) connected
to the intersection controller (IC) using a wired lossless communication
link introducing negligible communication delay. The roadside unit re-
ceives communication messages including vehicle telemetry data and
passes them to the IC.
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Fig. 4. Detail of the controlled intersection for (a) DSRC simulation scenario and (b) 4G-based C-V2X and 5G-based C-V2X simulation scenario. RSU block represents
the Roadside Unit and the IC and BS blocks represent the Intersection Controller and the Base Station respectively.

Table 2
Dedicated Short-Range Communications (DSRC) communication network simulation parameters and their values.
Parameter Value Parameter Value
Access Layer specification =~ ETSI ITS-G5 - Based on IEEE 802.11 OCB (historically Ground type Flat asphalt roadway
referred to as 802.11p), [52]
Message service CAM-like - Periodic, fixed-length unicast messages (from Permittivity of asphalt at microwave frequencies 4.75, [54]
vehicles to RSU), [53]
Message length 300 B - Assuming transmission of basic Cooperative Vehicle antenna height 1.895 m, [46]
Awareness Service data and a security header, [55]
Carrier frequency 5,900 MHz - Corresponding to ETSI ITS-G5 Control RSU antenna height 5.897 m, [29]

Channel, [56]

Channel bandwidth 10 MHz - Corresponding to ETSI ITS-G5 Control
Channel, [56]

Data rate 6 Mbps - Corresponding to ETSI ITS-G5 default data
rate, [56]

Transmitter power 20 mW

-86 dBm - Severe noise conditions
Two Ray Interference, [46]

Background noise power
Path loss model

Antenna type Isotropic antenna

Background Noise (parameter background Noise in Veins) -86 dBm

SNR Penalty in East approach 0 dB, 20 dB, 25 dB, 30 dB
Default SNR Penalty 0dB

We evaluated the performance of the MLR estimator using three dif-
ferent communication technologies, i.e., DSRC, 4G-based C-V2X and 5G
Standalone (5G SA)-based C-V2X communication in Vehicle-to-Network
(V2N) configuration. For evaluation of the MLR estimator performance
in C-V2X environment, we selected communication through the infras-
tructural V2N mode using the standard Uu cellular interface instead of
the sidelink PC5 interface for two reasons. First, it is expected that fu-
ture digital infrastructure will utilize the cellular Uu interface for the
long-range communication with vehicles due to its longer range com-
pared to the range provided by the PC5 interface. Second, our aim
is to evaluate the MLR estimator performance using a diverse set of
the communication technologies. DSRC is based on the ad-hoc network
paradigm. C-V2X with the Uu interface represents the centrally man-
aged network paradigm. Thus, this way we evaluate the MLR estimator
using two different network paradigms.

In the case of the DSRC, the RSU is equipped with four antennas, one
per each major intersection leg to maximize the probability of Line of
Sight (LOS) communication with vehicles, thus increasing the commu-
nication range, see Fig. 4a for more detail. In experiments using the
C-V2X communication technologies, the RSU uses one antenna only
to communicate through the Uu interface with a base station located
in the close proximity of the intersection, see Fig. 4b for more detail.
Each vehicle in the simulation transmits communication messages pe-
riodically to the RSU using one of the abovementioned communication

technologies. The communication link between vehicles and RSU might
be subject to effects degrading the communication performance such
as attenuation, noise, interference and fading. In the case of the DSRC
technology, the attenuation is modeled by the Two Ray Interference
path loss model [46], commonly used in vehicular network simulations.
The effects of noise are modeled using the Veins framework’s inbuilt
background noise parameter. The attenuation of C-V2X channel is mod-
eled using the 3D-Uma Path Loss Model as defined in 3GPP TR 36.873
[57] and implemented in the Simu5G framework. To quantify the com-
bined effect of interference and fading, we introduce the Signal-to-Noise
Ratio (SNR) Penalty parameter. It is worth noting here that the SNR
Penalty parameter represents the impact of environmental conditions
on the communication between vehicles and the RSU. SNR Penalty is
implemented in the simulation model by varying the sensitivity of RSU
receivers and describes the drop of SNR compared to the scenario with
no interference and fading effects. A short list of the communications-
related parameters is presented in Table 2 and 3. Significant differences
exist between the access technologies of 4G-based and 5G-based C-V2X
in terms of operation modes, Medium Access Layer, and Physical Layer.
However, if possible, the same values of the communications-related pa-
rameters were applied for the 4G-based and 5G-based C-V2X in order to
allow a fair comparison. Parameters, which are not explicitly mentioned
in Tables 2 and 3, were set to their default values according to the
documentation of the respective simulation frameworks [58,50]. The
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Cellular Vehicle-to-Everything (C-V2X) communication network simulation parameters and their values applied to both technologies, i.e., 4G-based C-V2X and

5G-based C-V2X.

