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'e development of Information and Communication Technologies (ICT) has now reached some entirely unexpected domains.
Many applications in modern cities lead to novelties, resulting in new habits of the citizens of tomorrow’s smart cities. 'ese
innovations include Intelligent Transportation Systems (ITS). An important application domain of ITS is undoubtedly repre-
sented by the dynamic and optimized management of traffic-lighted road intersections. Although several works have already been
presented in the literature over the years, many have not considered the new perspectives regarding the source of data to manage
traffic lights, i.e., not only Wireless Sensor Networks (WSNs), but, mainly, the vehicular communications. 'is paper introduces
an innovative approach to dynamically regulating traffic light cycles and phases in an isolated intersection. 'e suggested method
can fit data management from WSNs and vehicular communications through IEEE 802.11p and LTE-V2V, employing various
Fuzzy Logic Controllers (FLCs) that manage vehicles turning movements for dynamic controls of both the phase and the green
time of traffic lights. 'e results obtained will allow us to observe that the proposed application is better than the others. Each of
the implemented configurations will bring advantages and disadvantages that allow choosing one configuration or another based
on specific project requirements.

1. Introduction

Many countries are experiencing a rapid increase in the
growth rate of their urban areas, caused by people’s mi-
gration to cities in search for education, better jobs, and
other social and cultural amenities. Currently, more than
50% of the world’s population live in cities. For this reason,
city infrastructures must continuously adapt to new tech-
nological opportunities, to maintain a high quality of life and
services for their inhabitants. 'e increasing interactivity
and technological advances gave rise to the new concept of
smart city, which identifies a series of areas of development
that transform the essence and functionality of the modern

cities. 'ese areas range from smart mobility to the smart
economy, intersecting different areas and development
themes. In recent years, intelligent mobility has enjoyed
increasing interest in the scientific community, to the point
that it has become the subject of numerous applications that
only a few years ago could only be imagined [1]. In Figure 1,
it is possible to observe an example of integration of different
types of vehicles (smart mobility) within a modern smart
city.

In parallel, Information and Communication Tech-
nologies (ICT) profoundly change people’s lifestyles,
transform many daily habits, and transform the very
structure of modern cities. 'e integration of information
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technologies in the transport area has led to Intelligent
Transportation Systems (ITS). 'is development area is
currently playing a vital role in integrating new transport
paradigms, which allow delivering new services to end-
users, providing them with integrated tools. 'ese services
are complemented by the smart cities with some features
that allow the integration of ICT and ITS, thus offering a
series of new opportunities to the end-users and the
citizens.

'e dynamic management of traffic-lighted intersec-
tions represents a research segment of great interest in the
scientific community, but it is probably even less thorough.
In particular, many scientific articles in the literature deal
with static applications, that is, through the fixed imple-
mentation of sensors or sensor networks (typically located
at the side of the road) designed to detect the presence or
absence of vehicles at a given time of day. 'is data is then
managed by network infrastructures that control the ig-
nition and duration of the different colors of the traffic
lights. Although static sensor based technologies are ef-
fective for the management of traffic light systems, they are
outdated when it comes to managing the entire road
network dynamically [3].

'is paper focuses on a particular perspective related to
the smart city, i.e., smart mobility, presenting a solution for
an automated and effective management of traffic-lighted
intersections. 'is innovative work in the area of dynamic
control at road intersections traffic adapts in real-time and
dynamically the cycles and phases of the traffic lights without
the deployment of sensors along the roadway. 'e proposed
approach manages real-time data through modern tech-
nologies for vehicular communication, including Vehicle-
to-Vehicle (V2V) and Vehicle-to-Everything (V2X), assisted
by Fuzzy Logic Controllers (FLCs).

From this point on, this paper is organized as follows.
Section 2 analyzes the state of the art in the literature. 'is
analysis represents a crucial starting point for reflection,
which led to the investigation of areas that have not yet been
addressed. Section 3 introduces the proposed approach. 'e
advantages of an intelligent traffic light system are evaluated,
and a new implementation solution is introduced. 'e
proposed approach is presented at a high level of abstraction,
allowing for use inside any upstream network infrastructure
(for instance, cellular, wireless, or otherwise). Next, the
performance evaluations of three different network con-
struction hypotheses are analyzed in Section 4 and highlight
all the advantages introduced by the adoption of an

intelligent traffic light system to the point that any previous
design hypothesis is highly obsolete. Finally, Section 5
concludes the paper by providing some thoughts for future
insights.

2. The Management of an Intelligent Traffic
Light System: Analysis of Cases in
the Literature

Road intersections, that is, the places where two or more
road meet, are important elements for the management of a
traffic light system. In specific scenarios, the trajectories
traveled by pedestrians and/or vehicles can intersect, cre-
ating conflict points that produce traffic obstructions and
present safety issues for the entire road network [3].

'e number of conflict points increases with the number
of roads (and road lanes) that intersect. 'e main aim of
traffic lights regulation is the increase of capacity and de-
crease of delays, together with the increase of traffic safety.
Moreover, the intelligent management of traffic lights also
makes it possible to the following:

(i) Reduce average waiting times at intersections
(ii) Avoid the onset of congestion, thus reducing the

length of the queues
(iii) Decrease fuel consumption and therefore reduce

atmospheric pollution produced by exhaust gases
(iv) Guarantee specific time slots in which it is possible

to clear the intersection without significant dangers

In intersections regulated with traffic lights, the points of
conflict are resolved by assigning a specific time interval to
each flow of traffic in which the crossing of the conflict area
is allowed. 'e division of time is obtained with the use of
light signals required by specific legislation. 'e traffic light
regulation is based on a universally recognized convention
according to which a traffic light can have only three colors,
with the light indicators activated in a precisely ordered
succession: green (for go-ahead), yellow (for stop warning),
and red (for stop immediately/do not drive). 'e configu-
ration of this chromatic characterization, used in most
countries of the world, consists of constant time intervals for
switching between the three colored lights.

In general, it is possible to distinguish the traffic lights
into three types based on the number of phases or ‘times’:
those with three times, those with four, and finally those with
five. 'is paper will analyze the three-time traffic light, the
type of traffic light most present in Italy and throughout
Mediterranean Europe and in the United States, South
America, Japan, and China.'is type of traffic light is widely
used because it is easy to understand and practice.'erefore,
the sequence of colors will always be the same: green, yellow,
and red.

