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The years we are experiencing are often identified as those of the Age of Smart Technologies. Smart is
now a very popular term, with the meaning of clever, intelligent, sharp, quick on the uptake. Its extensive
meaning can be grasped if we consider it as an acronym for Self-Monitoring Analysis and Reporting
Technology to indicate the essential features of the innovative technologies that characterize today’s soci-
ety in its daily life. Thus, the advent of the Smart Age, which is therefore the era of smart technologies, has
heavily characterized and modified many aspects of today’s society compared to the past. In this panor-
ama, some arising questions regard transport infrastructure systems and, first of all, road transport. This
research proposes a focus on one main issue: how roads fit into this smart revolution? Actually, the paper
aims to offer an overview of the smart approach in road engineering by proposing a broad discussion
about the current state of innovation in the smart roads field, i.e. the roads of the Smart Age. After defin-
ing the key functions of a smart road, the paper reviews some innovative technologies that make these
items effective. These are studied in depth both with regard to motorway-type infrastructures and urban
roads and intersections, with attention to the various technological aspects and to the benefits perceiv-
able by management, users and the community. The paper, therefore, offers a bird’s eye view of this
extremely dynamic sector with innovative technologies for a new intelligent and connected mobility,
and discusses some of their criticalities and strengths allowing for optimization and development of
new transport functions and services, improving energy efficiency and promoting social, economic and
environmental sustainability.
� 2021 The <Authors>. Published by Elsevier B.V. on behalf of Karabuk University This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

During the 1980s, the advancement from analog electronic and
mechanical devices to digital technology led Humanity to a revolu-
tion, the so-called Digital Revolution. Also known as the Third
Industrial Revolution, from a boost of innovation begun in the
60 s [1] it marked the beginning of the Information Era, which con-
tinued in the following years that are often referred to as Computer
Age, Digital Age, or New Media Age.

Starting from the definition given by Klaus Schwab, founder of
the World Economic Forum, in the last few years some have recog-
nized a Fourth Industrial Revolution building on the Third one [1–
3], characterized by the fusion of modern intelligent technologies.
This new revolution is also often identified with the term Industry
4.0, which will bring computerization and inter-connection into
the traditional industry, connecting the physical to the virtual
world, achieving a higher level of automation and improving oper-
ational productivity and efficiency [4]. What we are now experi-
encing is often identified as the Age of Smart Technologies,
describing a world where individuals move between digital
domains with the use of connected technology to enable and man-
age their lives [2].

Nowadays smart is a very buzz term used with its meaning of
‘‘intelligent”, ‘‘clever”, ‘‘sharp”, ‘‘quick on the uptake” to describe
any kind of available technology with an high innovative contribu-
tion. Actually, the term ‘‘smart” can be viewed as the acronym for
‘‘Self-Monitoring Analysis and Reporting Technology” [5], although
this acronym was created in Computer Science to indicate systems
for controlling the reliability of hard drives [6]. Thus, ‘‘smart tech-
nologies‘‘, including both physical and logical applications, identify
solutions that are capable of automatically adapting to the context,
to improve the management of several aspects of human life.

The advent of the Smart Age has heavily characterized and
modified many aspects of today’s society compared to the past.
Significant innovations in this direction are progressively charac-
terizing multiple aspects of the current reality, from science, econ-
omy, education, health, governance, modifying peoples’ lifestyles
and proposing a new focus on the sustainability of the planet’s
ecosystems. Smart technologies are undergoing profound changes
in business models, institutions and the whole society, making col-
laborative resources available and accessible. These include a num-
ber of Information and Communications Technologies (ICTs), such
as end-user Internet service system, Internet of Things (IoT), Cloud
Services, Big Data, Artificial Intelligence (AI) and Edge Computing
(EC).

From the concept of smart technology, a natural extension leads
us towards the concept of ‘‘smart city”. Modern cities collect many
aspects of life of modern societies, and mobility appears in a wide-
spread and recurrent way as a critical issue. Key enabling technolo-
gies for smart cities mostly find their concretization in the ICTs
field [7]. Industry 4.0 and its concrete expression in the Internet
of Things (IoT) allows to create a massive network of intercon-
nected physical objects embedded with electronics, software, sen-
sors, and network connectivity becoming the building block for
next-generation smart cities [8]. The smart city, therefore, inte-
grates information from sensors, communication technologies
and various physical devices to optimize the efficiency of city oper-
ations and services to deliver a sustainable, prosperous, and inclu-
sive future for its citizens [9]. Thus, smart technologies can be
organized in a productive and effective way to promote intelligent
and connected mobility schemes, to allow for an optimization of
urban functions and services, improving energy efficiency and pro-
moting social, economic and environmental sustainability.

Information and communication technologies have enabled the
design and implementation of intelligent transportation systems
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(ITSs) [10,11]. ITSs combine various technologies and services to
optimize mobility, making the transportation sector safer and
more sustainable and efficient [12]. In this panorama, some arising
questions regard transport infrastructure systems and, first of all,
road transport. From this point of view, some questions arise:
How roads fit into this smart revolution? If there is a need to make
some revolutionary changes in concepts of roads and highways,
how can they become smart? What do ‘‘smart road” and ‘‘smart
highway” mean, and what can they be?

We can find many definitions for the term ‘‘smart highway”
[13], but the most general is that smart highways and smart
roads are terms for a number of different technologies incorpo-
rated into roads [14]. In a deeper way, it is an extensive concept
for roads of tomorrow, looking at innovative ideas that apply the
opportunities offered by new technologies in smart ways. Thus,
we can say that a smart highway combines physical infrastruc-
tures with software and data. In these terms, the road itself can
be a platform for innovations. A smart highway will allow for
technological integration into current transportation roadways,
including connected devices and IoT, to increase transport effi-
ciency, drivers’ and pedestrians’ safety, clean energy consump-
tion, and to promote sustainability.

In the wake of the general fascination for the concept of
‘‘smart”, ‘‘smart city”, ‘‘smart mobility” and ‘‘smart highway” have
become topics of growing interest in recent years, as evidenced by
the trends in searches by Google users shown in Fig. 1. Time series
by Google Trends [15] starting from January 2010 to February 2021
show an evident growth for all the four terms analyzed. In partic-
ular, considering the overall annual values for 2010 and 2020, a
growth of about 94% was recorded for ‘‘smart”, 165% for ‘‘smart
city”, 82% for ‘‘smart mobility” and 64% for ‘‘smart highway”. More
specifically, the growth has been much more consistent if we look
at the research field in the last two decades. Fig. 2 shows the expo-
nential growth trends from 2000 to 2020 of the annual number of
documents indexed by Scopus [16] with the presence of the terms
”smart‘‘, ”smart city‘‘, ”smart mobility‘‘ and ”smart highway‘‘
+”smart road‘‘ in the reference fields.

In the last decade, several experimentation projects using inno-
vative technologies applied to road transport have been launched
in the world, such as intelligent systems and devices supporting
management projects of motorway corridors, especially by infras-
tructure managers and local governments [17]. Recently the inter-
est in smart roads has taken on a systemic dimension. In the last
few years, many governments and transport authorities have inter-
preted the value of smart technologies not as an isolated and cir-
cumscribed experiment at the level of a single infrastructural
corridor, but as an integrated system design for the efficient and
innovative management of the whole road network. Smart, or
intelligent, highways could turn from serving a singular purpose
in being the backbone of various countries’ transportation systems
to provide additional value for both drivers and transportation
administrators. Therefore, it appears that smart roads are the near
future of road networks, and intelligence is becoming a promising
direction of research and development in the field of road engi-
neering, both in construction and management [13] with different
integrated applications of Building Information Modeling (BIM)
[18,19] and Intelligent Transport System (ITS) [10,20] promoting
innovation, automation, connectivity, cooperation, proactivity,
safety and cost savings.

Smart roads are the key piece of the EU plan ‘‘Cooperative Intel-
ligent Transport Systems” (C-ITS), which will allow road users and
traffic managers to share information and use it to coordinate their
actions. Innovation, cooperation, connectivity, and automation will
make Europe’s roads smarter. On 30th November 2016 the
European Commission adopted a European Strategy for C-ITS in



Fig. 1. Time series of Google Trends [15] searching interests – Monthly values from January 2010 to February 2021 for: (A) ‘‘smart”; (B) ‘‘smart city”; (C) ‘‘smart mobility”;
(D)” ‘‘smart highway”.
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order to facilitate the convergence of investments and regulatory
frameworks across European countries [21]. In this context,
European countries (and some market operators) have organized
3

themselves in a common framework for sharing projects and expe-
riences in the innovation of smart roads, which is the C-ROADS
platform [22].



