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a b s t r a c t

The paper presents the design and the experimental evaluation of prototypes of measure-
ment nodes that are part of the Wireless Active Guardrail System (WAGS). The WAGS is an
innovative infrastructure, allowing increasing traffic safety on roads, by monitoring vehicle
speed, proximity between vehicle and guardrail, impact of a vehicle with the guardrail, and
several environmental parameters. In particular, in this paper, the designs and prototypes
of the nodes dealing with speed and proximity measurements are presented. Then, all the
phases of their experimental evaluation are reported and discussed.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Although safe road traffic is a goal of governments and
civil society all over the world [1], nearly 3400 people die
on the world’s roads every day [2]. Tens of millions of peo-
ple are injured or disabled every year [2]. The speed of
vehicles represents one of the basic risk factors in traffic
safety, and therefore, the accidents (e.g. vehicle crashes,
vehicle impacts with guardrails) depend by several factors
[3]. For example, it is known that if the driven speed gets
higher, the crash rate increases, and to this aim, a variety
of countermeasures (e.g. by using remote and distributed
measurement/actuating systems) should be taken into
account.

In order to face this challenge, one of the main objec-
tives is to improve the road infrastructure, such that it
can have a protective role in preventing accidents. With
the growth of technological development of the embedded

systems, since past two decades, it was possible to imple-
ment and deploy the concept of Intelligent Transportation
System (ITS) [3]. Due to the minimization of size and low
power consumption of modern sensor technologies, it
was possible to create new sensing systems which can be
mounted among the roads in order to monitor them. Now-
adays, different types of measurement systems, such as
for: vehicle speed, traffic jam and air pollution, are avail-
able on roads as part of ITS. They are mounted by using
additional mechanical structure elements or directly in
road pavement, and an important observation, they are
far spread from each other (e.g. as range, between hun-
dreds of meters or kilometers) [3].

In this framework, a novel idea, consisting of a Wireless
Sensor/Actuator Networks (WSANs or simply WSNs) for
traffic safety has been proposed in the project called
‘‘Design and prototyping of a new barrier based on an innova-
tive concept of safety combining structural function (passive
function) and active function’’ [4]. The idea consists of
designing an active infrastructure, embedded on the road
guardrails, which is capable of monitoring the traffic on
the road, the road conditions, and to take some actions
directed to the prevention of collisions between vehicles
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and guardrails, and to promptly alert an emergency system
when an accident has happened.

This active infrastructure, called Wireless Active Guard-
rail System (WAGS), has been presented in [5,6]. In [6–9],
two node architectures for traffic safety measurements
and their roles have been described. Such nodes have been
designed to measure: (i) the vehicle speed, (ii) the proxim-
ity between vehicle and guardrail, and (iii) the acceleration
of the guardrail parts, subjected to an impact with a vehi-
cle. In [7] a mathematical model for the measurement
uncertainty, for each traffic safety measurement, has been
presented. Finally, in [8], a preliminary work about labora-
tory characterizations of the developed speed and proxim-
ity measurement systems has been reported.

This paper aims of presenting and discussing the proto-
type design and the experimental evaluation of the devel-
oped speed and the proximity measurement systems.
Laboratory tests and on field tests have been carried out,
in order to assess the accuracy of the designed measure-
ment systems and their actual applicability on the road
infrastructure. The obtained results show that the pro-
posed speed and proximity measurement systems can be
suitable for a practical use, inside the WAGS.

After the introductory section, the paper is organized as
it follows. In Section 2, an overall overview of the WAGS
architecture is given. Then, in Section 3, the prototype
design of the speed and proximity measurement systems
is reported and discussed. The metrological characteriza-
tion of the speed and proximity measurement system is
presented in Section 4. The laboratory and on-field exper-
imental investigation phases are described in Section 5.
Finally, in the last Section, several conclusions are drawn.