While the usefulness of the traffic light system for road
safety purposes is unmistakable, to avoid collateral weak-
nesses, a careful study of appropriate technical specifications
is necessary. One of the most important specifications is the
timing of the various phases and traffic light cycles. A traffic
light cycle consists of sequence of traffic light indications at

Figure 1: An example of smart mobility [2].
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the end of which the exact configuration of lights existing at
the beginning of the sequence itself is repeated. A phase is
the part of the cycle in which green is simultaneously
assigned to a set of mutually compatible traffic currents (i.e.,
which do not create points of conflict). A phase is complete if
it is impossible to add different currents compatible with
those already included [4].

Adjusting the duration of the cycle and duration of the
phases with extreme accuracy avoids the onset of queues
and, accordingly, traffic congestion. 'e duration of the
green time and the complete traffic light cycle must be
suitably calibrated regarding a specific traffic situation. 'e
design of specific traffic light plans can be implemented
based on the observation of at least four different situations:

(i) 'e peak of the traffic in the morning
(ii) 'e peak of the traffic in the evening
(iii) Traffic in the other hours of the morning
(iv) Traffic in the other hours of the evening

'is is a rough design that must take into account several
parameters. Typically, a complete traffic light cycle can last
84, 94, or 120 seconds. Its regulation must be defined
according to the expected traffic flow (the more significant
the expected traffic, the shorter the duration of a traffic light
cycle). As a result, within a complete traffic light cycle, all the
lanes involved in the intersection will have a constant green,
yellow, and red time throughout the day.

It must be noted that each phase must have a minimum
green duration of 10 seconds for any vehicular current. On
the other hand, regarding the maximum duration of the red,
it depends on many factors. For pedestrians and cyclists, the
maximum threshold of 60 seconds should not be exceeded,
while, for vehicular traffic, a duration as big as double can be
accepted. Finally, as regards the duration of the yellow light
(usually from 3 to 5 seconds), it is established based on the
expected average speed of the cars that intend to cross the
intersection, and the higher the speed, the longer the du-
ration of the yellow light. In particular,

(i) If there is an intersection where the average speed of
the vehicles is equal to 50Km/h, then the yellow
signal will last 3 seconds

(ii) If, instead, the average speed of the vehicles is equal
to 60Km/h, then the yellow signal will last 4 seconds

(iii) Finally, if the average speed of the vehicles will be
equal to 70 km/h, then the yellow will last for
5 seconds

An alternative approach to the static management of
traffic light systems can be achieved employing specific
techniques such as the automated regulation of the different
phases of an intelligent traffic light. Some proposals already
present in the literature are very diversified. Real-time traffic
information is collected from various sources such as
cameras, wireless sensors, or wireless sensor networks
(WSN) placed along the roads and controlled by precise
controllers, radio-frequency identification (RFID) devices,
accessories with vehicular ad-hoc network (VANET) tech-
nology for vehicle-to-vehicle (V2V) communications or

vehicle-to-infrastructure (V2I), and approaches that intro-
duce adaptive algorithms for traffic light control and regulate
both the sequence of phases and their duration. Some ap-
proaches exploit multiple technologies at the same time in
order to be able to employ all their advantages.

Information from video cameras is exploited in some
works, e.g., [1, 3], where an estimate of the traffic density and
the classification of vehicles with video monitoring systems
are also acquired. In [3], the authors focus mainly on the use
of algorithms that manage the switching of traffic lights
based on the density of vehicles in the queue, thus aiming to
achieve several results including the reduction of the (1)
traffic congestion on the roads, (2) frequency of road ac-
cidents, (3) fuel consumption, and (4) average waiting times
in queues.

'e approach proposed in [4] does not use the same
technology as [1, 3], which do not provide any tolerance for
the failure of a part of the video monitoring network.'at is,
for an intersection with n roads, and using as many n video
cameras, the failure of any of these camera would lead to an
excessively low service level. Instead, in [4], the proposed
system guarantees a high tolerance to errors such as failure
of a sensor in the WSN, and the system would present a very
insignificant lowering of the service level. Moreover, the ease
of installation favored by a WSN would involve a quick
replacement of any sensor. A certain degree of redundancy
of the sensors present in the network minimizes any partial
failures of the detection system. Furthermore, from
implementation point of view, the system proposed in [4] is
simple with small data exchanges in real-time, which de-
termines a very low computational cost.

Another type of approach involves the use of RFID
technologies. 'is approach does not need to know the type
of vehicle passing through since all vehicles have the same
priority. 'e use of RFID devices proposed in [5], which also
introduces a self-organized traffic control scheme that helps
facilitate emergency response operations, allows covering
small areas (short-range function). 'erefore, in the case of
nonnegligible queues, the green signal would not be set
adequately in a short time.

On the other hand, other approaches implement the
IEEE 802.15.4 communication protocol, whose communi-
cation ranges (between the various wireless devices) vary as
the transmission power varies and consequently guarantees
greater flexibility and scalability. In these cases, it is fast and
straightforward to implement suitable devices that also
consider the circumstances in which any emergency vehicles
are present in the carriageways. It can be assigned the green
signal with priority.

'e algorithms proposed in [6] consider various traffic
factors, such as traffic volume, waiting times, and vehicle
density, to determine the optimal duration of the green time.
'e algorithms select the phase with the highest execution
priority through a simple IF-THEN construct and calculate
the duration of the green time as a “crisp”/exact value.
Although these algorithms are fascinating and present good
simulation results, they nevertheless meet with significant
weaknesses when implemented real situations. In this sense,
it must be observed that this design solution does not specify
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the wireless communication protocol used. 'ere is no
indication of the computational cost of the algorithms
presented. 'is condition means that if the computational
cost of these algorithms is very high, the generation of the
green time would require an extensive time interval, thus
making the data obtained already obsolete with a consequent
decrease in the level of service. Also, in [6], it can be rec-
ognized that simple rules manage traffic flows. On the
contrary, the solution proposed in [4] is more suitable for the
design of a traffic sign control system, thanks to its ability to
manage the uncertainties associated with the input and
output variables (for instance, the number of vehicles in the
queue, the phase to be managed and the green time of the
traffic lights).