Fig. 2. Annual number of documents (log scale) indexed by Scopus [16] from 2000
to 2020: searching results for: ‘‘smart”; ‘‘smart city”; ‘‘smart mobility”; ‘‘smart
highway” + ‘‘smart road”.
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These significant stances expressed at a European level are kick-
ing off the policies of member states, followed by the initiatives
and the first actions by the entities and operators involved. An
example that can be indicated in this regard is represented by
the Italian case. In April 2018, the Italian Ministry of Infrastructure
and Transport (MIT) issued a specific law, the so-called Smart Road
Decree (DM 28/02/2018) [23], with which the smart road’s advent
officially started in Italy. It should also be noted that important ref-
erences to smart roads at a national level have been approved by
the Italian Parliament at the end of 2017 for the 2018 Budget
Law. The Smart Road Decree identifies the functional standards
to create more connected and safer roads which can communicate
with users onboard the vehicles, to provide real-time information
on traffic, accidents, weather conditions, and other information
thanks to new technologies, for better travel comfort and better
infrastructure management. MIT has also identified the first inter-
ventions in this innovative direction, which will concern the
motorway network, considering sections of new construction or
subject to extraordinary maintenance. In the first phase, by 2025,
action will be taken on the Italian infrastructures belonging to
the TEN-T network, Trans European Network-Transport, and on
the entire national motorway network; progressively, the services
will be extended to the entire network of the integrated national
transport system. Into this groove outlined by European and
national institutions, Anas S.p.A., a joint-stock company that has
been part of the FS Italiane group since 2018 and which manages
roads and motorways owned by the Italian State, has prepared
its Smart Road Plan to provide the country with an efficient road
network, open to the new challenges of the future, for a total
investment of approximately one billion euro in the next 10 years
[24].

Returning to the international context, as reported by INDRA in
the ITS Industry Report 2019 [25], smart road technologies belong
to an expanding sector, with enormous market prospects and
opportunities. The report estimates that the growth of this market
in the coming years will be 7% per year, with an annual forecast for
2022 that in Europe would exceed 2 billion euro.

In this context, which is innovative and dynamic by vocation,
this paper aims to offer an overview of the smart approach in road
engineering by proposing a broad, although not exhaustive, discus-
sion about the current state of the art in smart road developments.
Starting from the definition of the functions of the smart road and
more generally of mobility in a smart city context, this work
reviews the most recent lines of innovation in this sector. The
paper, therefore, proposes a discussion on the actual ability of
these innovations to achieve the objectives underlying the vision
4

of the smart road, in a perspective of environmental and social sus-
tainability. This discussion, in fact, aims to highlight some
strengths and criticalities of these current innovations in the mar-
ket for infrastructures and services for road mobility, in light of the
focal points of the Smart Age mobility.

The paper is structured as follows. In Section 2 smart road
themes are discussed in the broader context of the design and
management of road infrastructures. Thus, Section 3 presents some
of the advances in transportation technologies for road transport
and their integration policies, which define the path undertaken
towards the highways of the future. Finally, section 4 discusses
the environmental and social sustainability aspects of the innova-
tions reviewed and Section 5 defines some conclusions.
2. For a smart road concept in highway engineering

Several decades ago, Ferrari [26] outlined the future of motor-
ways. At the dawn of traffic control technologies, he identified
the direction of infrastructural development towards greater spe-
cialization, with the use of control systems for traffic management
to ensure more efficiency, reliability and safety for highway infras-
tructures, with effective interventions and with a limited commit-
ment of capital and land use.

Ferrari [26] linked the greater safety and reliability of transport
infrastructures to the less freedom of use granted to vehicles. In
this way, reliability and safety are minimal on urban roads and
maximal on railway infrastructures; they also decrease as the
number of vehicles increases. In this sense, he identified the
motorway as the result of the attempt, undertaken in the 30 s
and 40 s of the twentieth century, to create a road transport system
with stricter rules and controls than urban roads, to bring its per-
formances closer to those of railways.

The link between control, reliability and safety clearly emerges
from these considerations and moves into the Smart Age, which is
the future Ferrari [26] wrote about. In the Smart Age, control
strategies go hand in hand with sensor networks, connection and
cooperation, IoT and AI, and this happens in an exemplary way
in the world of transport systems. As already mentioned in the
introduction, the Cooperative Intelligent Transportation System
(C-ITS, according to the European nomenclature) is an emerging
technology based on the communication and cooperation between
vehicles, as well as between vehicles and physical infrastructures.
This is so true that the so-called Connected Vehicles (CVs) and
smart road concept are often considered synonyms. Even though
this is certainly a simplification, as seen in the introduction and
as clarified by the previous items, CVs represent a central element
of the smart road.

In a very synthetic way, we can say that CVs are equipped with
advanced communication technologies that allow an exchange of
information between the various elements of the transport system,
configuring what is generically identified as Vehicle to Everything,
or V2X [27]. A V2X network connection is actually specified with
respect to the nature of the relationship between the vehicle and
the outside world, including Vehicle-to-Vehicle (V2V), Vehicle-to-
Infrastructure (V2I), Vehicle-to-People (V2P), Vehicle-to-Network
(V2N).

The new V2X technologies, even mixed with non-CVs, are
arousing a growing interest as usher in new operation models,
change in traffic flow fundamentals and management, and rede-
sign in safety and mobility management [28,29]. As highlighted
by Guerrieri et al. [30], recent innovations in vehicle automation
make it necessary to investigate new design criteria in highway
engineering. These authors point out that future road evolution
will produce a transition from the current transport system based
on the interaction among human-vehicle–road components to a



Fig. 3. Key features for Smart Road.
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smart system with the only vehicle–road and vehicle-vehicle inter-
actions. Thus, design criteria are to be modified since the human
factors are going to be less significant in driving processes [31].
From these assumptions, Guerrieri et al. [30] propose design crite-
ria for automated highways, regarding stopping sight distance,
straights design, horizontal circular curve design, transition curve
design, crest vertical curve design, sag vertical curve design, capac-
ity estimation and safety condition assessment.

If connection and cooperation emerge as fundamental topics for
a smart road configuration in a V2X context, the point of viewmust
necessarily be broadened to have a full representation of the smart
road concept. In this regard, the approach followed by Zhao & Wu
[13] and based on the enumerative definition is very useful for an
adequate classification of terms and functions. For these authors,
therefore, smart road deals with four basic items (see Fig. 3):

� self-awareness, i.e. the ability to monitor the road conditions
(even traffic status) automatically and in real-time;

� information interaction, i.e. the ability to link intelligent devices
for road and vehicles monitoring and to connect sensor-
network and databases within an intelligent communication
system;

� self-adaptation, i.e. the ability to automatically adjust to the
various circumstances of the road;

� energy harvesting, i.e. the ability to collect green energy from
pavements, sub-grade and other infrastructures, and supply
energy for the whole smart road system or some other objects.

Following the enumerative definition [13], each item manifests
itself through a certain number of functions (e.g. structural health
monitoring or traffic detection for self-aware service items) which
in turn are implemented through technologies (e.g. non-
destructive testing technologies or distributed sensors detection).

It is clear that for correct classification, the smart road cannot be
considered as a collection of single and independent service items,
functions or technologies. By its very nature, a smart road is a sys-
tem in which the items are integrated, as well as the functions and
technological or design solutions that allow their implementation.
This integration must follow two levels [13]: a logical level that
defines the connections between the subject items (e.g. a logical
link between self-awareness and self-adaptation, i.e. adaptation
based on what is monitored; a logical link between self-
awareness and information, i.e. informing about existing condi-
tions; logical link between self-adaptation and information, i.e.
informing about changes taking place; and so on); a physical frame
that is the concrete realization of the logical frame through the use
of technologies to realize the smart road’s functions.
5

In this perspective and looking back over the list of items, the
attention to the design criteria and construction techniques of
the smart highways of the future must include in a wider context
other aspects related to the capability of the infrastructure to
‘‘learn”, ‘‘interact”, ‘‘adapt” and ‘‘feed”. The following section is
dedicated to the in-depth study of each of these aspects, identify-
ing key functions and innovative technologies for the smart road,
i.e. the highway concept for the Smart Age.
3. Key functions and innovative technologies for the smart road

3.1. The road that listens to itself

Within a smart road system, all the components are sources of a
large amount of useful data that is generated in a short time. This
happens because a smart road utilizes sensors and devices to mon-
itor the infrastructures’ condition or traffic status. These data are
Big Data resources [32], containing detailed information about
the infrastructures’ condition and drivers’ behavior.