Parameter Value

Parameter Value

Access Layer specification Based on 3GPP release 16, [59]
Message service

vehicles to RSU), [53]
Message length

Service data and a security header, [55]

Carrier frequency 2,400 MHz
Channel bandwidth 20 MHz
Base station transmitter power 40 W, [60]

Vehicle transmitter power 400 mW, [50,60]

CAM-like - Periodic, fixed-length unicast messages (from

300 B - Assuming transmission of basic Cooperative Awareness

Path loss model
Vehicle antenna height

Free Space Path Loss
1.895 m, [46]

RSU antenna height 5.897 m, [29]
Antenna type Isotropic antenna

SNR Penalty in challenging communication scenario 20 dB
Default SNR Penalty 0dB

extended list of the simulation parameters and their values is provided,
for the convenience of the interested reader, in Tables A.9 and A.10 for
the DSRC and C-V2X technologies, respectively. The communication
network simulation files for the OMNeT++ including all the configura-
tions are available for the scientific community on GitHub [43].

Three objectives guided the performance evaluation of the MLR es-
timator:

* to identify operational boundaries of the MLR estimator in terms
of intersection leg length, traffic volume and Signal-to-Noise Ratio
(SNR) Penalty,

» to examine the applicability of the proposed MLR estimator in
terms of estimation accuracy,

« to showcase that the proposed MLR estimator is a communication
technology agnostic.

The key performance indicator selected to quantify the performance
of the estimator is the Mean Absolute Error:

n
MAE = 1 Y IMLR,—MLR,|, &)
n
i=1

where M LR, is the i-th observation of the true value and M LR; is the
corresponding estimated value. Furthermore, we considered the Spear-
man’s Rank Correlation Coefficient:

8 Yr_ (RIMLR;)— R(MLR,)

= (5)
’ n2 — 1)
Both the true values of the Message Loss Ratio and their estimates are
ranked over all i = 1, ..., n observations, where R(-) returns the rank.

To identify operational boundaries and examine the applicability of
the MLR estimator we consider three simulation variables, i.e., inter-
section leg length (100 and 200 meters South approach length), traffic
volume (200, 400, 600 and 800 vehicles per hour in South approach)
and SNR Penalty (0, 20, 25 and 30 dB in East approach). It should
be highlighted here that this was done only for the DSRC communi-
cation technology. We conducted five independent simulation runs for
each combination of simulation variables. Since the estimation of the
number of vehicles present in the area U contributes to the overall es-
timation of the MLR value, we first studied the impact of the length
of the observed area and the vehicle volume on the estimation qual-
ity. The longer the length of the observed area, the more messages are
unlikely to reach the RSU. Similarly, the increase in communication in-
terference impacts communication performance by making the received
signal harder to decode without errors by the receiver. Therefore, in the
second performance evaluation scenario, we studied the impact of the
SNR Penalty on the estimation quality. To vary the length of the ob-
served area, we chose the South leg of the intersection, since it is the
shortest leg of the Hanita/Trumpeldor intersection. To study the im-
pact of SNR Penalty on estimation performance we selected the East
approach of the intersection since it is the approach with the highest
traffic volume and therefore is expected to be affected by interference
the most.

To showcase that the proposed MLR estimator is a communication
technology agnostic we fixed the intersection leg length in the South
approach to 100 m and traffic volume to 600 vehicles per hour and de-
ployed the realistic range of the SNR Penalty, i.e. 0 and 20 dB. These
values represent the result of the operational boundaries investigation.
When it comes to the SNR Penalty, we limited the investigation to the
boundary values, i.e. 0 dB and 20 dB, for the practical reasons. This
investigation was naturally done for all the abovementioned communi-
cation technologies, i.e. DSRC, 4G-based C-V2X and 5G-based C-V2X
communication. We conducted five independent simulation runs for
each value of the SNR Penalty.

