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ROAD NAIL: EXPERIMENTAL SOLAR POWERED
INTELLIGENT ROAD MARKING SYSTEM

Dragan Samardzija * — Nikola Tesli¢ “— Branislav M. Todorovié¢ "
Erne Kova¢ " — Dorde Isailovié¢ ™ — Bojan Miladinovié .

Driving in low visibility conditions (night time, fog or heavy precipitation) is particularly challenging task with an
increased probability of traffic accidents and possible injuries. Road Nail is a solar powered intelligent road marking system
of wirelessly networked signaling devices that improve driver safety in low visibility conditions along hazardous roadways.

Nails or signaling devices are autonomous nodes with capability to accumulate energy, exchange wireless messages, detect
approaching vehicles and emit signalization light. We have built an experimental test-bed that consists of 20 nodes and a
cellular gateway. Implementation details of the above system, including extensive measurements and performance evaluations
in realistic field deployments are presented. A novel distributed network topology discovery scheme is proposed which
integrates both sensor and wireless communication aspects, where nodes act autonomously. Finally, integration of the Road
Nail system with the cellular network and the Internet is described.
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1 INTRODUCTION

In last few years, extensive research and a number of
innovations in the field of improved road safety have been
reported: intelligent infrastructure [1-3], vehicular net-
working [4-7] and in- vehicle solutions [8]. Rapid improve-
ments and wide application of semiconductor products
have been the key enablers of effective implementation
of sensor, wireless and battery technologies [9]. However,
visibility is of key importance to road safety.

Roads are traditionally marked with road studs based
on passive reflectors, called cat’s eyes. This system oper-
ates by reflecting a portion of the light from the vehicle
headlights back to the driver. In low visibility conditions,
passive reflectors receive reduced light intensity from ve-
hicle headlights and hence the intensity of reflected light
is insufficient for reliable road-edge marking. In such con-
ditions, conventional cat’s eyes road studs are not safe
and reliable method of delineation, since they rely on
headlight reflection. More than a decade ago, powered
road studs have appeared as option for improved road
safety [10-12]. Solar powered intelligent road studs are
hot topic of interest in academia [10, 12], government [13]
and industry [14]. Such a system demonstrates a 10-fold
greater visibility of road delineation compared to conven-
tional system [13, 14]. Reaction time of a motorist driving
at a speed of 100 km/h is predicted to be over 30 seconds.
That’s a dramatic difference compared with conventional
reflective road studs which offer only 3.2 seconds [14].
That gap can be overcome by using intelligent road studs,
which provide an additional “preview” time for drivers on
winding roads. At their UK installation sites, intelligent

road studs have already reduced night time accidents by
over 70 % [14].

In this paper we present an advanced experimental
solar powered system for intelligent marking of the road
edge during low visibility. The system is named Road
Nail, as originally partly presented in [15].

This study combines the most advanced solutions
in sensor, wireless communication and battery-powered
technologies to design and implement a novel road-safety
system. It consists of an array of nodes that are installed
on both sides of the road, being mutually separated by
a few tens to a few hundreds of meters. Each node con-
sists of (i) vehicle detection subsystem, (ii) light signaliza-
tion subsystem, (iii) wireless communication and control
subsystem, and (iv) power supply subsystem, with solar
panels and a battery. During the day, nodes have their
batteries recharged, while during low visibility and/or
night time they switch to active mode enabling detec-
tion of passing vehicles and timely activation of the light
signalization. Upon detection of a passing vehicle, the
node generates a wireless message. After the detection or
reception of a message indicating that a nearby node de-
tected a vehicle, the signalization lights should be turned
on (either red or white depending on the side of the road).
In order to save battery power the lights will be turned
off after a predefined period of time.

