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The Effects of Vehicle-to-Infrastructure
Communication Reliability on Performance
of Signalized Intersection Traffic Control

Ilya Finkelberg
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Abstract— Vehicle-to-infrastructure =~ communications can
inform an intersection controller about the location and speed of
connected vehicles. Recently, the design of adaptive intersection
control algorithms that utilize this information received
substantial research attention. These studies typically assume
perfect communications. This study explores the possible effects
of a temporal decrease in the reliability of the communication
channel, on the intersection throughput. Road traffic and DSRC-
VANET communications are modelled by integrating traffic
and communication simulation tools (Vissim and OMNeT++,
respectively). Simulations of scenarios with challenging, but
realistic communication distortions conditions show significantly
larger average delays to vehicles compared to scenarios with
perfect communication conditions. These additional delays
are largely independent of whether all or only some of the
intersection approaches are affected by the communication
distortions. Furthermore, delays do not increase uniformly on all
signal groups. They may even decrease for some, which causes
unfair allocation of green times. The control may be corrected
for the lost communications using the information received in
previous time intervals and simple assumptions about the vehicle
movements. This correction decreases delays in all scenarios both
for isolated and connected intersections. It performs similarly to

Manuscript received 28 June 2020; revised 27 March 2021 and 25 October
2021; accepted 31 December 2021. Date of publication 13 January 2022; date
of current version 12 September 2022. This work was supported in part by
the grant from the Ministry of Science & Technology, Israel and in part by
the Slovak Research and Development Agency under Contract SK-IL-RD-
18-005. The work of Lubo§ Buzna was supported in part by the research
grants through the projects “Innovative prediction methods for optimization
of public service systems” under Grant VEGA 1/0077/22 and “Allocation
of limited resources to public service systems with conflicting quality crite-
ria” under Grant APVV-19-0441. The Associate Editor for this article was
G. Ostermayer. (Corresponding author: Tomer Toledo.)

Ilya Finkelberg, Ayelet Gal-Tzur, Nina Zarkhin, and Tomer Toledo are with
the Transportation Research Institute, Technion—Israel Institute of Technol-
ogy, Haifa 32000, Israel (e-mail: ilya.f@technion.ac.il; galtzur@technion.ac.il;
ninaz@technion.ac.il; toledo@technion.ac.il).

Tibor Petrov is with the Department of International Research Projects—
ERAdiate+, University of Zilina, SK-010 26 Zilina, Slovakia (e-mail:
tibor.petrov @uniza.sk).

Peter Pocta and Milan Dado are with the Department of Multimedia and
Information-Communication Technologies, University of Zilina, SK-010 26
Zilina, Slovakia (e-mail: peter.pocta@feit.uniza.sk; milan.dado@feit.uniza.sk).

Tatiana Kovacikovd is with the Department of International Research
Projects—ERAdiate+ and the Department of Information Networks, Uni-
versity of Zilina, SK-010 26 Zilina, Slovakia (e-mail: tatiana.kovacikova@
uniza.sk).

Lubo§ Buzna is with the Department of Mathematical Methods and Oper-
ations Research and the Department of International Research Projects—
ERAdiate+, University of Zilina, SK-010 26 Zilina, Slovakia (e-mail:
lubos.buzna@fri.uniza.sk).

Digital Object Identifier 10.1109/TITS.2022.3140767

, Tibor Petrov"™, Ayelet Gal-Tzur",
, Milan Dado, Senior Member, IEEE, and Tomer Toledo

Nina Zarkhin, Peter Pocta™, Tatiana Kovacikova™,

the case with perfect communications when the communication
distortions are distributed uniformly among all intersection
approaches. Overall, the results demonstrate that the impact
of the communication distortions should be considered in the
design of the adaptive intersection control algorithms.

Index Terms— Communication distortions, reconstruction of
incomplete communication, signalized intersection control, vehi-
cle delays, vehicle-to-infrastructure connectivity.

I. INTRODUCTION

RAFFIC congestion in urban areas is increasing, which

leads to longer delays, increased emissions and decreased
traffic safety. The introduction of connected vehicle (CV)
technology may help improve traffic performance through
driving assistance, collision avoidance and traffic management
applications [1]. CV telematics is a rich source of real-time
information about the state of the traffic system, which may
be used to enhance the efficiency of traffic management and
control, most notably intersection signal control.

In recent years, various traffic signal control algorithms
utilizing CV data were developed. Ref. [2] provided an
up-to-date summary of 26 different studies together with an
overview of their use of simulation modules and simulation
scenarios. Ref. [3] proposed a distributed coordinated signal
control methodology, where the signal control parameters were
optimized to reduce vehicle delay and increase throughput.
Ref. [4] developed a two-level optimization model where the
sequence of signal stages and their durations were optimized
based on incoming CV data. Another recent work [5] proposed
a heuristic approach to determine optimal platoon discharge
order at a signalized intersection to minimize vehicle delay.
Additional studies [6], [7] focus on minimizing fuel and
energy consumption by optimizing both signal timing and
recommended speed profiles for the VCs. The calculations rely
on the fusion of vehicle acceleration, speed and location data
and relevant signal controller parameters communicated via
V2X network.

A common assumption in these studies is that the com-
munication, both Vehicle-to-Vehicle (V2V) and Vehicle-
to-Infrastructure (V2I), is perfectly reliable, i.e., without any
loss or delay. This assumption is rarely realistic. Communica-
tion performance is affected by a variety of factors, such as the
separation distance, vehicle speed, number of vehicles within
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the communication range, physical obstacles (e.g., build-
ings, trees), presence of interference sources and weather
conditions [8].