4.2. Results

Tables 4 and 5 present the average values of performance indicators
for each combination of the simulation variables. Values in bold iden-
tify the intersection leg, where the given simulation variable has been
varied. For the remaining intersection legs, the simulation parameters
were set to their default values, as described in Section 4.1. The average
values of performance indicators indicate that the vehicle volumes play
a crucial role in the accuracy of the estimation and increasing the inter-
section leg length slightly improves both the estimation accuracy and
the correlation of the estimates. For both cases, i.e., 100 m leg length
and 200 m leg length, the optimum performance of the MLR estima-
tor is achieved for the vehicle volumes between 400 and 600 vehicles
per hour (Table 4). Further increase in the number of vehicles does not
bring any significant improvement. Furthermore, the estimation error
is only marginally lower when the intersection leg length is doubled,
suggesting that the quality of estimates is not strongly sensitive to the
length of the observed area.

Figs. 5a-5d illustrate the quality of the estimation for four different
values of traffic volume ranging from 200 to 800 vehicles per hour for
a single simulation run. The figures clearly show that there is a positive
correlation between the quality of estimation and traffic volume. This
is caused by the variation in the number of communicating vehicles
and hence the messages sent. The lower the number of messages, the
larger the MLR value when a single message gets lost, as demonstrated
by frequent MLR value spikes in Figs. 5a-5d.

In Table 5, we present the values of the Mean absolute error and
Spearman’s rank correlation coefficient obtained for four levels of SNR
Penalty, i.e., 30 dB, 25 dB, 20 dB and O dB. It is worth reiterating here
that the objective of this performance evaluation is to uncover the oper-
ational boundaries of the proposed MLR estimation approach. Therefore
the values used herein were selected to represent both extremes of inter-
ference impact, i.e., extremely challenging communication environment
and no interference impact. In both cases, the level of background noise
is fixed at a very high value (—86 dBm), so the communication environ-
ment is still challenging enough to observe increased MLR levels.

The results show a significant estimation error in the extremely chal-
lenging communication scenario, i.e., with the SNR Penalty value of 30
dB. With lowering the SNR Penalty to 25 dB, the Mean absolute error
drops significantly and does not further improve with an additional de-
crease in the interference level. It is different for the Spearman’s rank
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Table 4

Average values of the Mean absolute error and Spearman’s rank correlation coefficient of the
estimated Message Loss Ratio (MLR) obtained for the DSRC technology and evaluated for different
intersection approaches (South, East, North, West). In experiments, we fixed SNR Penalty to 0 dB
and we varied vehicle volumes in the South approach considering values 200, 400, 600 and 800
vehicles per hour and the South approach length considering values 100 and 200 meters.
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South approach length [m] 100 200
Vehicle volumes [veh/hour] 200 400 600 800 200 400 600 800
Mean absolute error, MAE [%]
South 12.71 5.08 3.89 3.18 13.69 4.86 3.06 2.95
East 7.12 9.79 8.33 10.24 7.73 8.08 10.43 8.98
North 3.47 3.48 2.66 4.97 3.49 3.87 2.56 3.87
West 6.78 7.54 6.82 7.27 6.91 8.15 7.51 7.26
Spearman’s rank correlation coefficient, p
South 0.18 0.56 0.58 0.61 0.32 0.60 0.69 0.78
East 0.76 0.75 0.72 0.76 0.72 0.76 0.76 0.84
North 0.70 0.69 0.74 0.75 0.68 0.64 0.70 0.77
West 0.69 0.75 0.72 0.49 0.69 0.80 0.78 0.63
200 vehicles/hour p =018 400 vehicles/hour p=048
MAE = 17.99% MAE =12.35%
100 T T T ¥
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Fig. 5. The comparison of the true and estimated MLR values for a single typical simulation run obtained for the DSRC technology and the South approach, SNR
Penalty = 0 dB, South approach length = 200 m and Traffic volume in (a) 200 vehicles/hour, in (b) 400 vehicles/hour, in (c) 600 vehicles/hour and in (d) 800

vehicles/hour.

correlation coefficient, whose value decreases in the scenario with no
interference, i.e., with 0 dB SNR Penalty. The reason for the decrease in
correlation might be a higher variance of the MLR over time in less chal-
lenging communication scenarios, which makes the estimation more
difficult. As the true MLR when it comes to the SNR Penalty of 25 dB
and 30 dB is well above 60% what is extremely high for practical de-
ployments, we have decided to limit the range of the SNR Penalty from
0 dB to 20 dB for further investigations.