The nodes are installed on both sides of the road,
not requiring disruption of traffic during the installation
and maintenance. Additionally, the nodes do not require
infrastructure power. Furthermore, this system may be
connected to the global Internet via a specific gateway.
This would allow local node information to be forwarded
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Fig. 1. Block diagram of the Road Nail signaling device
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Fig. 2. Road Nail node: (a) — Front view, (b) — Back view
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Fig. 3. PIR detector output as a function of time with vehicles
passing at t = 3, 9, 14, 26, 36, 40, 49 and 58 seconds

to a remote control and monitoring center where road
and node conditions may be monitored. In addition, the
control and monitoring center can send different infor-
mation to all or individual nodes in the area. This rep-
resents a flexible platform for a versatile implementa-
tion of the infrastructure-to-vehicle (I12V) and vehicle-to-
infrastructure (V2I) concept [16-18].

In Section 2 we describe the node architecture and
implementation. Performance and power consumption of
the sensor, wireless communication and control, light sig-
nalization and power subsystem are presented. In Sec-
tion 3 we describe the network organization and system
functionality where a novel distributed network topology
discovery scheme is proposed. It integrates both sensor
and wireless communication aspects, where nodes act au-

tonomously. In addition, a detection scheme that relies on
radio transmission is proposed. We describe integration
with the cellular network and the Internet in Section 4
and conclude in Section 5.

2 SIGNALING DEVICE ARCHITECTURE
AND IMPLEMENTATION

Each signaling device, ie, node, in the Road Nail sys-
tem consists of four subsystems, as shown in Fig. 1. The
dashed lines depict flow of information and control, while
the solid lines correspond to power supply.

The Road Nail node implementation is shown in Fig. 2.
The upper part of the signaling device (4) is made of
a transparent, waterproof material (eg, glass) allowing
passing of the solar light to the solar cell (6) and protect-
ing electronic components (7, 8, 9 and 10) from rain or
snow. On the front and back side of the housing, there
are signalization light sources (2 and 12), with reflective
backgrounds (3 and 11). The red and white signalization
lights are on the front and back side of the node, respec-
tively. As given in Fig. 2, the nodes may be installed such
that the lower part of the device (1) is in the ground
(5). Alternatively, the nodes may also be installed above
the ground (eg, typically 80 cm above the ground), where
additional mechanical support structure is needed. Inside
the housing there is a printed circuit board with a micro-
controller and a wireless communication transceiver (7),
a number of sensors (8) and a battery (9) with its man-
agement (10).

2.1 Vehicle Detection Subsystem

The sensor, ie, vehicle detection subsystem consists of
a set of sensors which provide information to the wireless
communication and control subsystem. In this particu-
lar implementation we applied (i) a motion sensor based
on passive infrared (PIR) technology and (ii) a light sen-
sor. The PIR sensor [19] is used to detect moving vehi-
cles. This particular sensor has been proven very efficient
with the detection range of approximately 10 meters, and
low power consumption of less than 15 mW. Using ex-
tensive measurements the sensor sensitivity is set such
that the probability of missed detection is approximately
Pyr = 0.1. The probability of false alarm is approximately
Pr = 0.005. The measurements were performed in re-
alistic night time conditions, on a suburban road with
moderate traffic density, with the vehicular speed limited
to 60 kmm/h. For example, in Fig. 3 we present the out-
put voltage as a function of time when vehicles passed at
t=3,9, 14, 26, 36, 40, 49 and 58 seconds.

In addition, we applied a light sensor [20] for detec-
tion of vehicle headlights with a power consumption of
approximately 1 mW. The detection threshold is set such
that the probability of missed detection is approximately
Py; = 0.1, with the negligible false alarm probability (less
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Fig. 4. Light sensor output as a function of distance between the
passing vehicle and the node

than 0.005). As an example, in Fig. 4 we present the sen-
sor output as a function of the approaching vehicle dis-
tance, with the headlights on. The measurements were
performed during night time on a road with no other
significant light source. The exact light sensor response
depends on the speed, height and headlight intensity on
the passing vehicle, where Fig. 4 corresponds to one such
case.