Currently, two communication technologies dominate
in the context of connected vehicles: Dedicated Short-
Range Communication-based Vehicular Ad hoc Network
(DSRC-VANET) technologies that use Wi-Fi-like IEEE
802.11p communication standard and Cellular Vehicle-
to-Everything (C-V2X) technologies that are built on mobile
cellular networks, such as LTE or 5G. Several studies eval-
uated their performance. Ref. [9] showed that LTE-based
C-V2X can achieve similar block error ratio with lower Signal-
to-Noise Ratio (SNR) compared to DSRC-VANET systems
on a larger coverage area. Similar results were presented
in [10] for message exchange within a platoon of trucks on a
highway. The authors concluded that LTE C-V2X outperforms
DSRC-VANET in terms of communication reliability while
DSRC-VANET has the advantage in communication latency.
It is worth noting that LTE C-V2X was first standardized
in 2017 and is still not market ready [11]. DSRC-VANET is
more mature and already popular. It is therefore used in this
research.

Regardless of the technology used, the communication
reliability of CVs is far from ideal. Ref. [12] showed that
when considering a realistic signal propagation model and
a moderate distance of 300 meters between transmitter and
receiver, the application-level reliability of the DSRC-based
communication is not more than 55% for delay sensitive safety
applications. Similarly, [13] concluded that the placement of
the Onboard Unit (OBU) antenna inside a vehicle or on its
roof and terrain topology play a major role in communication
reliability. Even with the OBU antenna installed on the vehi-
cle’s roof, the message delivery ratio ranges from 71 to 88%
in an urban environment. Furthermore, the authors found that
even on a straight road, altitude variations between the CVs
can significantly reduce the reliability of V2V communication.

Real-world applications of connected vehicles are still
rare. Therefore, their evaluations, especially for high traffic
volumes, are mostly carried out using simulation models.
Ref. [14] calibrated communication simulation models with
empirical data obtained from a CV testbed operated by
the Federal Highway Administration. Refs. [12], [15]-[17]
used a hybrid model that combines a traffic micro-simulation
model and a communication network simulator. These studies
focused on the performance of the communications network
and did not consider the effects of imperfect data transmission
on traffic flow. Few studies considered the bi-directional
dependency between the two systems. Ref. [18] presented a
communication-fault tolerant control algorithm for a platoon
of autonomous CVs, primarily focusing on safety aspects.
Ref. [19] addresses the security aspect of communication,
falsified data attacks, and their impact on traffic control per-
formance. Ref. [20] presents a protection scheme to minimize
the impacts of cyber-attacks on the communication.

In summary, the literature shows that traffic control and
traffic flow conditions both affect and are affected by the CV
communication network reliability. However, the dependence
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between the two systems is often ignored in their performance
evaluations, which commonly assume perfect communica-
tions. To the best of the authors knowledge, none of the
few studies that considered this dependency addresses the
need to explore the impact of communication faults on traffic
flow quality and possible measures to overcome its negative
consequences.

The paper makes the following contributions to the state of
the art: i) An integrated simulation framework that enables
study of the impact of communication distortions on the
performance of signalized intersections is developed. The
model combines a microscopic traffic simulation model (VIS-
SIM) and a communication network simulator (OMNET++);
ii) The integrated model is used to compare traffic control per-
formance is scenarios with perfect communication conditions
and with challenging but realistic communication conditions.
The results show that communications distortions may signifi-
cantly increase average delays to vehicles. iii) A mechanism to
correct for communication distortions within the traffic control
logic is presented. It is shown to be able to reduce the effects
of the communication distortions. In the context of this paper,
communication distortions refer to short-term disruptions to
message delivery caused by a challenging communication
environment, i.e. decreased reliability of the communication
channel. Long-term unavailability of the communication sys-
tem caused by hardware failures is not considered.

The rest of this paper is organized as follows: the next
section presents the integrated traffic and communications
modelling framework and the main assumptions made in
setting it up. Section III introduces the intersection signal
control algorithm and a mechanism, which the algorithm
incorporates, to consider the possibility of communication
distortions. Section IV describes the case studies and design
of simulation experiments. Section V presents the results of
simulation experiments and their analysis. Finally, discussion
and conclusion are presented in Section VI.

II. INTEGRATED TRAFFIC AND COMMUNICATIONS MODEL
A. Overall Simulation Framework

As noted above, simulation modeling is currently the only
viable approach to evaluate the performance of traffic systems
that include CVs and to consider the communications sys-
tem. Fig. 1 shows the flowchart of the integrated traffic and
communications simulation framework. It supports modeling
of the real-time bi-directional data exchange between the
two models. After initialization of the simulation process,
at the beginning of every time step, the traffic simulation
model receives a list of communication messages from CVs
(e.g., their identification numbers, locations, intended maneu-
ver at the intersection) that were received by the roadside
unit (RSU) in the previous time interval. Within the traffic
simulation step, control actions (e.g., traffic light indications)
are determined using this information and the vehicles in
the model are advanced based on traffic conditions and the
prevailing control states. At the end of the traffic simulation
time step, a list of communication requests from CVs is

Authorized licensed use limited to: INDIAN INSTITUTE OF TECHNOLOGY KANPUR. Downloaded on September 15,2022 at 02:53:51 UTC from IEEE Xplore. Restrictions apply.