Some vehicles do not transmit successfully a single message to the
RSU. The estimator is not aware of those vehicles and cannot use them

as input for MLR estimation. Such vehicles increase the estimation error.
We refer to them as hidden vehicles. The problem with hidden vehicles
cannot be mitigated without additional data collection measures. In this
study, we considered information about hidden vehicles as inaccessible.

In Table 6 we benchmark the investigated communication tech-
nologies, i.e. the DSRC, 4G-based C-V2X and 5G-based C-V2X, for the
different SNR Penalty values in terms of the average value of Mean
absolute error (MAE). It should be noted here that the Spearman’s rank
correlation coefficient is not a suitable measure to compare the true and
estimated MLR values in the context of the C-V2X technologies due to
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Fig. 6. The comparison of the true and estimated MLR values for a single typical simulation run obtained for the East approach, SNR Penalty = 0 dB and (a) DSRC,

(b) 4G-based C-V2X and (c) 5G-based C-V2X.

Table 5

Average values of Mean absolute error and Spearman’s rank
correlation coefficient of estimated MLR evaluated for dif-
ferent intersection approaches (East, North, South, West) ob-
tained for the DSRC technology. In experiments, we varied
the SNR Penalty only in the East approach considering val-
ues 30, 25, 20 and 0 dB.

SNR Penalty [dB] 30 25 20 0

Mean absolute error, MAE [%]

East 17.63 11.14 11.64 11.14
North 3.46 3.01 4.38 2.66
South 4.25 3.74 3.81 3.89
West 6.3 6.81 6.74 6.82
Spearman’s rank correlation coefficient, p
East 0.82 0.86 0.81 0.69
North 0.65 0.71 0.76 0.74
South 0.59 0.64 0.55 0.58
West 0.68 0.62 0.69 0.72

the strongly bimodal distribution of the MLR values, see Figs. 6b and 6¢
for more details. The true MLR values are most of the time close to zero
and occasionally spike to the values being close to 100%, representing a
rather challenging scenario for the MLR estimator. Thus, even small es-
timation errors can lead to a large difference in the rank. Therefore, we
do not report the Spearman’s rank correlation coefficient in Table 6. We
can clearly see in Table 6 that all three technologies experience more or
less the same trend, besides the 5G-based C-V2X for the SNR Penalty of
0 dB where the MAE is kept approximately at the same level. It is inter-
esting to note here that the 4G-based C-V2X experiences a higher MAE
than the remaining technologies. It seems to be caused by the less ef-
ficient resource scheduling algorithm deployed by the 4G-based C-V2X
than that of the 5G-based C-V2X (see [25] for more details), inducing

the much higher and varying MLR than in the 5G case (see Figs. 6b and
6¢ for more details). Anyhow, the MLR estimator is still applicable in
the context of the 4G-based C-V2X.

Figs. 6a-6¢ illustrate the quality of the estimation for a single typ-
ical simulation run for the investigated communication technologies.
The figures clearly show that there is a similarity between the true and
estimated MLR values. It can be clearly seen from the figures that the
DSRC is the most challenging communication technology in terms of
the MLR variation. On the basis of the results presented in Table 6 and
Figs. 6a-6c¢, we can say that the proposed MLR estimator is the commu-
nication technology agnostic.

To the best of our knowledge there is no similar approach published
in the literature, which we can benchmark the proposed approach with.
Moreover, when it comes to the approaches based on the probing tech-
nique, mentioned in Section 2.1, which are anyhow conceptually differ-
ent in terms of the design as well as the working principle, no imple-
mentation is unfortunately available, and their performance evaluations
were done in different contexts. So, it is unfortunately not possible to
benchmark a performance of the approach proposed in this work with
those based on the probing technique. Anyhow, it should be stressed
out here that we benchmark the proposed approach by deploying the
ground truth values experienced in the context of our scenario/work.
This represents, a natural way to evaluate the accuracy and reliability
of the proposed approach.

5. EV preemption showcase

In this section, a showcase of possible MLR estimator utilization
and its potential benefits are presented. The MLR estimator is used as
an input in EV preemption signal control logic to provide a more ro-
bust preemption for an EV in cases of poor communications conditions,
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Table 6
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Benchmark of the average values of Mean absolute error of the estimated MLR obtained for

the DSRC, 4G-based and 5G-based C-V2X.