The light sensor is directive. Namely, it is directed
towards direction vehicles are coming from, with respect
to the side of the road the particular node is installed on.
The directivity may be also noted in Fig. 4, where sensor
readings drop once the vehicle has passed by the node
(ie, at distance of 0 meters and beyond). Therefore, in
combination with the PIR sensor, the light sensor may
provide information about which direction the detected
vehicle arrives from.

Note that in the case of each sensor, the probabil-
ity of missed detection could be lowered by adjusting
the detection threshold level. However, it would result
in a higher false alarm probability which is not desir-
able [21]. Namely, it would cause a more frequent activa-
tion of other subsystems resulting in higher overall power
consumption. Using the sensor outputs the wireless com-
munication and control subsystem performs the following
system functions:

A. Activation of the light signalization — Upon detection
of a passing vehicle, the light signalization should be
turned on, marking the edge of the road. A further
refinement may be implemented using the information
on the direction of the moving vehicle. For example, if
the directive light sensor detects an approaching vehicle,
the node infers that the vehicle and node are on the
same side of the road. Consequently, instead of turning
both the red and white signalization light on, only the
red is turned on, providing additional power savings.
Simultaneously, in the pair node on the opposite side of
the road, the white signalization light is turned on.

B. Generation of wireless messages — Upon detection of
a passing vehicle, the node generates the correspond-
ing wireless message, thus informing neighboring nodes
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about the detection. Each node that successfully have
received that message autonomously decides whether to
turn its signalization light on. The decision will be based
on the existing knowledge of the network topology (to
be addressed in Section 3).

C. Decision on operational mode — In addition to detect-
ing vehicle headlights, the light sensor may be used to
detect the amount of the background illumination. If the
long term average of the illumination level is high, each
node may enter a hibernation mode. While in the hiber-
nation mode, no light signalization or wireless messag-
ing is activated, thus significantly lowering power con-
sumption. This would correspond to daytime and good
visibility. However, if the average illumination level is
low, the node is in an active mode. While in the active
mode, the light signalization may be turned on, and the
corresponding wireless messages generated. This would
correspond to night time and/or low visibility.

D. Network topology discovery — Details are provided in
Section 3.

During experimentation, we noticed that the perfor-
mance of PIR and light sensors diminished as the dirt
accumulated covering the subsystem housing. The effects
were particularly severe when the node was installed such
that its lower part was in the ground. As expected, with
the node installed above the ground (eg, 80 cm above the
ground), the accumulation of dirt was significantly lower,
and the performance degradation was marginal.

To address the above problem, in Section 3 we propose
an alternative vehicle detection scheme that is based on
radio transmission (ie, implementing a passive radar con-
cept using the existing wireless communication transmis-
sion).

2.2 Light Signalization Subsystem

The light signalization subsystem consists of a set of
light-emitting diodes (LEDs) and an LED driver. The
LEDs are used because of their low power consump-
tion while having satisfactory brightness providing a clear
and visible marking of the road edge in low visibility.
Based on extensive analysis and measurements we con-
clude that this subsystem consumes a significant fraction
of the available power. Specifically, on a road with high
traffic density (ie, the light signalization is always on), it
accounts for more than 60% of overall power consump-
tion. The measurement results are presented in Fig. 5.

2.3 Wireless Communication and Control Sub-
system

The wireless communication and control subsystem is
based on a wireless transceiver and microcontroller, all
integrated in a chip [22]. It is in charge of exchanging
messages between the neighboring nodes over the wireless
interface, as well as sensor output analysis and battery
state control. The wireless network interface is based on
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the IEEE 802.15.4 standard [23] which defines the physi-
cal and medium access control layer for personal area net-
work (PAN). The standard applies carrier sense multiple
access with collision avoidance (CSMA/CA) mechanism
and supports star as well as peer-to-peer topologies. The
implemented protocol ensures features such as low com-
plexity, cost, power consumption, and low transmission
data rates. Low power consumption is the most impor-
tant feature in this application due to limited amount of
accumulated energy. During daytime and good visibility,
it enters the ultra low-power hibernation mode. While in
the active mode (night time and/or low visibility), on a
road with high traffic density (ie, a wireless message is
transmitted every 10 msec), it consumes approximately
25 % of overall power. The measurement results are pre-
sented in Fig. 5.