2. The WAGS architecture

The overall architecture of the WAGS is shown in Fig. 1.
It is mainly composed by a Wireless Sensor and Actuator
Network (WSAN), with the aims of monitoring the road
and detecting the impacts between the vehicle and the
guardrail. The WSAN has a hierarchical structure, where
a set of gateways are in charge of managing a sub-network
of WSAN nodes, collecting data from such sub-network
and delivering them to a Server, where they are stored
and presented through a Monitoring Service System
(MSS). Each sub-network operates with a mesh topology,
where each WSAN node performs both the measurement
and routing tasks.

Three types of nodes have been foreseen in each sub-
network:

- The traffic safety nodes can contain: (i) a speed measure-
ment system, providing measurements of vehicle speed
in the point of the road where it is placed, (ii) a proxim-
ity measurement system, measuring the distance of the
vehicle and the guardrail plate, (iii) an impact detection
system, revealing a crash of a vehicle with the guardrail,
and (iv) a signaling actuation, consisting of a light or
acoustic system, which are in charge of alerting the dri-
ver if the car is going too close to the road limits or that
an accident has happened further on the road. In the

case a vehicle is approaching to the guardrail closer
than a specified threshold, the traffic safety nodes
noticing such information will communicate with the
following nodes of the sub-network, which will activate
the light or acoustic signaling. Such feature is useful
when a driver is distracted or is suddenly falling asleep.
Instead, when an accident happens, it is sensed by the
traffic safety node closest to the accident place, and it
is forwarded to the Server, through the gateway of the
sub-network, in order to alert the road rescue, and to
the previous nodes in the sub-network, which can in
this way alert the upcoming vehicles’ drivers, by light
or acoustic signaling.

- The environment monitoring nodes are in charge of mea-
suring environmental parameters which are related
either to: (i) the environmental conditions, like temper-
ature and humidity, and (ii) to the environmental pollu-
tion, such as the concentrations of harmful gases
produced by road vehicles, such as carbon monoxide
(CO), nitrogen dioxide (NO2), sulfur dioxide (SO2), and
the concentrations of Particulate Matter (PM).

- The gateway nodes are in charge of coordinating a sub-
network of other nodes, collecting data from the sub-
network and delivering them to the upper levels of
the WAGS.

When the WSAN nodes are deployed into a WAGS, in
order to assure an adequate signal strength for the data
transmission and quantities sensing, an optimal node
placement should be taken into account. For example, in
case of a highway, the placement range of the traffic safety
WSAN nodes, depending on the sensed quantities, could be
between 4 and 25 m, the environmental WSAN nodes in
the range between 50 and 100 m. The gateway nodes can
be placed at a mutual distance around of 500 m, depending
on the used wireless communication technology. A slightly
different type of WAGS architecture could be installed on
classical roads, tunnels and bridges. In case of tunnels, sev-
eral parameters like: the air quality, light conditions, tem-
perature, humidity, the number of cars that pass at one
moment of time that tunnel, and the prevention of an
imminent collision with guardrail, can be monitored con-
tinuously [4].

As wireless communication links between WSAN nodes
and between gateways nodes, the IEEE 802.15.4 standard
was adopted allowing the usage of IPv6 (Internet Protocol
version 6) based communication [4]. Currently, there are
many standards and proprietary protocols for wireless
telecommunications which uses the media-access control-
ler (MAC) and the physical layer circuitry (PHY) accompa-
nying the IEEE 802.15.4 radios. For example, a protocol like
ZigBee uses its own arrangements of data packets to trans-
fer information between wireless nodes, but does not use
the Internet Protocol (IP) [10]. The IPv6 over Low power
Wireless Personal Area Networks (6LoWPAN) telecommu-
nication standard may be used as an alternative to ZigBee
since it employs the IPv6 protocol and it can operate
equally over IEEE 802.15.4 wireless connections. With a
view to face with all challenges imposed by the sensing
needs, flexible and modular hardware architecture of the
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