In a smart road system, data can be obtained from various
sources [33,34], such as a large number of sensors, smart cards,
satellite systems, cameras, social networks, etc. These Big Data
resources are logically and physically decentralized, but they need
to be centralized, processed and interconnected in an acceptable
time, in order to be available for use by each component of the sys-
tem. Lopes et al. [33] identify three major methods for traffic data
collection, that are roadside data, wide-area data and floating car
data. Roadside data referred to vehicular traffic regard microscopic
and macroscopic traffic variables, vehicle type and weight, which
are measured by sensors and devices located along the roadside.
These sensors and devices can be: inductive magnetic loops, pneu-
matic road tubes, piezoelectric loops arrays; microwave radars,
ultrasonic and acoustic sensor systems, magnetometer detectors,
infrared systems, light detection and ranging (LIDAR) and video
image detectors. Wide-area data monitor highway traffic condi-
tions within a defined area using: photogrammetric acquisition
and processing, video and audio analysis, satellite acquisitions
from space. With the recent technology developments, vehicle-
based detection represents a data collection method of increasing
use. Floating Car Data (FCD) refer to mobility data collection using
vehicles as sensors and providing a point-to-point path, with
detailed information about the trip. Examples of FCD technologies
are: Wireless Communication and Global Navigation Satellite Sys-
tem (GNSS) such as Global Positioning System (GPS) devices for
V2V and V2X cooperation, License Plate Recognition (LPR) systems,
On-Board Transponder Units (OBTU). Vehicles equipped with var-
ious kinds of floating sensors have the potential to be the perfect
tools for transportation infrastructure monitoring using crowd-
sourcing sensors in moving traffic units [35].

An extended monitoring system suitable for a smart road uses
capacitive sensors, vibratory sensors, accelerometric sensors, infra-
red sensors and optical fiber sensors to acquire information on the
state of the infrastructure (vibrations, stress, wear, failures, etc.)
and the surrounding environment (temperature, weather humid-
ity, pressure, wind, lighting, visibility, etc.). Considering the infras-
tructure and the environmental situation, we can distinguish
pavement and sub-grade/soil monitoring [13]. Pavement condition
sensors regard, for example, temperature, moisture detection, icy
condition, structure damage detection; sub-grade/soil slope sen-
sors regard sub-grade freeze and thawing monitoring, sub-grade
settlement monitoring, slope stability monitoring.

The smart road is therefore capable of listening to itself thanks
to the installation of a plethora of connected sensors. The evolution
in the field of sensors has been enormous in recent years, and the
consequent applications in the road sector have increased incredi-



Fig. 4. V2X technologies.
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bly, allowing the development of systems in which things and peo-
ple can connect anywhere, activate processes and exchange data in
a productive way. This is the IoT frontier that is identified as the
Internet of Everything and Everywhere (IoEE), a pervasive network
of connections in the perspective of the smart city and smart
mobility [36]. Miniaturization is a driving element of the research
and production of technological devices operating in an IoEE con-
text, and this is also beginning to emerge in the field of mobility,
making its way into the realm of microelectronics and entering
that of nanotechnologies. These microdevices networks form the
so-called ‘‘smart dust”, a dense mesh of tiny electromechanical
sensors (MEMS) [36].

In the field of acquiring updated and detailed information,
growing opportunities are also offered by Unmanned Aerial Vehi-
cles (UAVs). UAVs, or most commonly known as drones, present
powerful dynamic integration capability with their high time–
space resolution and flexibility. They can serve different purposes
related to road safety (accident investigation, risk assessment),
traffic monitoring and management (vehicle detection and extrac-
tion of traffic parameters, traffic flow and traffic behavior analysis),
and highway infrastructure management (structures inspection,
pavement condition, road distresses monitoring) [37].

This wide range of sensors of different nature and the conse-
quent production of enormous quantities of data relating to the
infrastructure and environmental and traffic conditions performs
that key function that has been identified as self-awareness of
the smart road.

3.2. The road that connects, informs and regulates

As mentioned above, sharing information, connection and coop-
eration emerge as fundamental topics for a smart road. Thus,
information-exchanging systems are key elements that need to
be equipped in smart roads, providing uploading and related feed-
back of condition (both infrastructure and environment) data and
vehicle data [12].

IT networks for smart roads are substantially based on Wireless
communication technologies, and in particular on in-motion tech-
nologies, which ensure fast roaming and continuous communica-
tion service. These communication systems play a fundamental
role to ensure connectivity between people and digital instru-
ments, vehicle connectivity, infrastructure connectivity and their
mutual connection. Smart road users share the information that
are collected by the sensors and processed by technological sys-
tems and applications to be usable and useful for a more comfort-
able, reliable and safe driving experience. Thus, users are provided
with real-time services by means of on-board vehicle devices and/
or personal devices, such as smartphones and tablets.

Each technological device that is fitted with sensors, both on-
road structures and vehicles, is part of an IT network. All these con-
nected devices, which collect huge amounts of data each minute of
the day, together form what is called the Internet of Things (IoT).
Actually, IoT is the evolution of Machine-to-Machine communica-
tion (M2M). If M2M links one device to another, IoT connects dif-
ferent M2M technologies together in order to transfer the data
between multiple devices of the same kind, without the interven-
tion of humans [38]. Thus, the Big Data collected and exchanged
between devices and sensors regarding vehicles, infrastructure
and the surrounding environment are the lifeblood of the smart
road. In the near future, Big Data analytics is anticipated to signif-
icantly increase its role in road management, safety and mainte-
nance, allowing us to superimpose a digital layer over the
existing physical infrastructure of the road network, to gather bet-
ter data about our highways [39].

To ensure active perception (i.e. listen to itself) and to transform
this into automatic discrimination (learn and inform), which are
6

the capabilities required for a smart road [40], this enormous
amount of data concerning various aspects of the infrastructure
and its daily operations? (or, even better, its instantaneous func-
tioning) must be properly collected, filtered, processed and
classified.

If, on the one hand, IoT generates massive amounts of informa-
tion, on the other hand, data-driven technologies grouped into
what is referred to as Artificial Intelligence (AI) offer algorithms
to make sense of all this data. Machine Learning and Deep Learning
provide a variety of advanced analytical tools for predictive analyt-
ics, which in turn can inform preventive actions [41]. Beyond these
algorithms for Big Data analytics, AI cognitive computing tools
allow watching the data over time, underlining the role of learning,
memory creation, experience retrieval and adaptability for the
smart road [42].

On smart roads, vehicles exchange information with each other,
with infrastructures and also with other interested and authorized
subjects. In a very general way, we talk about Vehicle-to-X connec-
tions, in a word V2X (see Fig. 4), where X can be represented by
[27]: V, to indicate another generic vehicle, for example to provide
and receive alerts on traffic conditions; I, to indicate infrastructure,
for example, to allow vehicles to be warned about rules (speed lim-
its, traffic restrictions, etc.) or temporary occurrences (accidents,
maintenance operations, work zones, etc.) and, eventually, to adapt
driving to the current or future environment; P, to indicate people,
for data exchange with devices in the nearby to receive informa-
tion; N, to indicate network, for data exchange with an Operational
Control Center (OCC). V2X connectivity could allow the full and
profitable application of modern solutions for highway traffic man-
agement, by means of variable speed limits, ramp metering, hard
shoulder running, platooning, and other cooperative adaptive
cruise control systems [43] (see section 3.3).

In the smart highway of the near future, connected vehicles will
also be autonomous, and for this reason they are called CAVs (Con-
nected and Autonomous Vehicles), i.e. vehicles equipped with non-
human driving systems. Vehicle automation is a concrete applica-
tion of Artificial Intelligence (AI) in the field of transport. By using a
huge amount of data (those that we have already identified as Big
Data and which are incessantly produced by the smart road), AI
algorithms make calculators capable to perform activities for
humans, such as driving. From a simple Driver Assistance to the
Full Automation (according to the 5 degrees of automation defined
in standards by the International Society of Automotive Engineers
[44], as in Fig. 5), Autonomous Vehicles (AVs) are configured with
different types of sensors, allowing them to adapt to the existing
road context thanks to on-board technologies. Actually, this cir-
cumstance is implementable, effectively and safely, in the real-
life world if an AV can establish a continuous dialogue with the
other X elements of the system. That is, in an environment of
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autonomous and connected vehicles that we have identified as
CAVs.