2.4 Power Supply Subsystem

The power supply subsystem consists of the following
three segments: solar cells, rechargeable battery and bat-
tery management. The solar cells provide enough energy
for full functionality of the signaling device over some
predefined period of time. The battery management is in
charge of monitoring and control of all battery parameters
and processes including battery charging and discharging.
We have conducted a number of laboratory and field mea-
surements. The power consumption measurement results
are presented in Fig. 5. The measurements are performed

during night time, at around 15°C. As said earlier, it
was on a road with high traffic density. For the given
power consumption, we have analytically and experimen-
tally confirmed that the fully charged battery could sup-
port almost 20 hours of the continuous operation (in the
active mode, without battery recharging during that pe-
riod).

In order to meet projected power consumption, three
solar modules are used each being 66 x 95 x 6 millimeters
in size [24]. Extensive measurements have been performed
during cloudy and sunny atmospheric conditions, with
different sun incidence angles. Our analysis indicates that
in order to have a continuously operational system, in a
period lasting four days, it is sufficient to have an aggre-
gate of 10 sunny hours enabling proper recharging of the
battery (on average, 2.5 sunny hours a day).

In addition to solar power other energy sources are
to be investigated. For example, air-flow and vibration
energy sources are the subject of our future work.

3 NETWORK ORGANIZATION
AND SYSTEM FUNCTIONALITY

A unique address is assigned to each node. The ad-
dresses are allocated at the medium-access control layer
(eg, Ethernet MAC address in IEEE 802.15.4 [23]) or net-
work layer (eg, IP address in 6LoOWPAN [25]). Each mes-
sage contains the transmitting node address (ie, source
address). In addition, a message may be sent to a partic-
ular node, thus containing the corresponding destination
address, or broadcasted to all the nodes within the com-
munication range. Each node can decode the information
content of received messages, ie, no ciphering or common
ciphering is applied in the system.

Figure 6 illustrates the basic installation and function-
ality of the system. The distances between the nodes de-
pend on the conditions of the road. For example, sharper
curves would require denser installation of the nodes. As
given in Fig. 6, a vehicle is detected for the first time by
node 1. After detection, it turns its red signalization light
on and transmits an appropriate message. The message is
received by the neighboring nodes. Upon reception of the
message, nodes 2 and 2’ turn the red and white signaliza-
tion lights on. The message is then forwarded, enabling
other nodes to turn the signalization on (eg, nodes 3, 3’,
4 and 4’) or wait for future detection events (eg, nodes 5
and 5’ may wait for node 2 or 2’ to detect the vehicle).
As soon as the vehicle passes by node 1, in order to con-
serve energy, it turns its signalization light off. The pro-
cess continues in the direction of the vehicular movement,
resulting in a wave-like propagation of the signalization
light along the road.

Each node is expected to send a very limited amount of
information, transmitting only a few messages per second.
Considering that there is a limited number of nodes in the
given area, probability of collisions between the trans-
missions will be very low. Occasional collisions will be
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resolved by the CSMA/CA mechanism. In other words,
this communication system will operate significantly be-
low its communication capacity limits. However, due to
the low transmit power and poor receiver sensitivity; this
system will be primarily coverage-limited, which is ana-
lyzed in Section 4.

3.1 Network Topology Discovery

A node turns its signalization on only if its immedi-
ate neighbors have generated a message indicating de-
tection of a passing vehicle, while ignoring messages re-
ceived from the nodes which may be at a greater dis-
tance, or on adjacent roads (eg, as on intersections). In
order to properly act upon message reception, each node
must have knowledge of relative positions, e, topology
of other nodes in the area. A trivial solution is to use
a priori known arrangement of nodes, ie, a fixed topol-
ogy where the physical location and address of each node
in the system are known to other nodes. However, since
additional nodes may be installed during future system
expansions, or as replacements for older malfunctioning
nodes, an adaptive topology discovery solution is highly
desirable. One such solution is described in the following.