Traffic control systems are large nonlinear stochastic
systems, and as a result, finding the optimal traffic signal
settings is extremely challenging. Consequently, numerous
works reported in the literature propose traffic control
systems based on Computational Intelligence (CI), in par-
ticular, fuzzy logic controllers, which are suitable for
managing traffic lights, as their operating principle is in-
spired by the way humans reason. Hence, these controllers
make decisions based on direct experience gained in the
specific environment considered. 'ey learn through spe-
cific inference rules that incorporate human feelings on the
traffic light system and reflect the human reaction to the
system’s behavior. In control systems such as those
implemented in [7], only variables indicating the traffic of
the current phase are taken into consideration, without
considering the length of the queues of the other phases.

Numerous applications use WSN for traffic manage-
ment. One of the most popular approaches uses VANET. All
the vehicles involved are exploited in these applications as if
they were wireless routers or mobile nodes of the network
itself. 'is situation allows vehicles to connect and create a
network. 'e approach proposed in [8] uses a VANET to
collect and aggregate speed and position information re-
lating to individual vehicles in real-time to optimize signal
control near a road intersection.

On the other hand, in [9], the authors exploited the V2V
and V2I communications typical of VANET networks to
propose distributed algorithms to improve traffic flow in real
time. However, this particular approach will have to con-
sider some problems related to the mobility and stability of
the system. 'is issue happens because the number of ve-
hicles, in the various hours of the day, is subject to sudden
random changes with consequent continuous and unin-
terrupted variation of the hosts entering and leaving the
network. In critical situations of a high density of vehicles
present in the carriageways, the VANET would risk satu-
ration, with the consequent collapse or, at best, through the
use of adequate controls carried out on congestion, many
vehicles would not be accepted and inserted into the
network.

'e hypothesis developed by the authors of [10] is
provided for the use of a fuzzy logic controller for each traffic
light phase, thus implementing four inputs and a single
output. 'ese four inputs allow receiving the data collected
from the four carriageways (always assuming that the

considered context deals with a 4-way intersection). 'e
fuzzy logic controller will choose the highest “alarm” value
to be taken into consideration and then output the enabling
signal to the road that has been chosen to have green. In this
way, the most congested road will have priority, and the go-
ahead signal (green traffic light) will be attributed to it.
Although this type of approach turns out to be a good
starting point, this application of the fuzzy logic controller
does not guarantee an optimal service. Suppose that there is
a very high traffic flow on one of the four roads, while, in the
remaining three roads, few vehicles are presented per
minute. In this case, vehicles belonging to low traffic roads
will have very long waiting times, thus obtaining a type F
service level (absolutely inadequate). 'is limit could be
exceeded by also providing a parameter that determines the
waiting time in the queue: the higher this parameter is, the
more the alarm relating to the road concerned will increase.

'e authors of [11] developed a comprehensive data
collection system at the University of Manitoba, Winnipeg,
MB, Canada.'e developed system employs various wireless
network technologies and devices to collect traffic data from
an intersection along the main road within an urban context.
A Bluetooth device detects the vehicle’s closeness and the
information on the vehicle’s trajectory. 'e data collected is
transmitted to the master node via the IEEE 802.15.4
(ZigBee) protocol. 'e central device manages all incoming
data for real-time information about the intersection and
sends the data to the server every five minutes via GSM
cellular communication.'e server stores the information in
the database accessed by the consumer and corporate
websites to get the correct data in real-time. However, al-
though the structure is well organized, this approach is
neither very flexible nor straightforward in its imple-
mentation. 'ese problems could be overcome thanks to the
use of multiple homogeneous networks, which use simple
and flexible communication protocols.

All the approaches analyzed so far present some
weaknesses. Firstly, they are obsolete and unsuitable for a
truly dynamic management of traffic-lighted intersec-
tions. Secondly, the technologies seen so far do not take
advantage of vehicular communications and the in-
creasing spread of intelligent vehicles on roads (e.g.,
driverless vehicles, although their presence on roads is still
minimal). However, vehicles with a certain degree of
range (at least level 2 or 3 of autonomous driving levels)
are increasingly common. 'e approach proposed in this
paper seeks to provide a new key contribution precisely in
the direction of these new technologies, experimenting
with implementing a network infrastructure that exploits
vehicular communications.

3. The Proposed Experimental Approach

'e analysis carried out in the previous section highlights
that the most suitable solution for highly variable traffic
flows over time is the one that provides a fully implemented
traffic light control: for instance, the traffic-lighted systems
in which the green times are determined according to the
dynamic characteristics of the traffic [12, 13].
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'ese implemented systems do not act upstream.
'erefore, the beginning and the duration of the green times
are set adaptively, based on the presence and movement of
individual users, in each specific scenario. Fully imple-
mented control requires more expensive equipment and a
more significant amount of work in terms of design than
semi-implemented and fixed-time control cases. Hence, the
concept of complete implementation is more efficient when
the intersection to be controlled is subject to traffic that
exhibits highly variable behaviors over time [14, 15]. More
precisely, advantages of this particular type of approach
include the following:

(i) Traffic situations that arise during the day are many
and very different from each other; this situation
makes it easy to establish that it is not possible to
treat them all in the same way, with a relative
number of plans at fixed times; adaptability is one of
the significant advantages brought about by a fully
implemented approach;

(ii) It improves coordination with adjacent installations
when the geometric situation of coordination is
unfavorable;

(iii) It reduces the average waiting times of a vehicle in a
queue and, consequently, reduces the emissions of
harmful gases.

'e design hypothesis, the subject of in-depth analysis of
this paper concerns the automated management of an in-
telligent traffic light system. According to this hypothesis, it
can be assumed that the solution is placed near a four-way
road intersection. Among the initial hypotheses, it is also
possible to imagine a certain number of vehicles in all
available directions and that the traffic conditions are in-
termediate concerning any peak situations.'e latter usually
occurs at particular times of the day, which typically match
with the early morning hours, at lunchtime, and, finally, at
the early evening hours (late afternoon).