15452

VISSIM’s input preparation

Compile a list of messages
received by RSU

mm B

e Update simulation clock n

e Update vehicles’ €T received by RSU Reliability Evaluator

communication status
e Determine and implement Evaluate communication
network reliability

a traffic control action

(see section I11)
e Update vehicles location
Run communication
network simulation

Alist of \amm

Data exchange
via
1 shared folder

Compile a list of all vehicles
communication requests
status and position

Simulation time horizon .
. reached? N
|_ye5 A list of VISSIM LS

L vehicles’
3 | | communication

m " ' o T

Fig. 1. Flowchart of the integrated traffic and communications simulation
framework. Green and orange rectangles represent traffic and communication
simulators, respectively. Blue rectangles represent auxiliary data processing
and grey rectangles represent the data exchange platform.
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generated. These requests are sent to the communications
network simulation model. The model simulates the message
exchange between the CVs and RSU within the same time
step. It generates a list of communication messages that were
successfully delivered to the RSU. The simulation clock is
advanced and the received communications list is used by
the traffic simulation model in the next time step. This loop
continues until the simulation end time.

The implementation of the framework in this research
used the VISSIM traffic simulation model. The traffic control
algorithm described in Section III was implemented as an
external computer program and integrated into VISSIM with
VISCOM module (VISSIM Component Object Model). The
Objective Modular Network Testbed in C++ (OMNeT++)
was used to model the communication network. Communica-
tion protocols in OMNeT++ were simulated with the INET
framework [21]. The exchange of information between the
traffic and communication simulators was based on shared
files.

B. Communication Network Modeling

The communication network model consists of three com-
ponents: vehicles equipped with a communication module,
communication channel and the RSU interconnected with the
Intersection Controller (IC) as shown in Fig. 2. The following
features are assumed for the communication network:

o Both the RSU and the vehicles use standardized IEEE
802.11p wireless interfaces operating in the 5.9 GHz
frequency band as specified in ETSI EN 302 663 [22].

o The communication messages are transmitted using the
IEEE 802.11p-based DSRC-VANET technology.

« All the vehicles and the RSU are mutually compatible and
use standardized interfaces, communication protocols and
messages.

o All network devices in the model use idealized omnidi-
rectional antennas, which do not amplify the transmitter
output or introduce any loss to the system.

IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, VOL. 23, NO. 9, SEPTEMBER 2022

<((.))> « é))

(R=2

802.11p — ETSIITS-GBA |, 802.11p Intersection
Vehicle Onboard Control Channel Roadside Controller
Unit (OBU) 7 (G5-CCH) Unit (RSU) (10)
3 Sources of communication distortions : “
Input signal Output signal
Attenuation Noise Interference Fading

Fig. 2. Main components of the DSRC-VANET communication network and
sources of communication distortions.

o Default DSRC-VANET data rate and underlying error
protection mechanisms (e.g., modulation, channel coding)
are used [22].

o All the vehicles are in a line-of-sight to an RSU antenna.

o The RSU and IC are connected via a wired link, which is
assumed to be lossless, reliable and causing a negligible
communication delay compared to the wireless links.

Each vehicle in the OMNeT++ simulations is represented
by a compound module using IEEE 802.11 Physical (PHY)
and Medium Access (MAC) layers. Each vehicle runs a User
Datagram Protocol (UDP) application and uses standardized
Cooperative Awareness Messages (CAMs) to transmit their
telemetric data to the IC via RSU. Each vehicle sends the RSU
one CAM per second to update the IC about its current state.
To avoid MAC layer collisions, a start time of the first message
transmission is selected randomly at the time when the vehi-
cle enters the simulation. Subsequent messages are regularly
transmitted with a separation of one second. This CAM
generation frequency reflects the requirements determined by
preliminary simulation experiments and complies with CAM
generation frequencies specified in ETSI EN 302 637-2 [23].
Similarly, preliminary simulation experiments confirmed that it
is sufficient if CAM transmissions occur in the close vicinity
of the intersection, hence, the communication messages are
sent directly from the vehicles directly to the RSU. Routing of
messages via intermediate CVs is not considered. The wireless
communication channel is an ETST EN 302 663 [22] compliant
Control Channel (CCH). The CCH is reserved for CAM
broadcasts and safety-related V2X applications according to
ETSI TS 102 724 [24].

Fig. 2 also shows the sources of communication distortions
considered in the model, which may induce CAM message
loss over the DSRC-VANET network. Besides natural atten-
uation, the quality of the communication can be affected by
noise, interference and fading [25]. Noise is any unwanted
fluctuation in a signal, which obstructs and masks the desired
signal [8]. Interference signal sources may include frequency
reuse, signals in adjacent channels with components outside
their allocated frequency range or colliding transmissions
coming from transmitters using the same channel/frequency
band [25]. Fading is a variable attenuation of the signal
that may result from obstacle shadowing, atmospheric distur-
bances, or multiple propagation paths of the signal.
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In the model, the level of overall noise signals (both natural
and man-made) in the communication channel is represented
by background noise power level, which is kept constant in all
simulation experiments. Signal attenuation experienced during
its propagation over the communication environment is mod-
elled by the Two-Ray Interference path loss model [26]. The
level of signal distortion introduced by fading and interference
is quantified by a Signal-to-Noise Ratio (SNR) penalty [27],
which describes the change to SNR of the transmitted signals
at the RSU compared to a baseline situation in which only
background noise and signal attenuation are considered. The
combined effect of fading and interference is modelled by
varying the sensitivity of the receivers located at the RSU.