Vehicular Ad-hoc Network (VANET), Dedicated Short Range
Communication (DSRC) and Wireless Local Area Networks
(WLANs) such as Wi-Fi offer the potential to effectively support
safe V2X communications [45]. VANET allows vehicles that are
close to each other within a small distance to connect and
exchange information, and enables the roadside equipment to
communicate with vehicles by making a wide network. A VANET
is implemented through a DSRC technology to create wireless
V2X communications. Technologies in this field evolve rapidly,
with new protocols that increase the efficiency and security of
communications [46] (e.g. satellite, cellular, Wi-Fi wireless local
area network (WLAN) and its wireless access in vehicular environ-
ments (WAVE) evolutions, Bluetooth wireless personal area net-
work (WPAN), mm-Wave, infrared and radio frequency
identification (RFID)). As the integrity of communication within a
VANET is extremely important and high-risk situations for the
security of the infrastructure and the privacy/safety of its users
depend on it, new solutions are continuously proposed to improve
resistance to possible attacks [47]. In this sense, the latest innova-
tions concern the use of a computing paradigm borrowed from the
Bitcoin crypto-currency, the so-called Blockchain technology [48]
based on a distributed ledger, which can be read and modified by
multiple nodes on a network. The ledger entries are grouped into
‘‘blocks”, concatenated in chronological order, and whose integrity
is guaranteed by the use of cryptography. The addition of a new
block is globally governed by a shared protocol. Once the addition
of the new block has been authorized, each node updates its pri-
vate copy and this guarantees the absence of possible manipula-
tions. Though Blockchain technology is still in an early stage, it
appears extremely promising also in the field of transportation sys-
tems as showed by Astarita et al. [49] in their up-to-date literature
review.

In a recent work, Guerrieri et al. [50] recognize positive environ-
mental effects of smart motorways compared to conventional
ones. They use a Life Cycle Assessment LCA analysis, taking into
account the impacts due to the construction and maintenance of
the infrastructure, the environmental effects produced by the traf-
fic emissions and safety effects related to innovative barriers and
ITS solutions such as platooning (see Section 3.3). The results show
a significant reduction in energy consumption, pollutant emissions
and accident events for new smart highways compared to tradi-
tional ones.

Several researches – for example, see [29] or [50] – highlight
considerable benefits involving the infrastructure’s functionality
of a smart road emerging from V2X and CAVs: lane capacity
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increasing due to the reduction in the drivers’ perception and reac-
tion times (human factor); reduction in the frequency of
flow-breakdown phenomena (flow instability); safety improve-
ment resulting from the potential reduction of accident numbers.
Actually, these are the results that Ferrari [26] already glimpsed
a few decades ago (see Section 2) as a consequence of an increasing
presence of control systems for highway traffic management.

As well as for the infrastructure operation, data collected from
smart roads would be useful in urban planning and infrastructure
design and management. Traffic Big Data storage and analysis
could be used by engineers to analyze the traffic flow in a specific
area, detecting the space–time fluctuations of macroscopic and
microscopic variables and looking for the best solutions to prevent
congestion and manage mobility, with high standards of efficiency
and safety. This happens also with the use of various levels of sim-
ulation techniques (i.e. macro-, meso- and microscopic) that typi-
cally characterize the analysis approaches of Traffic Engineering.
Similar considerations can be made for infrastructure and environ-
mental data, which can flow into the Building Information Model-
ing (BIM) platforms for the representation of the infrastructure and
its components, highlighting the relationships with the surround-
ing environment. BIM, therefore, organizes data from sensor net-
works not only for design purposes, but also to support
construction, maintenance and management of the operation of
the infrastructure.

Traffic, infrastructure and environmental data are the power
source of the Structural Health Monitoring (SHM) systems. SHM
refers to the process of implementing changes detection of the
material and/or geometric properties of a structural system to
determine the current state of system health. In the field of high-
way design, management and maintenance this especially con-
cerns critical structures such as bridges, viaducts and tunnels
[51] for rapid condition screening to provide, in near real-time,
reliable information regarding the integrity of the structure. This
is a new perspective that transforms the current reactive approach
into a new proactive one [50]. Section 3.3 explores some solutions
that use the information on the state of the surrounding environ-
ment and infrastructure to allow the latter to better respond to
the occurrences of the moment.

In addition to the above, it should be noted that one of the very
important components for smart roads is to provide accurate infor-
mation regarding the current conditions to road users. Information
can be made available inside the vehicle thanks to on-board or per-
sonal devices, in ways that inform and do not distract and confuse
drivers and users. Augmented reality (AR) possesses great potential
as a human–computer interface, which enhances the driver’s per-
ception by superimposing a useful real-world context in minimal
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detail in a driver’s line of sight [52]. From the point of view of the
infrastructure, the smart solution is to show the information con-
tents on dedicated adaptive road signs and markings equipped
with a variety of sensors and led displays [53]. Since these are also
adaptive components, they are detailed in section 3.3.

All of these applications will receive a significant boost with the
advent of 5G communication, due to the limitations of 4G tech-
nologies [54]. 5G and Edge Computing will allow to process large
quantities of locally produced data and to send the same data in
a much more compact form to remote systems. Thanks to the pos-
sibilities of network availability anywhere overcoming the current
boundaries of time and data size [54], these two key technologies
will allow applying an intelligence layer in devices and sensors
with greater resilience and greater effectiveness in real-time, to
generate an advanced communications system that makes collab-
orative, connected and autonomous driving feasible and effective
[25]. The most efficient management of this huge data traffic will
be the task of 6G. This sixth- generation mobile technology will
be called upon to address this engineering and computational chal-
lenge, with higher bandwidth and lower latency that will ensure
faster response times and even more devices connected to a single
antenna. 6G will ensure a dense AI presence that will create
context-sensitive intelligent services and applications for human
and non-human users, and ubiquitous services, which will follow
users seamlessly [55].

3.3. The road that adapts itself to the circumstances

As already discussed, CAVs and V2X connectivity open up the
possibility of implementing ITS solutions for highway traffic man-
agement more effectively, such as: Variable Speed Limits, Ramp
Metering, Dynamic Lane Management and Hard Shoulder Running,
Platooning and other Cooperative Adaptive Cruise Control Systems
strategies [43]. These are a kind of solution that can be seen as self-
adapting smart road applications.

Variable Speed Limits (VSL) and Speed Harmonization (SH)
strategies [56–58] enable speed limits to be changed dynamically
in response to traffic conditions. VSL and SH can involve gradually
lowering speeds before a congested area or a work zone, in order to
reduce congestion and to improve safety. Traffic sensors monitor
real-time conditions and send information to the OCC to calculate
optimal speeds. This information is shared with the vehicles. It can
be made available to drivers of human-driven vehicles on on-board
devices for connected vehicles and on adaptive overhead signs for
non-connected vehicles, or directly used by CAVs to adjust their
speed to the recommended level.

Ramp Metering (RM) and Coordinated Ramp Control (CRC)
strategies [58,59] are used to regulate the volume of vehicles
entering a motorway to ensure optimal traffic operations. Access
ramps are controlled by adaptive traffic signals. Red/green times
are powered by AI algorithms that use real-time traffic data to
determine the optimal entry rate. Thus, the platoons of entry vehi-
cles are broken in compliance with the estimated optimal entry
rate. Surplus vehicles form a queue on the ramp in attempting to
merge onto the mainline. The RM/CRC algorithms ensure that
mainline vehicles will not need to reduce their speed as much,
thanks to the optimal time spacing of the entering vehicles.

Dynamic Lane Management (DLM) and Hard Shoulder Running
(HSR) [60,61] are reconfiguration strategies for the cross-section of
an existing motorway. If the shoulder lane is converted into an
additional lane for vehicles, that is Hard Shoulder Running. HSR
generally assumes a dynamic character, which allows increasing
the motorway capacity during rush periods. Overhead signs on
the carriageway indicate whether the hard shoulder is open to traf-
fic and the mandatory speed limit which varies depending on the
traffic conditions and HSR opening/closure. In some cases the pos-
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sibility of traveling the shoulder lane is permanent, i.e. the shoul-
der lane is closed only for emergencies. This operating scheme
goes under the name of All Lane Running (ALR) [62]. A particular
type of DLM is the Contra-Flow Lane (CFL) [63–65], i.e. the reversal
of some lanes in order to temporarily increase the directional
capacity of a road. As the basic requirements to support dynamic
lane reversal are the speed and safety with which the inversion
operation must take place, this has greatly limited its application
in real cases.