Compared to the cases analyzed in the literature, the
proposed approach provides a fundamental innovation
represented by designing a system independent of the
specific network architecture. In a subsequent phase, this can
be achieved through a vehicular communication network or
a specific protocol, such as the IEEE 802.11p standard.
Moreover, the proposed solution allows creating an optimal
design method that can be employed practically in any
scenario.

'erefore, everything concerning the communication
and reception of information will be represented as a “black
box,” which, starting from appropriate input signals, will
provide specific commands at the output to control the
intelligent traffic light system, as shown in Figure 2. 'e
inputs provided to the black box may come from any part of
the network infrastructure. At the same time, the output is
the control commands of the intelligent traffic light. 'e
system dynamically manages the various traffic flows de-
veloped in the separate roads, also taking into account
specific priorities, with higher priority for emergency ve-
hicles or vehicles with longer waiting times in queue. Having

set the initial conditions the problem is to evaluate the
vehicular traffic present in a four-way road intersection,
through which different types of vehicles will pass.

'e day is modeled as a random variable. 'erefore, in
the characterization of the variable relating to traffic flows, it
could be helpful to start from a static condition, assuming
that it always has identical functioning within a day. Sub-
sequently, this variable is adapted to make it more consistent
with the actual case. It is possible to define vehicular traffic
from a statistical perspective, hence endowed with a prob-
ability density, a probability distribution, and all its mo-
ments. As a first approximation, it is reasonable to start from
an ideal case in which the traffic peaks in specific time in-
tervals of the day. Assuming the three peak times, respec-
tively, at 08: 00 a m., 01: 00 p m., and 07: 30 p m., it is
possible to identify the probability density of traffic with a
Gaussian function that assumes the following specific
characteristics:

(i) A uniformly distributed probability distribution
with constant amplitude throughout the night

(ii) 'ree different Gaussian probability distributions
for peak hours

(iii) A uniform probability distribution with constant
amplitude over the rest of the day (even of a dif-
ferent value than the first case)

'e Gaussian distribution is uniquely identified by two
parameters: the mean value (μ) and the standard deviation
(σ). 'e average value μ, in the case considered in this work,
is represented by the peak time value, which is equivalent to
the central value of the distribution itself. 'e curve will be
symmetrical concerning this value [22, 23]. As the average
value diversifies, a horizontal translation of the symmetry
axis of the curve itself is obtained (case (a) in Figure 3). 'e
standard deviation σ represents the “peak” of the curve: the
more significant the deviation, the greater the width of the
peak. 'erefore, the resulting graph will be more flattened.
As the value of the standard deviation decreases, the curve
will be more pointed (although it will be narrower in time, as
in the case (b) in Figure 3).

'erefore, it is possible to state that the lower the var-
iance value, the shorter the duration of the curve of the same
Gaussian distribution. In this way, the peak hours will be
temporally reduced, with a consequent increase in the
maximum peak. Conversely, the greater the standard de-
viation value, the greater the temporal duration of vehicular

Input Output

BLACK BOX

Input is converted
into output

Figure 2: Schematic representation of the network infrastructure.
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traffic, even if it will be less spiked in terms of the maximum
value (case (b) in Figure 3 as σ varies) [16].

In this work’s hypothesis, the relative mean value and
standard deviation values have been appropriately set and
then analyzed using Matlab. Assuming that the peak
times of maximum vehicular traffic occur strictly at 08 : 00
a m. (Case 1), at 01 : 00 p m. (Case 2), and, finally, at 07 : 30
p m. (Case 3), it will be necessary to set three different
values of μ (in particular, it will be μ1 � 28, 800 s, μ2 �

46, 800 s, and μ3 � 70, 200 s). As far as the value of σ is
concerned, it is permanently fixed at the same value in all
three cases, i.e., equal to 1, 800 s (i e., 30 minutes). 'is
situation means that the three peaks representing the
different peak hours will have a total duration of one,
precisely:

(i) In case 1, the peak hour will start at 07 : 30 a.m. and
finish at 08 : 30 a.m.

(ii) In case 2, the peak hour will start at 12 : 30 p.m. and
finish at 01 : 30 p.m.

(iii) In case 3, the peak hour will start at 07 : 00 p.m. and
finish at 08 : 00 p.m.

Under these hypotheses, the random variable’s probability
density that simulates the vehicular traffic present in each of the
experimental cases in question illustrated in shown in Figure 4.
It is possible to establish variability during the day of the traffic
flow. In particular, it will assume peak values in specific time
intervals due to the greater concentration of vehicles along the
roads. 'is circumstance is easily explained by specific habits
that regulate people’s lives (time of commuting to and from
work, time of starting the children’s school, lunch break,
leaving school for children).

4. Performance Evaluation

'e comparison between the three construction hypotheses
(reported in subsection C) is based on the average times and
maximum waiting times in the queue of a generic vehicle
located along a specific carriageway. In particular, the imple-
mentation of each of the three hypotheses is along the following
three scenarios: (1) the scenario is a static traffic light system, in
which, therefore, the green times and their duration will be

preset, regardless of the actual traffic conditions; (2) the second
scenario, this time fully implemented, in which the network
infrastructure uses the IEEE 802.11p; finally, (3) a third sce-
nario, consistently fully implemented, will use vehicular
communications (LTE-V2V) as network infrastructure (this
application is perfectly compatible with communications in 5G
cellular networks).

Before comparing the average times and maximum
average waiting times in the queue, a brief comparison is
also made below between the networks that use the IEEE
802.11p protocol and LTE-V2V vehicular communica-
tions in terms of performance parameters [17]. 'e
comparison of different standards, valid to support the
applications of this work, is done in terms of transmission
speed, signal coverage, signal interference, accessibility,
maintenance, initial costs, and safety [18–20].

First of all, it can be observed that both standards
analyzed operate on frequencies around 5.9 GHz
(working frequency band). It can also be observed that
wireless standards that operate on such high-frequency
bands are less affected by interference and absorption
(due to atmospheric phenomena such as water and fog).
Some protocols are based on the contention of the
transmission medium, thus making it possible to estab-
lish possible collisions. However, these standards allow
quick access to the requested service. In general, wireless
standards that support long-range transmissions have
higher initial costs than standards that support short-
range communications; moreover, the latter lead to lower
maintenance costs [21].