III. TRAFFIC SIGNAL CONTROL SCHEME

The focus of this research is on evaluation of possible
impacts of communications distortions on traffic signal control
performance. Therefore, it is advantageous to use a transparent
control scheme with a clear set of rules that are easy to
diagnose. The archetypical control used can also be easily
adapted to include realistic constraints and additional modules
for improved performance and fault redundancy. The heuristic
traffic control logic used in this research is an extension of
the algorithm proposed by [28]. It selects control stages and
determines their durations in real-time using a weighted score
functions that measure the current vehicle demand associated
with each stage. The weights used in the score are higher
for vehicles that are closer to the intersection aiming to
prioritize them and increase overall throughput. Similar stage
prioritizations were proposed, for example, in [29] and [30].

The basic principles and definitions of the traffic control
logic are consistent with common practice. Vehicle movements
at the intersection are organized in a set G of Signal Groups
(SG). A subset of non-conflicting SGs that can receive green
light at the same time constitutes a stage. For a more flexible
control, a set of feasible stages S is defined. A SG can belong
to one or more stages. The association of SGs g € G to
a stage s € S is modeled by an incidence matrix B with
entries b(g, s), which take value 1, if SG g belongs to stage
s and 0 otherwise. Both SGs and stages are pre-defined in the
design process.

During signal operations, after each second, the control can
either extend green to the current active stage or end it and
switch to another one. This decision is based on the following
conditions:

o The green period length of stage s is bounded by mini-
mum (/") and maximum (/%*) values. A stage switch
may not occur before the minimum duration is reached
and is mandatory when the maximum duration is reached.

o The green time for the active stage is extended by
one second, if the discharge flow is sufficiently high.
Specifically, the green time is extended if the current
headway h, at the stop line (gap time) is smaller than
a predefined threshold A"™“* for at least one of the lanes
associated with the stage. Otherwise, the current stage is
terminated and a stage switch is initiated.

o For safety reasons, an all-red inter-green period with a
predefined duration is activated before a stage transition.
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o A control cycle is used to limit the maximum possible
delay to vehicles. All SGs with non-zero demand must
receive green light and each stage can only be activated
once within a cycle.

When stage is terminated, the selection of the next stage
to switch to is based on a weighted demand score derived
from the information received from CVs. It is assumed that
all vehicles are connected and that they constantly transmit
their telemetric data to the IC. This data includes their unique
ID, location coordinates, speed, current lane and intended
movement in the intersection. The IC identifies the current set
C of vehicles that intend to cross the intersection. It assigns
each CV ¢ € C, to the relevant SG. This assignment is
captured by a matrix A with entries a(c, g), which take
value 1 if vehicle ¢ is assigned to SG g and O otherwise.
The IC than calculates the current distances d.; of the CVs
from the stop line and assigns them weights based on these
distances:

det

max

wer = max{0,1 — }. (1)
where, w.; is the weight of the vehicle ¢ at time ¢. The
parameter d,, is the maximum detection distance from the
intersection.

The weighted scores wy, are calculated as the sum of scores
of the associated vehicles:

g =D waalc,g). @)

Finally, stage scores wy; are calculated as the sum of scores
of the SGs that are active in the stage:

e =D Warb(g:9). 3)

When a stage is terminated, the algorithm will initiate a
transition to the stage with the currently highest weighted
score, denoted as w}'**, on a condition that this stage includes
at least one SG that has not yet been served in the current
cycle. Thus, in most cases the green light is granted to the
stage with the largest number of vehicles close to the stop
line, which increases green time utilization and yields higher
throughputs.

A control adaptation mechanism that updates the maximum
green times for the next cycle is also implemented. This
approach is a core principle in classic adaptive traffic control
algorithms, e.g., SCATS [31] and aims to better accommodate
current demands. The total maximum green time extensions
over all stages is limited by a constant e to restrict the cycle
length. When a stage is selected, the value w}'** is stored in
the memory. At the end of the cycle, the stored values are used
to determine a proportion of the available green time extension
allocated to each stage:

O
IR Y @
The maximum length of stage green times used in the next
cycle, are given by:

e = [ g e, 5)
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As shown in the literature review, most of the research on
CV-based traffic control assumes full and perfect information
is available. Therefore, mechanisms to handle communication
distortions are missing. The first step towards overcoming
this problem is to identify communication distortions. In each
time interval, the RSU receives messages from CVs, which
include their unique ID numbers. C; is the list of these
vehicles. The weighted scores for these vehicles are calculated
based on their reported locations as described above. C;_j
is the list of the vehicles that communicated in the previous
interval. Vehicles in C;_; but not in C; are suspected to have
failed to communicate. The locations of these vehicles are
extrapolated from their previous received reports. To simplify
the extrapolation, it is assumed that they travel at a constant
speed and do not change lanes, so that their position is
constrained by that of their leader. Under these assump-
tions, the estimated current distance and speed of a CV are
given by:

det = max{dc,tfl — Uc,t—1, dcfl,t + Xmin}, (6)

Vet = Uc,t—1- )

where, v.; and v, are the speeds of the vehicle in the cur-
rent and previous time steps. d.—1,, is the position of the
vehicle in front of vehicle ¢ on the same lane. x,,;, is the
minimum assumed distance between consecutive vehicles on
the same lane.