SNR Penalty [dB] 0 20

Technology DSRC 4G C-v2X 5GC-V2X  DSRC 4G C-V2X 5G C-V2X
Mean absolute error, MAE [%]

East 11.14 6.02 0.44 11.64 18.44 6.53

North 2.66 1.06 1.03 4.38 5.67 0.68

South 3.89 0.41 0.75 3.81 11.99 0.48

West 6.82 4.53 0.28 6.74 15.38 4.17

which in turn might lead to reduced delay and faster emergency teams
response times.

5.1. Traffic control scheme

The heuristic traffic control logic used in this research is an exten-
sion of the algorithm proposed by [29]. The main control algorithms’
principle is to select signal stages and adjust their green durations in
real-time based on a weighted signal stages score, which is reflecting ve-
hicles’ distance to the stop line on the lanes associated with the stages.
The weights used in this score are higher for vehicles that report shorter
distances from the intersection in an attempt to prioritize them and in-
crease the total throughput.

For this research, this traffic control algorithm was augmented with
the Emergency Vehicle preemption scheme. The prioritization mech-
anism is an override module incorporated into the described traffic
control algorithm. When an incoming EV is detected, its ETA is esti-
mated based on reported location and speed data. Each second, the
control logic evaluates (and reevaluates) two possible actions:

« If EV signal group current status is red, the algorithm estimates the
last possible switching point to green so that EV delay is avoided or
minimized. The latest possible switching point allows us to provide
as much green as possible to conflicting movements and reduces
the possible delay from the EV prioritization actions.

If the EV status is green, the algorithm evaluates two possible ac-
tions, holding the green for the EV direction, or, if ETA is long
enough, terminating green in order to provide green to the con-
flicting movements before switching back to the EV direction (aka
recall).

In order to make more efficient and precise decisions, using CV
telematics data, the algorithm calculates and estimates queue lengths
at the expected EV arrival moment. Queue clearance times are then
calculated and incorporated into the decision process regarding green
switching points timing. Queue estimation is based on CV transmitted
location, speed and destination. In consequence, the precision of the cal-
culations and the resulting decisions are highly dependent on the V2I
data communication quality.

The proposed control scheme demonstrates a possible utilization of
the MLR estimator. If the current message loss rate is high, it is reason-
able to suspect possible inaccuracies in EV preemption actions. Specifi-
cally, imperfect communication leads to queue length underestimation
because of the lower number of vehicles being able to communicate
their data. The underestimation of queue length consequently leads to
a miscalculation of estimated green switching points leading to an in-
creased EV delay.

In the case of high MLR values, to compensate for possible higher
than estimated queue clearance times, ETA value and EV green switch
point are adjusted to an earlier point in time. By doing so the algorithm
is forced to make an earlier switch to EV Signal Group green, providing
a safety margin to minimize possible delay due to communications qual-
ity related miscalculations. An earlier switching point will compensate
for a possible underestimation of the queue ahead of the EV vehicle,

10

Fig. 7. Showcase intersection layout.

which needs to be cleared and might eliminate a costly, misplaced con-
trol action, such as an unjustified recall.

Once the EV crosses the stop line, the adaptive nature of the base
algorithm helps to minimize the disturbance caused by the preemptive
action. Holding the green or making an earlier switch leads to longer
queues for conflicting signal groups, which in turn leads to larger stage
scores and higher priority and longer green duration for these stages
in the next signal cycle. This principle ensures the compensation of the
signal groups for the lost green in the previous cycle and minimizes the
delay caused by the EV preemption actions.

To showcase the usage of the proposed MLR metric in EV preemp-
tion algorithm and to demonstrate the potential benefits of its utiliza-
tion, we use the same intersection model as in Section 4.1 (Hanita-
Trumpeldor streets in the city of Haifa) but with an augmented EV
preemption signal control algorithm. This specific intersection was cho-
sen as a representative site for EV preemption showcase due to the
intersection’s relative proximity to the ambulance depot and the avail-
ability of traffic counts. The layout of the intersection is presented in
Fig. 7. In reality, EV vehicles typically arrive from the east, utilizing
Signal Group 1. The vehicle volumes scenario presented in Table 7 is
based on the morning rush hour traffic counts. It should be noted here
that, following the results demonstrated in the previous section, as the
volumes of SG1 are high, the MLR accuracy is high as well.