The concept of Platooning refers to a group of vehicles traveling
in convoy, with a short distance from each other. Thanks to com-
munication technologies (VANET DSCR), the management of the
platoons can be done automatically and safely. The vehicles can
communicate with each other in order to travel in a synchronized
manner with the head of the convoy which plays the leading role.
Platooning is a traffic control and optimization strategy that is
experiencing various experiments and first applications in the field
of goods transport, with the so-called truck platooning. The first
applications begin to be available for vehicles of the same brand,
awaiting inter-brand extensions [66] on transnational networks,
such as the European network [67]. In addition to advantages from
the point of view of increasing the capacity and safety of the infras-
tructure, truck platooning allows further benefits by increasing
efficiency and sustainability: reducing the friction of air resistance,
it reduces fuel consumption and emissions, thus reducing business
and social costs [68].

These strategies, which are briefly reviewed here, will deter-
mine interesting enhanced applications in the future of the smart
road, thanks to the connectivity and automation of vehicles, the
availability of real-time data, the application of IA-based decision
systems and the self-adaptation of highway elements. As already
highlighted, an important aspect of infrastructure adaptability con-
cerns road signs and markings. The fundamental elements of the
latest generation road signs are their adaptive information LED
panels showing the data monitored in real time by local sensors
or processed by OCC, as a further evolution of the Variable Message
Panels (VMP), which have long been present on road infrastruc-
tures. Adaptive traffic signs and streetlights equipped with sensors
can take the form of Multifunctional Poles or Multifunctional Sta-
tions [24], realized with the most appropriate technological and
communication solutions to ensure the best usability of the
information.

Smart highway innovations relating to adaptive lighting and
marking include Dynamic Lines Markings (DLM), Interactive Light-
ing (IL) and Dynamic Paint (DP). DLM and IL systems are perhaps
the most popular at the moment. Among these, in fact, are the opti-
mal adjustments of light intensity in variable traffic and environ-
mental situations. An example of DLM is constituted by the
optical light guides with LED lamps connected to sensors for fog
and brightness detection. In case of poor visibility, the system
automatically activates the corresponding section with the
switching-on of the lamps which vary in intensity according to vis-
ibility. In case of danger, it is possible to activate the mode with a
synchronized flashing of all the lamps in the section affected by the
event. IL programs use sensors in streetlights for traffic and envi-
ronmental conditions, to regulate lamps optimizing the visibility
in compliance with the current situation (e.g. only when vehicles
are present, etc.).

DP solutions explore the possibility to paint road pavements
with innovative materials, i.e. the so-called Intelligent Materials,
that are sensitive to light and temperature. This could create on
the carriageway some dynamic markings that become visible in
the dark. In the Netherlands a prototype highway installation
works with a glow-in-the-dark pavement [69], made up of solar-
powered photo-luminescent powder. Marking lines are charged
by the sun during the day and emit their own light for up to
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10 h at night. Solutions of this type can come into operation even in
moments with low visibility during the day (e.g. fog). Extensive
solutions on the pavement and not limited to lines can be useful
when road conditions are slick, such as rain or ice conditions. Thus,
pictograms and icons synthetic of a situation (e.g. rain, ice, etc.)
emit shines on the carriageway pavement to guide drivers safely
along the road, and then become transparent when road conditions
become safe again. Further intelligent and innovative solutions
concern the management of interactions between vehicles, pedes-
trians and cyclists, especially in the case of pedestrian crossings.
Also in this case, adaptive solutions can bring considerable bene-
fits. For this aspect, refer to section 3.5 where solutions for urban
roads and intersections are discussed in more detail.

Beyond adaptive markings solutions, some references must also
be made with respect to Intelligent Materials in a broad sense [40]
considering self-healing or self-restoring materials, a promising
type of smart materials for road construction. Self-healing technol-
ogy is a new field within material technology that can find interest-
ing applications in the road design process [70]. The most explored
solutions concern self-healing asphalt concrete, which can reduce
the premature ageing of highway pavements, with significant envi-
ronmental and business cost savings for road maintenance.

Referring to recent updated reviews on these innovative smart
materials for further details and insights [70,71], however, we
can cite here what these authors identify as the three main self-
healing technologies available for asphalt pavement design:
nano-particles (nano-clays and nano-rubbers), induction heating
(electrically conductive asphalt pavements) and rejuvenation
(engineered cationic emulsions). Research and innovation direc-
tions in this field concern healing-on-demand, speeding up and
overlapping of multiple processes and autonomous self-healing
assessment mechanisms [70].

Heating cables and conductive grids or the innovative solutions
of conductive asphalt concrete (induction heating) represent active
research fields for the definition of efficient and safe design solu-
tions for highway pavements [13,72] with cost-saving and sustain-
able technologies for electric melting of ice and snow. It is known,
in fact, that timely and efficient prevention and treatment of ice
and snow are of great importance for highway safety and capacity,
but on the other hand traditional methods (i.e. manual cleaning,
mechanical cleaning and spraying de-icing salt) cause problems
for road pavements and structures. Treatment with defrosting salts
also has significant effects on environmental ecosystems. Along-
side the solutions identified above, we can also add [13]: self-
temperature-control (heat-reflective and self-cool pavements);
self-drainage pavement and subgrade; self-reducing noise and
exhaust gas pollutants.

3.4. The road that feeds itself

In addition to the aforementioned positive impacts on the envi-
ronment, linked to the possibility of operating with lower emis-
sions and consumption in construction, management and
maintenance operations [50], the smart road represents an ideal
platform for the installation of innovative systems for energy pro-
duction. Actually, smart highways can be seen as a great opportu-
nity for sustainable energy growth, enabling power generation.
Thus, a smart road should be a self-sustaining system that main-
tains all its functions and technologies using self-generated energy
power [40].

We can identify three directions that are most practicable by
smart highways in order to harvest energy [13]: solar energy, ther-
mal energy and mechanical energy. Taking these forms of energy
into consideration, Wang et al. [73] offer a comprehensive and
up-to-date review about energy harvesting technologies in road-
ways for different applications, as promising techniques that can
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produce renewable and clean energy and improve the sustainabil-
ity of infrastructures. For an in-depth study on the various energy
harvesting technologies, which have emerged as promising ways
to generate clean and regenerative energy, and above all for an
extended discussion on the relative costs, opportunities and tech-
nology readiness level, reference can be made to the aforemen-
tioned study [73]. Below we offer a brief review of the solutions
presented by these researches.

Solar energy harvesting can be obtained by Photo-Voltaic (PV)
cell technology, which converts solar radiation into electric power.
PV installations can take place with solar cells on road pavements
and noise barriers. Solar energy can also be captured and trans-
formed by using the so-called Solar Collector Systems (SCS). These
allow capturing solar energy, which is absorbed by the pavement
and can be transformed into thermal energy stored by a hot fluid
flowing in a network of pipes embedded in the carriageway. The
heat captured by the pipes of the SCS can be used to generate elec-
tric energy by thermoelectric generators. Another form of thermal
type is the so-called Thermo-Electric Generator (TEG), based on
thermo-electrical principles, which harvests energy from the ther-
mal change of the surrounding environment, such as pavements
and subgrade layers. Extending the energetic system to the deep
inside of the Earth, forms of Geo-Thermal (GT) energy exploitation
can also be implemented in the highway sector, with heat pumps
harvesting underground thermal energy storages. From a mechan-
ical point of view, energy harvesting regards Piezo-Electric (PE)
materials and Wind Turbines (WT). PE materials generate electric
charges as a result of mechanical stresses. Thus, the deformation
of road pavements can represent a strategy for energy harvesting
using conductive asphalt layers and piezoelectric material layers
to collect dissipated vehicle kinetic energy, i.e. Energy Harvesting
Pavement System (EHPS) [74,75].

Turning to another form of clean and renewable energy, namely
wind, we can easily imagine that the air flow generated by the pas-
sage of a vehicle at a certain speed can be used to move WT. It is
clear that, when the transit volume and speed allow us to deal with
generated winds of a certain constancy and speed, highway wind-
mills can represent a noteworthy clean energy collection system.
Liew et al. [76] propose an up-to-date review of feasibility WT
technologies for highway energy harvesting, regarding vertical
and horizontal axis WT. However, the study of the shape and opti-
mal positioning of these turbines, of the wind characteristics of the
area and of the wind power of a certain highway are crucial aspects
to deepen, in assessing its real feasibility.