μ = 10 μ = 20

(a)

μ = 20

σ = 1

σ = 10

(b)

Figure 3: Changes of a Gaussian distribution as μ and σ vary.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 18 19 20 21 22 23 2417

Figure 4: Probability density of the traffic variable during day.
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Although some wireless standards use particular en-
cryption and authentication mechanisms to guarantee the
transmission of secure communications, they are still vul-
nerable to any external security breaches (hackers). How-
ever, most standards provide highly secure data
transmissions [22, 23].

Considering the analysis carried out in [24], the two
different technologies are compared under identical
external conditions, that is, in an urban setting. From the
experimental results achieved, it is possible to recognize
that LTE-V2V can provide a 10% improvement in the
packet reception ratio and a ten times lower update delay
than IEEE 802.11p. However, these results are obtained
only in conditions of low traffic data. 'e situation
changes when a more stressful traffic condition, in terms
of packets sent and received, is considered. Under these
conditions, while the LTE-V2V works better regarding the
packet reception ratio (better than 26%), the IEEE 802.11p
guarantees a lower update delay.

For comparison, it is also helpful to estimate the re-
sults of using different modulation and coding schemes
(MCS). 'e different strategies used can significantly
impact the quality of service (QoS) and the coverage area.
In [25–27], it was established that the use of IEEE 802.11p
allows for exceptional performance up to a few hundred
meters, intended as a coverage range. It is reasonable to
think that a vehicle can be identified every 10meters and
that, therefore, in a range of 250–300meters, around 30
vehicles can be identified. Due to the excessive collision
speed, the reliability of the communication tends to
undergo a substantial decrease, especially in applications
with distances more significant than those just mentioned
(a few hundred meters) [28]. All other things being equal,
it can be verified that the LTE-V2V standard has reduced
performance in short distance communications but is
more reliable as the distance increases (for example, even
up to almost 500meters) [29, 30]. In light of this, it is not
easy to establish which of the two standards results in
better performance [31, 32]. 'erefore, depending on the
conditions of use and the precise characteristics required
by the application to be developed, it is possible to choose
one of the two standards [24].

4.1. Traffic Generator. In the Matlab/Simulink simulation
environment using TrueTime [33], to generate the variable
relating to the vehicular traffic existing in a given road (this is
a random variable characterized by a probability density that
varies over time), a real number generator was used to
generate on the interval [0–0.7]. 'e characteristic of this
sequence of numbers depends on the initial seed: when this
initial seed varies, a completely different numerical sequence
follows in which there is no mathematical relationship
between one number and another; instead, if the seed is kept
from one simulation to another, the generated sequence will
be the same with consequent generation of the same traffic
configuration [34]. Since, in the case under examination, the

generation of eight tails, there are eight generators of
pseudorandom numbers with different seeds (values be-
tween 1 and 8).

It is necessary to consider a waveform that examines the
traffic probability density, which, together with the number
generator described above, follows an IF-THEN construct. If
at instant t their sum exceeds a certain threshold (set at 0.79),
then a vehicle will be generated at the same instant, oth-
erwise, no. At the instant (t+1), the same check is performed,
and so on. It is much more likely that their sum will exceed
the threshold value at peak times, while, at night, it is less
likely that this threshold will be exceeded. 'e system de-
scribed is represented in Figure 5.

'e input variables of the TrueTime Kernel [33], except
for the Uniform Random Number, are constants that shape
the waveform of the traffic probability density. When one of
them varies, it is possible to operate on efficiently:

(1) 'e probability that a vehicle will arrive at the in-
tersection between 11 : 00 pm and 00 : 00 and between
00 : 00 and 06 : 00 am (constant night)

(2) 'e probability that a vehicle will arrive at the in-
tersection between 06 : 00 am and 11 : 00 pm (con-
stant morning)

(3) 'e probability that a vehicle will arrive at the in-
tersection during the peak hours at 08 : 00 am
(Gaussian multiplicative constant 1)

(4) 'e probability that a vehicle will arrive at the in-
tersection during the peak hours 01.00 pm (Gaussian
multiplicative constant 2)

(5) 'e probability that a vehicle will arrive at the in-
tersection during the peak hours of 7.30 pm
(Gaussian multiplicative constant 3)

(6) 'e duration of the peak hours at 8am (Gaussian
variance 1)

(7) 'e duration of the peak hours at 01 : 00 pm
(Gaussian variance 2)

(8) 'e duration of the peak hours at 07 : 30 pm
(Gaussian variance 3)

After setting these parameters and the initial seed of the
random number generator [35], the TrueTime Kernel exe-
cutes the following instructions every second:

(i) Determines the value of the probability density at
instant t

(ii) Acquires the number generated randomly from
input 1

(iii) If their sum is more significant than 0.79, send a
vehicle out; otherwise, wait for the next instant

'e second TrueTime Kernel has the objective of per-
forming a simple subtraction between the generated vehicles
and the disposed vehicles (counted in the other TrueTime
Kernel and forwarded to the one understudy). 'us, it is
possible to know moment by moment the length of queues
subsequently displayed.

Journal of Advanced Transportation 7



4.2. Evaluation Scenarios. 'e solution proposed in this
work has been implemented to be independent of the
input signals (i.e., from the network infrastructure) and
to allow for the output of signals equally independent
from the actuators that will act on the intelligent traffic
lights. 'erefore, a system that is not affected by the
technology can be considered independent for any ap-
plication. Furthermore, as shown in Figure 6, the traffic

lights are managed in such a way as to prevent vehicles
coming from different lanes of the same road from
accessing the intersection simultaneously. 'is choice has
been made to avoid specific points of conflict that could
occur when the vehicle trajectories from the two affected
lanes intersect. In this way, as shown in Figure 6, the cars
coming from the two lanes of road A cannot go straight
and turn left, respectively, during the same phase.
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'e intersection is characterized by four phases, as il-
lustrated in Figure 7.