5.2. Communication model aspects for EV preemption experiments

The approaching emergency vehicle sends its telemetry data to the
Intersection Controller upon its arrival in the simulated area. In prac-
tice, the communication link between the emergency vehicle and IC is
likely to be established using C-V2X, or any other standard or propri-
etary technology using a licensed spectrum. Hence, we assumed the link
to be unaffected by the severe communication conditions present in the
DSRC channel and therefore be essentially lossless.
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Table 7
Morning rush hour demand scenario - Signal Group volumes and
Signal-to-Noise Penalty settings for the case study simulations.

Signal Group / Direction Volume [veh/hr] SNR Penalty [dB]

SG1 - East 1073 20
SG2 - West 315 0
SG3 - West 713

SG4 - North 534 0
SG5 - South 61 0

The data necessary to estimate the value of MLR are collected using
DSRC-based V2I communication. As the DSRC was found to be the most
challenging communication technology in terms of the MLR variation,
see Section 4.2 for more details, we have decided to run the case study
just for this communication technology as it allows to showcase nicely
capabilities of the proposed MLR estimator. Moreover, it is worth noting
here that the C-V2X was presumed to be deployed as one of the commu-
nication alternatives when it comes to the communication link between
the emergency vehicle and IC in this work. The settings of the SNR
Penalty used for the showcase are presented in Table 7. All the inter-
section approaches experienced significant communication disruptions.
Moreover, the communication in the East approach, which the EV uses
to approach the intersection, is subject to severe interference. The re-
maining simulation parameters related to the communication network
are the same as defined in Section 4.1.

5.3. Showcase methodology

MLR estimator usage showcase is based on 50 pairs of simulation
runs - each pair has the same simulation seed, ensuring identical traf-
fic conditions at the moment of EV initial detection. In each pair two
operational scenarios are considered:

+ A baseline scenario, where no ETA adjustments are made. In this
case, a higher delay to EV may occur due to a downstream queue
underestimation or unjustified recall action because of CVs inabil-
ity to report its location data.

An alternative scenario, where the MLR estimator is utilized to
adjust EV ETA to compensate for possible communication faults
related to inaccuracies in control decisions. Lower delay to EV
is expected as a bigger safety margin exists in control decisions
and longer green durations are provided to clear the downstream
queue.

It should be mentioned that there are cases where, in both scenarios,
for the same seed, identical EV preemption control decisions will be
made by the algorithm. Such cases are:

« At EV initial detection the measured MLR is low. In this case,
there’s no need to adjust EV ETA and the control decision will be
the same as in the baseline scenario.

» EV SG is currently green or is switching to green and by algorithm
estimation there’s not enough time to perform a recall action. In
this case, in both scenarios, the algorithm has no choice but to
hold the green light until EV passage.

The occurrence of the described phenomena depends entirely on the
existing traffic conditions and SG states at the moment of EVs initial
detection. As there are no adjacent signalized intersections upstream at
the East approach, EV arrival time at the detection zone is randomized
for over 50 experiments.

Each simulation run is 20 minutes long with 10 minutes warm-up
period, 5 minutes EV random arrival window, and 5 additional minutes
to measure the performance in a recovery period after the preemption
action.

11
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Table 8
An increase in average delay for CV traffic in MLR-based preemption control
scheme.

Signal Group  Volume [veh/hr] Number of lanes ~ Average Delay increase

[seconds]
SG1 1073 2 0.5
SG2 315 1 0.1
SG3 713 2 0.8
SG4 534 1 11.6
SG5 61 2 5.1
5.4. Results

The simulation results demonstrate the benefits and costs of the MLR
estimator integration into EV preemption signal control algorithm. A
paired t-test for 50 simulation result pairs shows that a statistically sig-
nificant (p-value < 0.0001) decrease in EV delay (Fig. 8a) is achieved
by utilizing MLR estimator data in signal control logic. The reduction
of EV delay comes at a cost - a slight increase in average delay for other
vehicles (see Fig. 8b) due to earlier switching points to EV green.