Alongside the production of energy harvested from clean and
renewable sources, smart highways must also make this energy
available for direct use. If a distribution network, even of a tradi-
tional type, can make it possible to supply infrastructures and
technologies for road management (i.e. sensors, systems, lighting,
etc.), it is necessary to make a substantial leap in innovation when
we move towards vehicle powering. Electric vehicles (EVs) have
recently increased their market penetration significantly. More-
over, in the near future, we can imagine that all CAVs will be elec-
tric. Thus, the highway of the future must allow these vehicles to
be powered, or rather to be recharged, and this must inevitably
happen without any plug-in charging system. Wireless electric
vehicle charging systems (WEVCS) can take place as a static wire-
less charging system (S-WEVCS) and a dynamic wireless charging
system (D-WEVCS) [77]. S-WEVCS implies that the vehicle is sta-
tionary on an area specially set up for charging, without however
needing a plug-in connection, and for these reasons it is suitable
for parking areas. D-WEVCS is also known as in-motion charging
or charging while driving [78], and for this reason it is the eligible
solution in an evolved EVs environment (i.e. V2G connection) [77].

The Inductive Power Transfer (IPT) is a first-order D-WEVCS
technology for wireless charging of EVs based on several primary
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coils embedded in the road lane, which transfer induced power to
the secondary coils of the EV while it is moving [79]. For more in-
depth information on electric vehicle wireless charging technolo-
gies, a helpful and comprehensive review is offered by Panchal
et al. [77] and Ahmad et al. [80].
3.5. Smart city, smart road and smart intersections

Even though in the previous sections the discussion on the
smart road has been almost oriented towards infrastructures with
motorway characteristics, this in no way excludes the extension of
this innovative concept to urban road networks.

As mentioned in the introduction of this paper, modern cities
represent the ideal context in which new technologies for intelli-
gent and connected mobility can be organized in a productive
and effective way to allow for optimization of urban functions
and services, improving energy efficiency and promoting social,
economic and environmental sustainability. In this perspective,
as in Fig. 6, the new inspiration for Smart Age cities, the so-
called smart cities, regards [81]:

� livability: cities that provide clean, healthy living conditions
without pollution and congestion with a digital infrastructure
that makes services instantly and conveniently available any-
time, anywhere;

� workability: cities that provide the enabling infrastructure —
services, energy, connectivity, computing — to compete globally
for high-quality jobs;

� sustainability: cities that provide services without stealing from
future generations.

Extending the smart road concept, in the future smart cities’
road networks will be managed by intelligent systems that will
be able to consider each individual vehicle and to communicate
with it. These future networks, composed of intelligent and coop-
erative elements, will be able to guarantee self-awareness in oper-
ation, information interaction and connection, self-adaptability to
circumstance and energetic efficiency, reducing congestion and
promoting safety and sustainability.
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It goes without saying that smart road networks for smart cities
need smart intersections. Actually, intelligent and connected inter-
sections are a foundational piece for a smart city.

Taking into consideration the case of signalized intersections,
for some time cities have been organized with road intersections
equipped with adaptive traffic signals based on in situ traffic mea-
surements with actuated control schemes and coordinate control.
Traffic-responsive and coordinate signals are now quite wide-
spread in our cities, and Ni [82] proposes a complete discussion
of such systems with the most innovative solutions. Recently
Astarita et al. [83] published an interesting and detailed literature
review about FCD adaptive traffic signals, which represent the
starting point for innovative control systems. Referring to the
study cited above for the detailed literature reference, a quick
review of solutions sees in particular mobile phones and wireless
communications combined with GNSS technologies, such as GPS.
The same authors also report some studies investigating the poten-
tial of V2X connectivity. Actually, connected vehicles and V2X
could make it possible to regulate adaptive traffic signals on the
basis of more detailed traffic measures. This expands enormously
the possibility of implementing AI solutions for better real-time
management of the single intersection, some consecutive intersec-
tions along a road, or even large portions of the city.

As well as the management of the signaling system installed on
the road junction, V2X communication would allow real-time on-
board information on the vehicles. Currently, the second of these
two aspects has been experimented with on-board systems that
allow the use of information coming from the traffic signal to
adjust driving patterns (e.g. [84–86]). As for the first aspect, which
affects the traffic signal control system, the first experiments are
beginning to show their results (e.g. [87,88]).

It goes without saying that these systems must be designed to
take into account the coexistence of autonomous and connected
vehicles and human-driven vehicles. The control systems of adap-
tive traffic signals in a V2X context will be able to handle this coex-
istence in safety, keeping adequate constraints in the management
of conflicting maneuvers. This will make it possible to manage an
increasing penetration rate of CAVs in the mobility market, ensur-
ing safe operations for the various shares of traditionally-driven
vehicles, which will initially predominate and will gradually
decrease.

In the future scenario that sees the total presence of self-driving
vehicles in an extensively interconnected environment (i.e. V2X),
even the problems relating to the management of non-signalized
intersections can be adequately resolved. Once again, in fact, the
Big Data collected by the sensors and the AI algorithms can ensure
the implementation of real-time traffic management and control
systems for scheduling the transits of each single CAV and the
elimination of the risk of conflict.

Vehicular platooning systems, speed harmonization and trajec-
tory optimization systems allow eliminating the uncertainty in the
management of the maneuvers at a non-signalized intersection of
the smart road network. This intersection, in fact, can be managed
by the central traffic control system (which we have referred to as
OCC) according to a performance optimization plan. In this sense,
therefore, in a V2X environment with only CAVs, the intersection
is found to operate in a deterministic manner (as all the vehicle
paths are known and shared) according to a plan defined in real
time by the OCC and considering traffic, infrastructure and envi-
ronment context under some pre-ordered criteria (e.g. of transport
efficiency, safety of maneuvers, passenger comfort, energy con-
sumption, environmental impact, etc.).

More generally, automated approaches for non-signalized inter-
sections can be classified as being either centralized or decentral-
ized [89]. Centralized solutions include V2I communication
which shares the best crossing sequence, identified by the OCC
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through a decision algorithm to achieve a safe and optimal crossing
sequence. Decentralized solutions are based only on communica-
tion between vehicles arriving at the intersection and without cen-
tralized coordination (i.e. V2V), to perform cooperative maneuvers.
Centralized and decentralized solutions can operate optimizing the
crossing sequence and dynamical behavior of the vehicles using
cooperative driving techniques, such as Cooperative Adaptive
Cruise Control (CACC) [90].

Although CACC is properly identified when it is managed at a
higher level in centralized systems, Medina et al. [89] introduced
a Virtual CACC for decentralized solutions by means of virtual pla-
toons of cooperative autonomous vehicles, based on V2V commu-
nications only. Azim et al. [91] introduced a space-temporal
technique called BRIP, Ballroom Intersection Protocol, to manage
autonomous vehicles at intersections. BRIP enforces synchronized
arrival patterns for CAVs at intersections known or broadcast to
all approaching vehicles.

These aspects also concern roundabouts, both in conventional
and innovative forms such as the so-called turbo-roundabouts,
with their different layouts. Thus, a number of technologies and
standards can be implemented to optimize traffic flow in round-
abouts through V2X, but these are not applicable without major
complications in the case of the concomitant presence of both
CAVs and conventional human-driven vehicles.

To overcome this limitation, some studies have begun to
address the problem. Among these, Masi et al. [92] proposed a vir-
tual platoons approach roundabout traffic considering also human-
driven connected vehicles and non-connected vehicles, knowing
their position on the geometry of the intersection by means of ade-
quate sensors. This approach allows to apply a platooning strategy
to manage complex scenarios of non-signalized intersections (in-
cluding roundabouts) with partial automation and/or connection
for vehicles. In the intention of preserving compatibility with
human-driven vehicles, Ibanez et al. [93] have recently proposed
their synchronized model called Synchronous Roundabouts with
Rotating Priority Sectors, SYRPO. SYRPO, which incorporates smart
technologies such as sensors, CAVs, V2X, IoT, and AI, is based on
vehicle platoons arriving at the roundabout at a uniform speed
and within an assigned time slot for their entry. Its signaling sys-
tem is visual for human drivers and wireless for CAVs, and the con-
trol strategy prevents conflicts and stops.