Vehicles that are estimated to still be on the approach to the
intersection (d.; >= 0) are added the set C;. d,; < 0O implies
that the vehicle crossed the intersection. If the light for its
movement is currently green, the vehicle is not considered
further. If the light is currently red, it is added the set C;, and
assumed to be at the stop line (d.s = 0).

IV. CASE STUDIES

The impact of communication distortions on the perfor-
mance of the signal control is evaluated with two case studies.
First, a single isolated intersection is used for thorough analy-
sis. Then, the application is extended to a system of adjacent
intersections.

The isolated intersection case study considers a generic
four-legged intersection, as shown in Fig. 3. The traffic move-
ments on each approach to the intersection are organized in
two SGs: one for through and right turn (TR) traffic and the
other for the left turn (L) traffic. These SGs are assigned to a
total of eight possible stages, shown in Fig. 3.

The traffic demand volumes used in the simulations are
presented in Table I. The demand is unbalanced with lower
volumes on the North-South direction, and especially the
North approach. These values reflect a degree of saturation
of 0.77.

The values used for the traffic control parameters discussed
in Section III are presented in Table II.

Parameter values used in the communications model and
their sources are shown in Table III. Message length was set
to 300 bytes to accommodate the payload data fields (position,
driving lane and movement, distance to the intersection),
the message header and authentication overhead. In general,
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Fig. 3. Layout of the case study intersection with marked signal groups and
the composition of signal stage.

TABLE I
VEHICLE FLOWS AT THE INTERSECTION

Volume/
. Capacity of
Approach  Signal Group Volume [veh/hr] critical signal
groups
SG 1 213
North SG2 137
SG 3 640 0.77
South SG 4 160 0.74
SG 5 648
East SG 6 252 0.78
SG7 748 0.78
West SG 8 102
TABLE II

TRAFFIC CONTROL PARAMETER VALUES

Parameter ~ Description Value
[min Minimum green time 6s
I Interstage duration 10s
e Total Available green extension 56s
pmax Gap time 3s
Amax Maximum detection range 300 m

a single antenna may allow line-of-sight communication for all
the intersection legs. Therefore, an RSU with an independent
antenna, located above the stop line, for each of the four
intersection legs was assumed.

The simulation experiments focus on three factors that affect
the performance of the communications and traffic systems:
1. Communication environment - Three types of environ-

ments are considered: (i) A baseline condition assumes

perfect communications with no failures. The traffic control
algorithm works with the actual locations of all vehicles.

This condition is used as a benchmark to the traffic

impacts of imperfect communications. (ii) A homogenous
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TABLE III
COMMUNICATION MODEL PARAMETER VALUES

Simulation model parameter Value
Message generation frequency 1s[23]
Message length 300 Bytes
Carrier frequency 5.9 GHz [22]
Communication channel bandwidth 10 MHz
DSRC-VANET maximum data rate 6 Mbps [22]
Permittivity of asphalt at microwave frequencies 4.75[32]
RSU antenna height above the road surface 5.897 m
Vehicle antenna height above the road surface 1.895 m [26]
Transmitter power 20 dBm [33]
Background noise level -86 dBm

communications environment condition assumes similar
communication characteristics on all approaches to the
intersection. This does not necessarily imply an equal
information loss on every approach, as the dynamic spatio-
temporal state of the CVs impacts communication relia-
bility. (iii) A heterogeneous communication environment
condition considers uneven communications characteristics.
A higher level of channel degrading factors is assumed on
the West approach to the intersection. This condition was
designed to examine the impact of asymmetry in the quality
of information about traffic flows on the performance of the
traffic control.

2. The level of SNR penalty captures the combined effect
of fading and interference in a challenging communication
environment. Ref. [34] showed that the power offset of the
received signal in the 5.9 GHz frequency band introduced
by the fading, i.e., the SNR penalty, can be as high
as 30 dB. In the simulation experiments this value is used
as a worst-case with penalty levels of 0, 20, 25 and 30 dB.
It is worth noting here that the combination of the highest
value of the SNR penalty, i.e., 30 dB, and the background
noise level represents a situation, where too many devices
are broadcasting in the same bandwidth and very little
or no effective information can be extracted from the
corresponding communication. In the homogeneous com-
munication environment, the same SNR penalty is applied
to all the intersection approaches. In the heterogeneous
communication environment, these SNR penalty values are
applied only to the West approach. The other approaches
face 0 dB SNR penalties. Thus, the homogeneous and
heterogeneous communication environments are identical
only when the SNR penalty is 0 dB.

3. Correction of communication distortions - Two variants
of the control algorithm are considered: One that does
not correct communication distortions, and the other
that does, using the estimation approach described in
Equations (6)-(7).

The combination of the values of these three factors defines

a total of 15 conditions. For each condition, 10 indepen-

dent simulation replications were run. Each run includes
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/) (
S . I
-
- __ B
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Fig. 4. Layout of the adjacent intersections showing SGs and signal stages.

a 10 minute warm-up period used to populate the intersection
with vehicles and a 30 minutes evaluation period.