It should be mentioned however that some SGs experience higher,
while still reasonable, delays than others, as shown in Table 8. This
imbalance in the increased delay is related to the operating principle of
the base CV control algorithm - throughput maximization. As described
in Section 5.1, in the cycle after the preemptive action the Signal Stage
order and durations are adjusted based on the signal stages scores. The
highest score stages are served first and get longer durations of green.
Based on the throughput maximization principle of the algorithm, the
highest score is allocated to SGs with more lanes and higher volumes
with the number of lanes being a more dominant factor. As a result,
a single lane SG4 experiences the highest increase in an average delay
of 11.6 seconds, and a low volume SG5 the second highest (i.e., 5.1
seconds). SG2 is an exception in this case as it benefits from the green
duration of high volume and two-lane SG3 located at the same approach
and in the same Signal Stage.

6. Discussion and conclusions

In this paper, an analytical approach to estimate the performance of
vehicular communication in terms of MLR has been developed. The ap-
proach utilizes existing message transmissions in a vehicular network
to estimate the intensity of the arrival flow of vehicles into the inter-
section. Therefore, it eliminates the need for additional data transfers
in bandwidth-limited vehicular networks. Based on the estimated traf-
fic intensity, the number of messages sent by approaching vehicles, and
subsequently the MLR, are estimated.

The performance of the presented MLR estimation approach in terms
of MAE and Spearman’s rank correlation coefficient was assessed by the
federated telco-traffic simulation experiments. The simulation results
indicate that the presented approach is applicable in a wide range of
communication environments. Apart from the highest investigated SNR
Penalty value of 30 dB, when communication was barely possible (MLR
is around 80%). The performance of the presented estimation approach
remained stable for the remaining values of the SNR Penalty (i.e., 0, 20,
and 25 dB).

The simulation results further suggest that the MLR estimation ap-
proach presented herein achieves optimum performance when the vol-
ume of vehicles approaching the intersection is at least 400 vehicles per
hour. Hence, the benefits of applying the proposed MLR estimation ap-
proach can be best reaped at moderately and highly busy intersections.
Similarly, the intersection leg length affects the performance, although
the effect is not as pronounced as in the case of the vehicle volume. A
slightly improved performance was observed for 200 m intersection leg
length compared to 100 m leg length.

Furthermore, we demonstrated the applicability of the developed
estimation approach in a showcase concerning intersection preemption
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Fig. 8. Average delay and 95% confidence intervals: (a) Emergency vehicles average delay. (b) Other vehicles average delay.

for an approaching emergency vehicle. The simulation results indicate
that the MLR estimator provides a safety margin for preemption actions
during poor communications conditions and is beneficial for emergency
vehicles.

Modern traffic signal controllers are capable of storing and execut-
ing sophisticated traffic signal logic and exchanging data with other
devices (such as road-side units and on-board units). Therefore, existing
control devices are capable of implementing the proposed methodology.
Kavitha at al. in [61] present one possible hardware architecture that
demonstrates such capabilities.

The benefits of MLR estimation were demonstrated in this work for
a single intersection. When coordinated intersections are considered,
especially when the distance between intersections is small, the ben-
efits are expected to be influenced by the constraints imposed by the
coordination requirements. More specifically, the decrease in flexibility
concerning the phase composition may somewhat diminish the MLR es-
timation advantages, though not to the extent of erasing them entirely
[29]. Further research regarding such network configuration is called
for.

In our future work, we also aim to address mechanisms to either
detect or estimate the number of hidden vehicles based on advanced
methods of data analysis and machine learning. Furthermore, we would
like to validate the obtained simulation results by deploying the MLR
estimator at a real intersection.
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Appendix A. Extended list of simulation parameters

Table A.9
List of the most important simulation parameters of the DSRC and their
values.

Parameter Value

MAC Type According to IEEE 802.11-2016 with

parameter dot110C BActivated set to
true

Queue capacity 100 frames
Radio operation mode 802.11p
Modulation QPSK
Coding rate 172
Transfer rate 6 Mbit/s

LLC operation mode

According to IEEE/ISO/IEC
8802-2-1998 Type 1 — unacknowledged
connectionless mode

Channel bandwidth 10 MHz

Carrier frequency 5,900 MHz

Radio receiver SNIR threshold 4 dB

Radio receiver min. sensitivity =~ -85 dBm

Radio transmitter power 20 mW

Antenna type Isotropic Antenna
Car antenna height 1.895 m

RSU antenna height 5.897 m

EDCA access category ACVO

Used EDCA AC AIFSN 2

EDCA AC CWmin 3

EDCA AC CWmax 7

Max MAC MTU 1500 B

Pathloss model Two Ray Interference model
Message length 300 B

Message generation frequency 1Hz
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