To complete the configuration, whose performances
will be evaluated later, it is necessary to note once again
that a traffic light phase represents the period during
which a specific set of lanes can continue following the
proper direction. In this work, the following has been
assumed:

(1) when phase 1 is enabled, only the cars of lane 1 of
roads A and C can go straight or turn right, while all
the other lanes will have a red light

(2) when phase 3 is enabled, only the cars of lane 2 of
roads A and C can turn left, while all the other lanes
will have a red light

(3) when phase 2 is enabled, only the cars of lane 1 of
roads B and D can go straight or turn right, while all
the other lanes will have a red light

(4) when phase 4 is enabled, only the cars of lane 2 of
roads B and D can turn left, while all other lanes will
have a red light

4.3. Obtained Results. Before acquiring and comparing the
data relating to the average and maximum overall waiting
times of each simulation, it is necessary to define what the

waiting time of a vehicle represents and which parameters
influence it. Specifically, the waiting time for a vehicle is the
difference between the vehicle’s instant arrival and how the
vehicle clears a specific intersection [36, 37].

To know the instant when a vehicle occurs in an in-
tersection, the following arrays were used (an array can be
imagined as a container of elements of the same type, having
a variable-length; in the case in question, the elements the
array is composed of will be described in the following):

(i) An array A in which, every second, in the i-th
position 1 is entered if in the i-th instant a vehicle is
presented or 0 otherwise.

(ii) An array B that varies its size every second by
adding an element constructed as follows: if at the
i-th instant a vehicle arrives, or when the outbound
traffic generator sends the value 1, then, in the i-th
position of the array B, the value of the current
instant will be written using the ttCurrentTime
function. On the contrary, if the outbound traffic
generator sends the value 0, the value 0 is inserted
for convenience in the i-th position of array B.

(iii) An array C containing the time values in which each
vehicle clears the intersection. To construct this
number vector, it is necessary to proceed according to
the following procedure: first of all, it is necessary to
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Figure 8: Average waiting times in the queue (case 1).
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check whether at the i-th instant a vehicle has cleared
the intersection: if so, using a FOR construct, one
searches for the first 1 present in the array A, set to 0,
and insert the current time in C, that is, the instant in
which this operation was performed and finally insert
the value in the i-th position of array C; otherwise,
always in the i-th position of array C, the value 0 is
entered. Array A is used to make this calculation ac-
curate since the First Come First Served (FCFS) policy
applies at road intersections.

(iv) An arrayDwas obtained at the end of the simulation,
as the difference between array C and array B. D will
contain the waiting times of each vehicle and several
zeros, which will not affect the average calculation.

To perform the average of the waiting times hour by
hour, in order to display the histograms, a counter nh that
counts the nonzero waiting times in array D is used. 'e
calculation is performed in stock of 3600 items (i.e., in one
hour). For fixed nh, the Y array of average values is obtained
as shown in

Y[h] �
1
nh



3600

i�0
D[i + 3600h], (1)

where h ∈ \{0, 1, 2, . . ., 23\} and takes into account the time
in which the average waiting time is being calculated. To
give an idea, to calculate the average waiting time in the
hour between 00 : 00 : 00 and 01 : 00 : 00, where h is 0, Y[1] is
shown in

Y[1] �
1
n1



3600

i�0
D[i], (2)

in which the first 3600 seconds of waiting is considered.
Subsequently, once the first hour has ended, and the next
one has begun, which goes from 01 : 00 : 00 to 02 : 00 : 00, h is
increased by 1, and the sum becomes as shown in

Y[2] �
1
n2



3600

i�0
D[i + 3600], (3)

in which the waiting times of individual vehicles that show
up between 01 : 00 : 00 and 02 : 00 : 00 are considered.

Once the calculation of the 24 average waiting times in
24 hours Y[1: 24] is completed, this is given as input value to
the Matlab bar(X, Y) function, where X � [1: 24]fa. 'is
function draws columns in the histogram with a height equal
to the value of Y[X] in the positions indicated by the array X.

'e values Y[X] are saved to a file, and the histograms
are stored as images. 'e construction of the histograms
above was repeated for all eight lanes present in the case
study in question. It also seems appropriate to specify that
the various simulations were consistently implemented with
TrueTime. 'e different networks were developed using the
TrueTime Wireless Network, customized and adapted from
time to time based on the chosen network architecture.

Figure 8 shows the histograms relating to the average
waiting times of the intersection equipped with static traffic
lights (Case 1). In this scenario, the average waiting time is
56.23 seconds.

Table 1: Average waiting times of vehicles in the approach with static traffic lights.

A1 A2 B1 B2 C1 C2 D1 D2
Hour 1 41.5741 33.4001 33.714 4 38.354 3 38.248 7 42.001 32.272 8 35.977 4
Hour 2 36.563 3 44.545 6 45.111 2 32.863 7 39.7701 47.666 8 39.0001 34.795 6
Hour 3 40.354 19.2001 47.812 6 36.707 4 38.280 7 33.143 32.6001 33.853 8
Hour 4 41.027 9 17.889 37.571 5 40.591 9 38.3141 32.833 4 34.1861 35.274 6
Hour 5 40.885 5 37.666 8 40.5001 33.280 8 38.2021 40.428 7 30.978 8 29.333 4
Hour 6 39.431 1 31.8001 20.6251 41.106 5 38.1041 25.727 4 36.423 2 37.521 8
Hour 7 39.763 7 37.284 2 38.572 4 40.803 6 36.320 7 42.073 8 40.538 8 40.839 9
Hour 8 52.8131 43.17 55.355 3 111.195 6 51.818 3 42.568 2 45.665 9 108.083 6
Hour 9 44.946 9 41.369 4 55.984 8 402.766 4 44.791 2 39.873 44.267 9 406.966 3
Hour 10 38.2421 41.531 9 39.587 5 58.687 2 40.418 39.961 5 40.207 6 71.261 5
Hour 11 39.245 3 39.072 6 40.023 8 41.327 2 43.883 2 38.817 9 37.483 6 39.461 4
Hour 12 39.209 5 40.4651 42.9501 41.042 9 38.863 4 39.824 3 43.840 7 39.3631
Hour 13 41.311 3 56.061 5 96.8351 46.723 2 41.040 8 47.879 3 126.139 41.949 6
Hour 14 41.914 9 48.850 4 385.161 46.143 38.926 3 60.436 5 423.248 4 42.877 8
Hour 15 40.084 6 39.851 7 59.367 3 41.533 9 40.355 3 38.503 2 71.224 4 40.6001
Hour 16 40.251 9 41.762 37.279 6 40.178 8 40.135 7 41.199 3 40.080 3 38.974 2
Hour 17 36.717 3 41.531 5 38.182 3 40.635 40.886 2 41.829 4 39.958 6 39.812 3
Hour 18 41.2501 41.096 7 43.26 39.371 4 44.6591 40.961 6 39.541 6 40.0431
Hour 19 46.695 8 44.222 42.933 43.064 9 45.04 41.036 5 39.382 4 45.375 4
Hour 20 257.670 8 48.720 9 42.455 5 41.239 6 387.584 4 50.095 6 51.09 57.064 2
Hour 21 300.880 3 43.333 4 42.970 5 45.195 3 446.155 9 45.5201 46.199 2 43.0261
Hour 22 42.179 3 40.374 6 40.151 5 39.198 4 40.294 2 38.9121 40.364 7 41.248 3
Hour 23 41.235 9 40.244 2 38.8771 39.696 5 37.710 5 37.829 6 41.334 7 39.987 9
Hour 24 38.438 6 31.416 8 29.333 4 37.353 35.227 9 38.272 8 25.8751 36.829 4
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Figure 9: Average waiting time in the queue (Case 2).
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By performing the arithmetic average between all the
values of the widths of the columns of the histograms, the
values included in Table 1 are obtained. It should be noted
that, at peak times, the approach with a static traffic light
system is unsuitable since very high waiting peaks can be
encountered, even exceeding 400 seconds (more than
6minutes).