The second case study extends the work to evaluate the
effects of imperfect communications on the coordination
between the two adjacent real-world intersections in Haifa
Israel that are shown in Fig. 4. The intersections are 110 meters
apart and are managed by a single controller. Coordination
is achieved by appropriate sequence of the signal stages.
SGs 6 and 8 are most vulnerable to possible lack of coordina-
tion, as a queue spillback from the buffer between two inter-
sections (SG 2) might block their movement. Flows through
this system operates at V/C of 0.9. Three communication
scenarios were evaluated within this case study: A baseline
condition with perfect communication and two conditions
affected by 25 dB homogenous SNR penalties with and
without correction for the communication distortions.

V. RESULTS

The performance of communication networks can be quan-
tified by the message loss ratio (MLR), which is given by:

rec
MLR=1-— Vot ®)
where N*"' and N"¢ are the numbers of sent and received
messages, respectively.

Table IV shows the average MLR values for the various
scenarios in the single intersection case and their standard
deviations among simulation runs. Note that homogenous
and heterogenous scenarios with same SNR penalties are not
directly comparable, as in the latter, the more challenging com-
munication conditions were applied only to the West approach.
MLR values are shown for the whole intersection, as well as
for the West approach and the other approaches separately. The
results show substantial loss of messages in all cases. The loss
is around 20%, with 0 dB SNR penalties and reaches almost
80% with 30 dB SNR penalties. These MLR results are consis-
tent with the ranges reported by [12], [13]. The SNR penalties
for different approaches are modeled independently, since it
was assumed that each approach has a separate RSU antenna
and interface. Thus, the MLR for the West approach is similar
in the homogenous and the heterogenous scenarios, and the
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Fig. 5. (a) Change in delay; (b) Frequency of Late green time provision events minus frequency of Early green time provision; (c) Green time loss; (d) Number
of delayed vehicles. (a)—(d) refer to scenarios with 30 dB SNR penalties compared to perfect communication scenarios.

values for the other approaches in the heterogenous scenarios
are similar to those of the 0 dB homogenous scenario. Finally,
it is noted that the MLR for the scenarios with communication
distortion corrections are consistently lower than those for the
scenarios without correction. These differences are statistically
significant at all SNR penalty levels and are larger for the
30 dB condition. They may be attributed to the changed
vehicular flow dynamics.

The communication distortions translate into degradation of
the traffic system performance. Table V shows the average
vehicle delays and their standard deviations in the various
conditions. When the communication distortion correction
is not applied, as the SNR penalty increases, initially only
marginal and statistically insignificant increases in the vehicle
delays over the baseline condition are observed. Only with the
highest, but still realistic, 30 dB SNR penalty, the increase
in delays is large (22.0% and 20.7%, for the homogenous
and heterogenous conditions, respectively) and statistically
significant. This suggests the existence of a critical MLR
value beyond which traffic performance is strongly affected.

With all SNR penalty levels, the delays are similar for the
homogeneous and heterogeneous disruption conditions.
These results also demonstrate the value of implementing
a correction mechanism for communication distortions, such
as the one presented in the previous section. When these
corrections are applied, the additional delays are reduced
substantially. In the homogeneous disruption conditions, the
delays are similar to those in the baseline scenario in all
SNR penalty scenarios including the 30 dB SNR penalty,
for which the delay is only 1.0% higher than the Baseline.
In the heterogenous disruption conditions the delay reduction
is smaller, especially for the high SNR penalties. With 30 dB
SNR penalty, the delays are 7.5% larger than in the baseline.
To better understand how the communication distortions
affect the signal control algorithm and its performance, further
analysis of the worst-case scenarios with 30 dB SNR penalties
was conducted. It was already shown in Table V that the
overall delays increase in these scenarios. The effects on
the various SGs are presented in Fig. 5. Fig. 5a shows
the percentage change in average delays to the various SGs
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compared to the baseline condition, under four conditions:
with heterogenous or homogenous communication conditions,
and with and without applying correction for communication
distortions. The results demonstrate that the change in delay is
not uniform. Without the correction for the distortions, in the
homogenous communication condition, the increase in delays
is largest for the SGs from the South and West, while those
from the East and North experience reduced delays. In the
heterogenous communications condition, the West movements,
which suffer the largest communication losses experience large
delay increases, which are much larger than those experienced
in the other approaches. Thus, the communication losses not
only increase the overall delays, but they also change the
distribution of the delays among the various SGs. Thus, the
fairness of the green time allocation is negatively affected.
In both environments, the correction mechanism reduces both
the overall excess delays and the inequality in their distri-
bution among the SGs. Most notably, in the heterogeneous
condition, the additional delay to the West SG 7 reduces from
92.4% to 35.2%.

Message losses may affect the control algorithm due to three
fundamental phenomena:

o The selected next stage at switching points when the
current stage is terminated is the one with the highest
score (see Eq. 3). Communication distortions may cause
the stage with the highest demand not to be selected due
to underestimation of its score. Thus, provision of green
time to SGs within this stage is postponed and the delays
to the relevant vehicles increase.

o The calculations of proportional scores w¢ (see Eq. 4)
may also be affected. When these are underestimated,
shorter maximum green durations would be set in the
next cycle. Thus, shorter green times may be available
to high demand stages. When the proportional scores
are overestimated, longer maximum green times will be
allowed for stages that would not utilize them.

o Loss of communication with approaching vehicles may
also result in a termination of the current stage when a
demand for it is still sufficiently high to extend it.