In urban areas, but not only, road intersections are places of the
confluence of different classes of users, first of all motorized and
non-motorized ones. From this point of view, pedestrian and cycle
crossings cannot be neglected by smart innovations. Pedestrian
crossings are one of the most dangerous places in the transport
field, as most of the traffic accidents happen there. Thus, ITS and
smart mobility solutions can support in developing infrastructure
that can best manage these crossings. Pau et al. [94] reviewed a
series of ICT solutions to improve crossing safety with high-
performance recognition systems and adaptive logic for controlling
the traffic light phases. Reference should be made to this study for
an in-depth bibliography on the subject. These solutions, however,
are generally characterized by extensions and particularizations of
the solutions already discussed for traffic management in the
mixed case (i.e. with the presence of CAVs and human-driven vehi-
cles), in order to take into account the presence of non-motorized
users. Actually, these are clearly solutions that fulfill the key func-
tions of the smart road: self-awareness, connection and communi-
cation, self-adaptation and even self-supply when technological
solutions include renewable energy (mainly solar) for their
operations.

A new category of innovative pedestrian and cycle crossings,
which conform to the key function referred to above, is repre-
sented by the so-called smart zebra crossing. Some prototypes
have recently been developed, to activate laboratory experiments
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and to launch subsequent real-world installations. Among these,
we can mention the Starling Crossing system, that is a self-
adaptable road marking system. The Starling (STigmergic Adaptive
Responsive LearnING Crossing) prototype by Umbrellium for Direct
Line with Saatchi & Saatchi [95] consists of a responsive road sur-
face with ultra-bright LEDs that can tell the difference between
vehicles, pedestrians and cyclists and a network of cameras. The
crossing space appears as a digitized version of a traditional zebra
crossing but it is activated when there is a crossing request (i.e.
pedestrian or cyclist) and the control system considers that the
crossing can take place safely. A crossing symbol, which is first
red and then green, appears on the floor at the edge of the road.
The digitized crossing markings will widen if a crowd tries to cross
at once, and these disappear when no longer required or the cross-
ing can no longer take place safely. The system uses the principles
of stigmergy [96] – i.e. the pheromone traces that ants leave,
attracting other ants to the best paths toward food sources – and
ant-based algorithms of AI to monitor and adapt to the pedestrian’s
will and to ensure the possibility of a safe crossing in the current
environmental/road/traffic conditions.

A final observation for a smart intersection regards the capability
of feeding itself. For urban roads and intersections it ismore difficult
to hypothesize amultiplicity of sources for the generation of renew-
able energy as it has been done formotorways,with the exception of
quantitiesofsolarenergy;but,anyway,theirintelligentmanagement
canstill produce significantenergy savings, aswell as lowerenviron-
mental impacts. Also in this case, research is continuously being
developed andnewenergyharvesting hypotheses are being studied.
A recent one by Ibrahim et al. [97] attempts to take advantage of the
pressure ofmoving vehicles and pedestrians over a traffic road junc-
tionand, in turn, to convert it into electrical energyusingmechanical
arrangements and Piezoelectricmaterials.

Smart mobility concept relates to multimodal and intermodal
characteristics of passenger transport, especially for shifting people
from private car usage to more sustainable alternatives. Following
the definitions by Willing et al. [98], multimodality is the availabil-
ity of multiple and alternative transportation modes for the same
trip, while intermodality is the opportunity for a passenger to have
access, in a single trip, to a combination of distinct modes of trans-
portation. These authors reviewed a number of existing solutions
for multimodality and intermodality in passenger transport sys-
tems, highlighting their role as activators of more sustainable
mobility behavior and as solutions for relieving strained urban
mobility systems. On information systems perspective, the smart
city enhances multimodal and intermodal transport policies pro-
viding web platforms for travel planning and transport systems
integrations. A growing demand for more personalized transport
services has pushed towards new digital services enabling users
to plan, book, and pay for multiple types of mobility services. This
is the so-called Mobility-as-a-Service (MaaS) [99], a service con-
cept that integrates different types of mobility services, such as tra-
ditional public transport, car parking locations, taxis and ride-
sharing with a set of core attributes, such as: demand orientation;
multiple public and private actors; tariff integration and payment
harmonization; ICT and ITS solutions; digitalized planning chan-
nels and tools for user’s trip choices customization. Actually, these
types of applications are intended to propose the most appropriate
combination of transport modes/solutions for a specific trip route,
based on the underlying scenario of the available transport modes
and the preferences according to a few important criteria that are
relevant to users and to smart city policies. As accurate high-
quality travel behavior knowledge is a prerequisite for an efficient
service, to provide an effective and useful choice support, it is
important to have an accurate high-quality travel behavior knowl-
edge, both as automated transportation mode detection and rele-
vant criteria characterization for users. From this point of view,
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Feilhauer et al. [100] propose an advanced automatized travel
behavior detection and analysis platform for multimodal and inter-
modal trip optimization.
4. The smart road as a socially and environmentally sustainable
vision of modern road transport

In light of the definition of smart road that we have tried to
summarize, starting from the key functions and reviewing the
innovative technologies and strategies which are the current inter-
pretation of the Smart Age in the road field, it makes sense to ask
ourselves: what kind of general vision can we consider for the
roads of the future? Actually, we can add another not obvious
question, that is: how do the options identified as currently avail-
able fit into this vision?

Smart Transport Alliance (STA) [101], a not-for-profit global col-
laborative platform for transport infrastructure innovation across
modes and the smart city, offers an effective criticism for road
transport [102]. Road infrastructures, which are certainly the old-
est and most widespread ways for the movement of people and
goods, have undergone a growing degenerative process in social
perception. Infrastructure and road traffic are increasingly and
directly linked to exclusively negative concepts, due to their social
and environmental negative impacts. At the social, media and
political level there are different aspects which substantiate this
bad perception, which mainly relate to: air and noise pollution
impact, both locally and globally with the contribution to global
warming and both on different components of the biosphere and
on human health; hazard rates induced by certain types of trans-
port and general accident rates still not sufficiently reduced. At
the same time, the quality of the service that the road system is
able to provide in developed countries is constantly decreasing.
The increase in congestion, in addition to amplifying the environ-
mental and health effects mentioned above, reduces the comfort
of travel and increases the time taken away from other main activ-
ities. These aspects represent a typical source of frustration and
reduction of psycho-physical well-being in modern society, both
for the individual and for the entire community.

It should also be noted, in the experience of recent decades, that
the effort in technological innovation weighs against road trans-
port, in comparison with other modes of transport. Rail, air and
naval transport have undergone substantial changes, offering an
ever-expanding range of new and competitive solutions. The same
thing has not happened for road infrastructures: for a long time
innovation mainly concerned vehicles. The growth in the number
of moving vehicles, and the consequent increase in congestion
and environmental and health impacts, have exasperated the neg-
ative social connotation of road transport.

It seems that the time has come to re-discuss this declining role,
bringing back the positives aspects of using highways as effective
and efficient components of a modern integrated transport and
communication system. Investing in innovative road infrastruc-
tures, in fact, can represent a profit opportunity for the entire com-
munity, an opportunity to increase the well-being of the same as
an increase in accessibility to other transport infrastructures, pro-
duction plants, markets, services, structures. health, cultural and
recreational opportunities and participation in all aspects of social
and productive life.

STA proposes a comprehensive vision for smart road, as a
moment of rebirth for the role and significance of highway infras-
tructures in social and territorial relations: it ‘‘must address peo-
ple’s highest expectations in relation to road transport and, so
doing, define a model for highway of tomorrow that adapts to soci-
etal demands” [102]. Taking into consideration this vision, a panel
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of criteria can be identified, which represent the multiple dimen-
sions according to which this face-change in road infrastructures
can be substantiated, through solutions that can make them more
reliable, more comfortable, more sustainable and safer. In other
words, this panel of criteria interprets the multiple requirements
that the roads of the future must meet in order to be considered
in line with the expectations of the community. These can be
defined as below:

� A: Mobility efficiency improvement;
� B: Environmental performance improvement;
� C: Advanced traffic control strategies implementation;
� D: Life-cycle analysis of construction and maintenance costs
and energy inputs examination;

� E: User-oriented designs;
� F: Safety and security performance improvements;
� G: Long term validity.

At this point, it seems interesting to propose a compliance
assessment for the key solutions reviewed in the previous sections,
based on the panel of criteria identified according to the vision of
STA. The evaluation consists in assigning a score to each solution
in consideration of each criterion according to a three-level scale:
very significant; significant; not significant. Therefore, Table 1
shows the key solutions and relative score by criterion, together
with an overall score as the average of all seven criteria (score
level/color/weight: very significant/red/2; significant/orange/1;
not significant/yellow/0).