'e exact estimates were made with traffic conditions
identical to the previous ones, applying the IEEE 802.11p
standard as network infrastructure. Figure 9 displays the
graphs relating to the average waiting times in this specific
scenario (Case 2). By carefully analyzing the histograms, it
can be immediately noticed that the waiting peaks of
400 seconds are eliminated; the highest is equal to
185.75 seconds, i.e., about 3minutes. Furthermore, by cal-
culating the average waiting time of all vehicles, it can be
seen that it is lowered to 48.82 seconds, or 8 seconds less than
in Case 1. 'e values of the individual average amplitudes of
the histograms are depicted in Table 2.

In the third and last scenario, with a network imple-
mentation that uses LTE-V2V vehicular communications,
the obtained average waiting times are presented in Fig-
ure 10 (Case 3). 'e overall average of the waiting time in
the queue is, in this case, equal to 53.81 seconds, obtained
by performing the arithmetic average between the values
shown in Table 3. Although the average waiting time in the
queue is slightly higher than in Case 2, it nevertheless

represents a reasonable and competitive value. It should
also be noted that this approach could exploit the existing
(at least in a part of the national territory) 5G infra-
structural network, thus providing for a lower cost in terms
of the initial investment.

'erefore, from a careful analysis of the results ob-
tained from the simulations, it is possible to establish that
the approach relating to Case 1 has several disadvantages
concerning average waiting times in the queue (there are
peaks of 400 seconds, i.e., more than 6minutes of waiting
in the queue; moreover, the average waiting time is
around one minute). Accordingly, this application can be
considered the worst-case and empirically highlights
how this approach is distant from the other two ap-
proaches, which, on the contrary, provide configurations
in which intelligent traffic lights are exploited [38]. 'e
analysis of Case 2, on the other hand, represents the best
case, at least in terms of average waiting time in queues for a
vehicle. In fact, in this scenario, the peaks present in the
configuration of Case 1 are eliminated so much, so that the
maximum peak present is around 3minutes (worst-case equal
to 185 seconds), while the average waiting time in the queue
drops drastically by almost 10 seconds, reaching an average
time of about 49 seconds. 'e third approach (Case 3) rep-
resents the intermediate case as it allows for maximum peaks
that reach about 200 seconds (i.e., about three and a half
minutes). In comparison, the average waiting time in the queue

Table 2: Average waiting time of vehicles in the approach with standard IEEE 802.11p.

A1 A2 B1 B2 C1 C2 D1 D2
Hour 1 35.976 4 48.6001 29.0001 35.229 3 35.712 32.933 4 42.704 6 37.659 2
Hour 2 42.331 7 38.091 40.555 7 50.795 6 39.0101 45.666 8 37.266 8 46.613 7
Hour 3 35.921 5 26.4001 35.812 6 33.146 4 38.265 4 41.214 4 38.9001 35.487 9
Hour 4 41.133 4 21.666 8 21.285 8 48.143 42.819 9 39.166 8 44.1861 49.666 8
Hour 5 42.802 2 51.066 8 46.857 2 43.368 5 41.515 3 38.071 5 47.127 8 34.627 6
Hour 6 36.448 4 28.4001 44.6251 44.6171 45.5781 49.363 7 38.346 3 47.456 6
Hour 7 43.8851 43.221 5 43.070 8 44.753 8 43.170 8 45.708 9 45.077 5 43.721 2
Hour 8 65.433 48.086 5 97.567 6 61.583 3 55.399 3 47.772 4 48.974 6 68.619 5
Hour 9 62.562 5 47.619 4 74.1051 115.614 5 56.029 6 50.361 7 47.194 4 144.430 8
Hour 10 47.185 2 40.850 3 41.821 7 45.257 8 42.582 2 40.911 3 42.316 4 42.707 5
Hour 11 45.126 5 40.950 5 40.079 2 45.873 7 42.556 6 42.974 7 38.483 6 43.387 6
Hour 12 46.7041 43.802 7 42.556 44.703 5 40.600 8 45.969 8 42.640 7 44.782 3
Hour 13 50.395 5 69.483 3 61.256 58.0221 48.561 1 54.152 6 83.490 3 45.577 2
Hour 14 45.365 5 51.041 7 88.315 2 108.79 49.038 4 64.365 8 97.287 5 44.79
Hour 15 46.443 8 45.172 2 40.250 8 41.347 4 41.768 4 45.027 7 46.947 6 43.347 5
Hour 16 41.694 3 44.432 6 44.220 6 42.0171 39.038 2 42.447 3 37.1261 43.323 4
Hour 17 42.241 9 40.941 5 42.522 4 41.552 42.007 2 43.142 4 41.245 4 42.714 4
Hour 18 43.083 4 43.655 3 44.198 7 39.128 8 42.154 2 45.542 4 41.359 8 39.627 3
Hour 19 50.082 5 45.528 9 42.696 6 43.737 8 45.905 3 45.73 43.191 2 47.269 6
Hour 20 97.661 8 78.009 7 48.089 2 49.481 6 185.7501 75.797 9 74.084 4 159.648 5
Hour 21 71.904 2 47.629 2 43.875 8 43.883 111.645 7 50.4701 57.597 3 55.849 5
Hour 22 42.243 8 45.101 2 39.251 1 39.232 2 40.7391 43.6041 44.350 8 38.348 3
Hour 23 40.349 7 42.051 3 43.865 2 40.1661 40.532 9 45.077 6 42.464 38.906 6
Hour 24 38.260 7 32.833 4 52.444 5 40.490 3 38.340 8 41.0001 38.0501 39.512 3
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Figure 10: Average waiting time in the queue (Case 3).
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is around 54 seconds. However, the latter application allows
integrating LTE technology with fifth-generation (5G) cellular
communications. As has already been mentioned, this could
represent a significant advantage for this particular approach. It
would provide the possibility of using the 5G infrastructures
(partly already existing) instead of the case involving the use of
the 802.11p standard.