Fig. 5b shows the rate of occurrence of situations where the
next stage selected by the control algorithm is not the one that
would have been selected under the perfect communication
condition. As a result, some SGs receive green time later
in the cycle than they should have, while others receive it
earlier. The figure presents the net rate of such occurrences
(late green times less early ones) for each SG. A correlation
R? = 0.68 between these rates and SG delays shows their
negative impact. As expected, the West SGs tend to receive late
green more frequently in the heterogenous communications
condition. However, there is no clear pattern on which SGs
receive early or late green times in the homogenous communi-
cation conditions. In both cases, the communication distortions
correction reduces these events by about 40% and improves
the equality of their distribution among the SGs.

The effect of errors in the allocation of maximum green
times to stages on the actual green times, is evaluated through
calculation of the resulting green time loss to each SG. A stage
loses green time, compared to the perfect communication
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TABLE IV

MLR VALUES AND THEIR STANDARD DEVIATIONS
IN THE VARIOUS CONDITIONS

MLR (%) and their standard deviations

i, SNR
Condition penalty Without correction With correction
All ~ West Others All  West Others
0 20.3 234 19.4 182 208 172
025) (0.68) (0.32) (0.29) (0.90) (0.37)
2 20 36.9 423 354 349 396 33.0
E (042) (0.76) (0.72) (0.49) (1.52) (0.49)
)
)
g 25 47.6 55.3 453 463 534 434
= 0.46) (131) (0.58) (0.57) (1.20) (0.70)
30 64.7 74.7 614 608 713 56.6
(2.03) (2.53) (277) (1.67) (2.31) (1.42)
20 25.7 423 19.7 236 398 173
. (0.44) (1.40) (032) (0.42) (1.01) (0.33)
=
5
§) 25 29.9 54.6 19.8  27.6 535 17.1
g (1.12)  (0.97) (0.49) (0.95) (1.71) (0.33)
L
= 30 407 774 204 350 732 172
(235) (281) (0.31) (2.46) (2.69) (0.38)

condition, when all the following conditions are met: the
maximum green time allocated to it is shorter than it should
have been, the maximum green time is reached, and there is
an additional demand that would merit an extension of this
stage. In contrast, a stage gains green time when the actual
green time for the stage exceeds the maximum green time
that should have been allocated to it. Fig. Sc presents the
green time losses and gains for the various SGs. As expected,
in most cases, green time loss is associated with increased
delay (R? = 0.65). Losses in the homogeneous communication
conditions are small. In the heterogeneous communication
conditions, the West SGs that suffer higher communication
distortions lose substantial green times, while most other SGs
gain green times. In both conditions, the introduction of the
communication distortions correction substantially reduces the
losses and gains: by 75% for the homogenous conditions and
83% for the heterogeneous conditions.

Finally, Fig. 5d shows the numbers of vehicles that are
delayed an additional cycle because their stage is not extended
when it should have been because of communication distor-
tions. This type of event is strongly correlated with the delays
in the various SGs (R = 0.82). As with the other effects
of message losses, the West approach is negatively affected
in the heterogeneous communication conditions, while there
is no clear pattern in the homogeneous communication con-
ditions. The correction of communication distortions reduces
the number of vehicles that are delayed a full cycle due to
communication losses by 67% and 68% for the homogeneous
and heterogeneous conditions, respectively. These delayed
vehicles are also more evenly distributed among the stage
groups.
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Fig. 6. Change in delay in the networked intersections case study with 25 dB SNR penalty compared to perfect communication scenario.

TABLE V

AVERAGE VEHICLE DELAYS AND THEIR STANDARD DEVIATIONS
IN THE VARIOUS CONDITIONS

Vehicle delays (sec.) and their
standard deviations

Condition S}:}i
PEIY Without With
correction correction
Baseline 40.6 (1.87)
0 41.3 (2.86) 40.5 (2.58)
20 40.0 (2.22) 40.5 (1.62)
Homogenous
25 41.5(2.69) 40.7 (1.75)
30 49.5 (4.35)* 40.9 (1.70)
20 41.5(2.34) 40.7 (2.43)
Heterogenous 25 42.2 (3.01) 41.9 (2.64)
30 49.0 (5.13)* 43.6 (2.76)*

* p-value < 0.05 for difference from baseline

As noted above, the traffic scenario reflects a V/C ratio of
0.77. Table VI shows the average vehicle delays and standard
deviations for three V/C levels. In all cases, the delays increase
non-linearly with the V/C ratio, as expected. The impact of
communication distortions, represented by the gap between
the second and rightmost columns also increases non-linearly
increases as V/C approaches a unit. In the perfect communica-
tions baseline, delays increased by 23% from the lowest V/C to
highest one. But, with high SNR penalty the equivalent delay
increase is 73%. The reduction in additional delays to vehicles
due to application of the correction mechanism is similar:
64% and 63% in the lowest and highest V/C ratio conditions,
respectively. However, These are more meaningful when flow
approaches capacity, where they represent a reduction of
41.7 seconds compared to only 4.9 seconds in the lowest V/C
ratio condition.