According to the scores we have decided to assign, Table 1
shows that the solutions proposed for the different features and
functions are oriented towards what we can consider a good
degree of significance in achieving the objectives of the referred
vision, with respect to each of the criteria and their overall
satisfaction.

It is clear, however, that the solutions reviewed are not to be
considered as pieces of a puzzle, in which the lack of an element
prejudices the entire work. These are rather elements of a rich tool-
box, which we can draw on to create, from time to time, a complex
smart road project, compliant with a socially and environmentally
sustainable vision and adequate for the actual needs of the trans-
port system and society.

In any case, in our opinion, attention must be drawn to the
potential risks deriving from optimism, which could be lurking
when it comes to new technologies. Technologies are not to be
considered in themselves capable of making roads safer, cleaner,
more efficient and more comfortable just because they are innova-
tive, in the wake of a self-referenced modernist attitude. They must
be carefully and responsibly studied, implemented and calibrated
on the specificity of the situations to be effective and sustainable
for society and the environment. From this point of view, it must
be kept in evidence that innovations can add levels of complexity
to the road transport framework. In a non-exhaustive but illustra-
tive way, and keeping in mind the solutions reviewed as techno-
logical aspects of the smart road vision, we can think of topics
such as: security of the data flow and information storage; privacy
and responsibility of individuals; safety and protection of all road
users, with particular attention to the weaker ones; new forms of
pollution, to the detriment of human health and the environment.

Numerous solutions proposed have a high need for information,
namely Big Data at various levels of aggregation, which feed AI
applications for the control of highly interconnected systems and
with high degrees of automation. The aspects of security and pre-
vention of attacks on these systems, as we have already had the
opportunity to specify (see Section 3.2), are highly critical for the
smart road, and the search for safe and unassailable protocols is



Table 1
Key solutions assessment according to the STA vision criteria.

* Criteria: A = Mobility efficiency; B = Environmental performance; C = Advanced traffic control strategy; D = Life-cycle analysis of construction and maintenance cost and
energy inputs; E = User-oriented designs; F = Safety and security performances; G = Long term validity.
** Levels: red = very significant; orange = significant; yellow = not significant. This is the format for table footnotes.

A. Pompigna and R. Mauro Engineering Science and Technology, an International Journal 25 (2022) 100986
and will continue to be the subject of great research and experi-
mentation in IoEE context.

Big data also means a lot of personal information and these
must be constantly protected from external permeability and
inappropriate uses, always guaranteeing privacy to the individual
users. CAVs and extended ITS solutions are a challenge also
from the point of view of responsibility for the actions taken by
AVs and OCC, and the accidental consequences that these can have.
This topic opens up to complex problems of legal and insurance
nature, for which substantial reflections and insights will be
necessary.

Concrete actions for the benefit of safety and comfort, which are
deep-rooted for vehicles in the planning and control of ITS, must be
maximally expressed also and above all, for weak users. Increased
safety levels must be ensured for pedestrians and cyclists, provid-
ing for an integration of control systems to take into account the
needs of these mobility components. In-depth analysis and devel-
opments are therefore expected in the field of smart intersections
to ensure shared and safe use of infrastructures, especially in the
urban environment.

Finally, in the review we have presented different solutions
that, according to the criteria and scores of Table 1, have been eval-
uated as capable of bringing environmental and health benefits,
taking into account their ability to lower emissions of known pol-
lutants and pressure factors. However, for these solutions and for
those to come in the future, the possibilities of new pressure fac-
tors on the environment and human health must be kept in mind.
In this regard, just think of the innovative construction materials,
the new technologies for wireless connection, transfer of informa-
tion and energy distribution, the dense network of sensors of an
increasingly miniaturized nature (MEMS), and whose effects on
human health and the environment must be properly investigated.
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5. Conclusion

The smart road concept, namely the highway of the Smart Age,
extends road infrastructures improving their operational capability
to respond to the modern needs of road users with intelligent
mobility solutions.

The paper aim was to offer an overview of the smart approach
in road engineering by proposing a broad discussion about the cur-
rent state of the art in smart road developments. Actually, the
paper presented a general discussion on what ‘‘smart road” and
‘‘smart highway” really mean and what they can be. The use of
functional definitions in the literature has allowed us to highlight
the key functions of the smart road: self-awareness; information
and connection; self-adaptability; energy harvesting. By examining
each of these key functions, the paper offered a bird’s eye view of
the most modern technologies based on Information and Commu-
nications Technologies, such as end-user Internet service system,
Internet of Things, Connection and Cooperation Services, Big Data,
Augmented Reality, Artificial Intelligence, Edge Computing. Along-
side these, other innovative technologies were reviewed, which
concern the use of Intelligent Materials or the exploitation of clean
and renewable energy sources.

Starting from the definition of the functions of the smart road
and more generally of mobility in a smart city context, the paper
proposed a discussion on the actual ability of these innovations
to achieve the objectives underlying a vision of the smart road,
in a perspective of environmental and social sustainability. The
solutions reviewed showed an excellent degree of compliance with
the criteria that were identified starting from this vision. Some
points of attention emerged from the discussion, highlighting some
strengths and criticalities of current innovations in the market for
infrastructures and services for the road mobility in the Smart Age
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and especially of their future developments. These may concern,
with greater attention, issues such as: security of data flow and
storage; privacy and personal responsibility; traffic safety and pro-
tection of weaker users; any new forms of pollution, to the detri-
ment of human health and the environment.

Actually, it is a rapidly expanding sector with very broad market
prospects in the coming years, oriented to win the major challenge
to connect users, vehicles and infrastructures in an intelligent, effi-
cient, safe and sustainable manner. Even though these innovations
still represent a small slice of the present, they are destined to
enrich themselves and constitute a large slice of the future in the
panorama of mobility, both for people and goods.
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[34] D. Muža, Graduation Thesis, University of Pula, 2020.
[35] Q. Mei, M. Gül, N. Shirzad-Ghaleroudkhani, J. Civ. Struct. Health 10 (4) (2020)

653–665.
[36] R.M. Aileni, G. Suciu, M. Serrano, R. Maheswar, C.A.. Valderrama Sakuyama, S.

Pasca. In Integration of WSN and IoT for Smart Cities; Rani S.; Maheswar R.;
Kanagachidambaresan G.; Jayarajan P. Eds.; EAI/Springer Innovations in
Communication and Computing. Springer: Cham, 2020.

[37] F. Outay, H.A. Mengash, M. Adnan, Transport. Res. A-Pol. 141 (2020) 116–129.
[38] N.N. Srinidhi, S.D. Kumar, K.R. Venugopal, Eng. Sci. Technol. Int. J. 22 (1)

(2019) 1–21.
[39] Ratti, C. https://carloratti.com/project/anas-smart-road/; 11/26/2020.
[40] L. Sun, H. Zhao, H. Tu, Y. Tian, Engineering 4 (4) (2018) 436–437.
[41] C. Stracener, Q. Samelson, J. Mackie, M. Ihaza, P.A. Laplante, B. Amaba, IT Prof.

21 (3) (2019) 55–62.
[42] Psaltoglou A. archiDOCT. 2018, 6(1).
[43] M. Guerrieri, R. Mauro, A Concise Introduction to Traffic Engineering

Theoretical Fundamentals and Case Studies, Springer, Cham, 2021.
[44] Society of Automotive Engineers. J3016_201806, 2018.
[45] Balon, N. Master Thesis, University of Michigan, 2006.
[46] Y.J. Li, Quality, Reliability, Security and Robustness in Heterogeneous

Networks, Springer:, Berlin, Heidelberg, 2013.
[47] H. Hasrouny, A.E. Samhat, C. Bassil, A. Laouiti, Veh. Commun. 7 (2017)

7–20.
[48] R. Shrestha, R. Bajracharya, A.P. Shrestha, S.Y. Nam, Digit. Commun. Netw. 6

(2) (2020) 177–186.
[49] V. Astarita, V.P. Giofrè, G. Mirabelli, V. Solina, Information 11 (1) (2020) 21.
[50] M. Guerrieri, B.M.L. Casto, G. Peri, G. Rizzo, Sci. Total. Environ. (2020) 138521.
[51] F. Moreu, X. Li, S. Li, D. Zhang, Front. Built Environ 4 (2018) 10.
[52] A. Mahmood; B. Butler, B. Jennings, In Encyclopedia of Computer Graphics

and Games; Lee N., Ed; Springer: Cham, 2018.
[53] J. Gozdecki, K. Łoziak, A. Dziech, W. Chmiel, J. Kwiecień, J. Derkacz, P.
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