5. Conclusions

'is work presented an innovative approach to the man-
aging an intelligent traffic light system. 'e central basis of
this work is the implementation of an intelligent traffic light
whose management is required from three application
scenarios. 'e decision-making part was set as a black box
inside which input signals enter, and output signals are
produced. All this made it possible to imagine three different
realization hypotheses, simulated through Matlab, and
provided valuable data for their subsequent comparison.

'e proposed approach has brought out a series of
advantages and innovations compared to the multiple so-
lutions existing in the literature. First of all, there is the
generality of the treatment making any implementation
solution independent from the point of view of the network
infrastructure that is implemented upstream. Another
fundamental aspect is represented by the transparency of the
functioning of the black box concerning the infrastructural
solution. In this sense, this block does not affect the per-
formance of the network used, regardless of what the block
is. 'e simplicity of implementation is another essential
advantage introduced by the approach reported in this work;
a simple input-output block results in a considerable saving
of energy and cost of the final solution adopted.

From a detailed analysis of the data, it seems possible to
establish that the best implementation solution, from an
infrastructural point of view, is that of the 802.11p standard.
However, it is necessary to take into consideration the fact that
the LTE-V2V technology, as already described in this work,
could be a technologically more attractive solution, given that it
is ready to be adapted to 5G technology, whose infrastructure is
already, at least in part, widespread.'is situation would make
it possible to lower the initial economic impact significantly.
However, it is also important to point out that the 802.11p
standard is currently subject to continuous evolutions.

'erefore, based on this, this work it can be concluded
that none of the multiple applications analyzed is universally
best. On a case-by-case basis, it is necessary to choose which
solution introduces more significant advantages over de-
veloping a particular application.'e comparison with other
implementation hypotheses, the possibility of making the
services provided by an intelligent traffic light system useable
also by autonomous vehicles (AV), and the ability to make
new implementation approaches (also in terms of devel-
oping new standards of communication) are all possible
topics that could be developed as further study of this re-
search topic.
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Table 3: Average waiting time of vehicles in the approach with LTE-V2V communications.

A1 A2 B1 B2 C1 C2 D1 D2
Hour 1 35.976 4 48.6001 29.0001 35.229 3 35.712 32.933 4 42.704 6 37.659 2
Hour 2 41.794 8 38.091 40.555 7 50.886 5 39.0101 45.666 8 37.333 4 46.636 5
Hour 3 35.921 5 26.4001 35.812 6 33.146 4 38.265 4 41.214 4 38.9001 35.487 9
Hour 4 41.133 4 21.666 8 21.5001 48.143 42.819 9 39.166 8 44.325 7 49.666 8
Hour 5 42.802 2 51.066 8 46.857 2 43.421 2 41.515 3 38.071 5 47.255 4 34.686 4
Hour 6 36.448 4 28.4001 44.6251 44.6171 45.5781 49.363 7 38.346 3 47.456 6
Hour 7 47.284 4 44.461 4 46.9261 35.560 2 44.355 5 46.133 4 49.158 4 35.617 3
Hour 8 60.331 4 62.147 7 101.206 5 74.921 2 61.772 8 87.364 47.918 5 90.3741
Hour 9 59.9981 66.409 2 106.197 112.324 56.512 8 59.582 51.974 119.221 4
Hour 10 46.235 42.037 6 44.717 6 43.868 2 44.053 8 42.309 43.554 5 41.244 4
Hour 11 49.479 38.156 6 43.122 6 45.602 3 44.032 4 41.8221 40.289 5 43.487 2
Hour 12 50.371 9 46.223 46.717 7 41.180 5 41.7951 49.654 6 42.136 3 41.673 4
Hour 13 68.270 5 63.0041 74.178 6 82.325 4 55.181 7 61.987 4 130.367 7 53.976 2
Hour 14 70.0331 67.095 7 144.096 3 83.508 5 64.481 107.951 6 203.403 2 48.449 6
Hour 15 46.489 5 44.19 42.838 9 42.877 9 42.656 5 41.705 6 50.422 3 43.315 9
Hour 16 43.356 2 43.682 6 43.370 2 42.332 39.038 2 41.402 5 36.923 8 43.732 9
Hour 17 42.278 8 39.962 4 43.129 7 41.236 6 42.373 8 42.593 6 41.6001 42.310 3
Hour 18 43.545 2 44.896 7 45.397 2 38.367 7 42.675 5 45.227 42.328 2 38.706 2
Hour 19 49.510 4 50.975 4 43.322 8 47.151 3 46.3941 50.641 7 46.335 3 51.624 8
Hour 20 101.2001 81.858 6 66.789 7 67.0371 183.146 9 85.372 8 147.105 237.3261
Hour 21 64.577 4 54.641 7 58.08 48.150 3 62.984 3 60.207 6 253.5001 104.932 6
Hour 22 40.860 3 45.187 4 40.988 2 39.839 8 41.1251 44.8761 44.191 1 38.814 9
Hour 23 40.341 6 42.763 9 44.214 4 40.449 5 39.865 45.3761 43.361 3 39.174 9
Hour 24 38.063 6 33.083 4 52.555 7 40.490 3 37.818 8 41.091 38.2751 39.512 3
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