The delay results for the case of adjacent intersections,
which are presented in Table VII are similar in their trends.
Communications distortions increase the average delay by
33% compared to the baseline. The introduction of the correc-
tion algorithm eliminates 38% of the additional delays. Still,

TABLE VI

AVERAGE VEHICLE DELAYS AND THEIR STANDARD DEVIATIONS
IN VARIOUS TRAFFIC DEMAND SCENARIOS

Vehicle delays (sec.) and their standard deviations

v/iC Heterogeneous SNR Heterogeneous
Ratio Baseline penalty 30 dB SNR penalty 30 dB
w/o correction with correction
0.77 40.6 (1.87) 49.0 (5.13) 43.6 (2.76)
0.90 42.1 (2.01) 65.5(10.36) 47.7 (2.74)
0.98 49.9 (3.63) 117.1 (14.85) 75.4 (15.50)

TABLE VII

AVERAGE VEHICLE DELAYS AND THEIR STANDARD DEVIATIONS
IN THE NETWORKED INTERSECTIONS

Vehicle delays (sec.) and their standard deviations

Bascline SNR penalty' Without SNR penaI.ty with
correction correction
41.7 (10.2) 55.4 (10.4) 50.3 (9.5)

vehicle delays in this case are still 21% higher than in the
baseline.

The detailed effects on the various SGs are presented in
Fig. 6. SG 8 includes the main movement that cross the
two intersections and is most vulnerable to the effects of
communication distortions. It experiences a large increase in
delays due to suboptimal selection of stages, shorter maxi-
mum green duration and premature termination of its green
extension. The other SGs, including SG6, did not experience
similar changes and in some cases even benefitted from the
communication distortions. Thus, the increased delays are
also unfairly allocated among the various road users. The
figure shows that the correction mechanism decreases both the
overall additional delays and the fairness of their allocation,
as the reduction in delays is especially large for SG 8.

VI. CONCLUSION

This paper investigated the effect of communication distor-
tions in CV environments on the performance of a signalized
intersection control. Communication distortions have been
previously ignored in the literature. A model system that
integrated a traffic flow model with a communication model
was developed and applied to two intersection control case
studies. The case studies show that, using the standard DSRC-
VANET communication network, a large fraction of messages
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may be lost. However, the control algorithm is relatively robust
to these loses, even if their fraction is high. Still, when the
lost messages fraction exceeds a critical level, about 75%
in the case study, vehicle delays increase dramatically. The
negative impact of communication failures is also amplified
when the flows through the intersection approach its capacity.
The trend of increased delay due to message loss is largely
independent of whether all the approaches to the intersection
experience similar communication distortions. The effects do
not cancel out when all approaches experience similar message
losses. Furthermore, the increases in delays are not evenly split
among the various movements in the intersection. Hence, the
fairness of allocation of green times and the resulting delays
are reduced.

The control algorithm was enhanced to incorporate a mech-
anism to correct for message failures, which is based on
previously received messages from the vehicles and simple
assumptions about their movements. This correction mecha-
nism was able to significantly reduce vehicle delays, especially
in the case of homogenous communication distortions. Analy-
sis of the additional delays to vehicles shows that they are
highly correlated to all the various incorrect actions that are
taken due to communication distortions. These include wrong
selection of a next stage, errors in determination of maximum
green times and premature termination of green times. The
impact of the ability to correct for communication distortions
larger when the intersection operated under more saturated
conditions. Application of this mechanism can also be used to
reduce the reliability or V2I communication volumes require-
ments within the communication system technical design.

These conclusions provide a basis for several directions of
future research. A higher applicability of the results can be
achieved by improving the understanding of the minimum
required information (i.e., the frequency of the sent CAM
messages and the acceptable MLR) that guarantees sufficient
performance of the intersection control. Research is also
needed to identify methods to improve the communication
reliability of C-V2X networks such as LTE or 5G.

Improved and more robust algorithms to correct the con-
trol for communication distortions, for example by applying
more sophisticated interpolations of vehicles’ position, such
as the one described in Ref. [35], could be developed and
evaluated. Given the results concerning the increased impact
of communication failures as the volume approaches capacity,
integrating shockwave behavior into the correction algorithm
for better representation of vehicles’ queueing and discharging
movements may help improve the quality of control decisions.

The results may also be extended to networks of coordi-
nated traffic signals. The negative effects of communication
distortions on traffic flow within signalized networks may be
magnified for two reasons: First, signal coordination reduces
the flexibility to adapt control settings in real time compared
to isolated intersections. Second, intersections that are rela-
tively close may also experience spillbacks, as seen in the
presented case study. The control in these settings should
therefore exploit the availability of additional information from
communication devices throughout the sub-network for data
completion. The impact on other methods for signal control,
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such as those based on control theory, artificial intelligence or
game theory could be investigated and appropriate correction
mechanisms be designed.

The current research addressed networks with only CVs.
Further research should consider varying CV penetration lev-
els, integrating messages from CV with detection techniques
for vehicles without OBU, and their impacts on traffic delays.
Furthermore, communication failures may occur not only from
natural distortions, which were considered in this paper, but
also from cyberattacks and other intentional sources. These
require not only enhancements to the control algorithm itself,
but also design of methods to identify attacks and malicious
entities.

Finally, it is noted that the case studies presented in this
study were based on DSRC technologies as an example.
The underlying reasons causing communication distortions
and resulting in additional traffic delays would also exist
with C-V2X technologies. Nevertheless, there are differences
in communication frequency bands and sources of interfer-
ence. C-V2X deploys licensed or dedicated frequency band,
which often implies less sources and lower levels of the
interference compared to DSRC. However, it should also be
noted that the baseline performance of C-V2X under ideal
communication conditions is inferior to that of DSRC in the
context of V2I [36], which would negatively affect its realistic
performance.
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