In order to describe the topology, each node creates
a list of nodes that it is able to directly communicate
with, including information about the quality of each
wireless link, ie, received signal power. At time instant
[, for node i, an estimate of the received signal power
corresponding to node j is

N,
T ]. = ~TI
Pij(l) =5~ D Plsl-n+1) 1)
M n=1

where P:‘;(l) is the power estimate for the message re-
ceived at time instant [ and the averaging is performed
over the N, most recent messages. Each node in the sys-
tem periodically broadcasts messages (eg, twice per sec-
ond), enabling other nodes to measure the corresponding
received power and update the above statistics.

For example, using the above statistics the immedi-
ate neighbors may be selected based on the received sig-
nal power, relative to the signal powers of other nodes
within the communication range. However, this may not
be appropriate. For example, nodes installed on adjacent
roads or intersections may be at short distances from
each other, having high wireless link quality. Neverthe-
less, messages generated by the nodes that indicate vehi-
cle detection on adjacent roads should be ignored, ie, the
signalization should not be turned on.

As said earlier, each device also generates and sends
messages upon detection of a passing vehicle. As an al-
ternative solution, those messages and time intervals be-
tween them are used to determine relative position of each
node in the area. Namely, if two nodes consistently detect
a passing vehicle and exchange the corresponding wire-
less messages within a predefined time period, they will
be considered immediate neighbors belonging to the same
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road. On the contrary, if the signal quality is high, but de-

tection of a passing vehicle by one node is not consistently

followed or preceded by the other, it will be assumed that
the nodes belong to different roads, eg, on an intersection.

To estimate relative distances between node ¢ and other

nodes the following algorithm is implemented. In gen-

eral, the node indices are uniquely associated with their
addresses (eg, either Ethernet MAC or IP address).

1. Node 7 records time instant 7; ; when a message arrives
from node j (j # ) indicating that it detected a passing
vehicle. In order to estimate time instant 7;;, when
a vehicle is detected by node j, the expected message
transmission interval T is subtracted as,

?ivj =Ti,j — TD . (2)
Tp is the time interval, ie, latency required to perform
transmitter processing, over-the-air transmission and re-
ceiver processing. Note that a more elaborate estimation
in (2) may be used to better address possible multi-hop
message forwarding.
Only the records of the most recent detection events
are stored, not exceeding a predefined time interval T3, .
Namely, at time instant ¢, t —7; ; < T}, . For example,
in our implementation T,, = 6 sec, where for a moder-
ate vehicle speed of 60 km/h it corresponds to the path
interval of 100 meters. Node 7 executes this step until
it detects a passing vehicle itself.

2. At time instant tp, node i detects a passing ve-
hicle, and waits additional T,, + Tp, while record-
ing all possible detections within the time interval
[to — Tw,to + Tw]. After this interval node i executes
the following step.

3. Based on the recorded detection moments during
the interval [tg — Tw,to + Tw), each node j(j # i) is
mapped to an index corresponding to its relative dis-
tance from node 7. Namely, if the absolute difference
|t0 — ﬂ,j‘ is the p-th smallest compared to the other
recorded detection moments, the relative distance be-
tween nodes ¢ and j is

di j(k) = p (3)

where k& is the index of interval [to — Ty, to + Tu]. If
multiple detection events are reported by node j, the
one corresponding to the smallest p is adopted. How-
ever, if node j has not reported any detection event, its
relative distance is set to a default value Dy, .., assum-
ing that it may be farthest from node i.

Using the relative distance in expression (3), for time

interval k, the average value is obtained as

L
diglk) = 7 D di(k—1+1) (1)

with the averaging performed over the L most recent in-
tervals [to — Tw,to + Tw], each corresponding to node i
detecting a passing vehicle. With respect to node ¢, the
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closest node o; is determined as the one with the mini-
mum average relative distance

0;(k) = d; (k) ()

min arg
§=1,...,N, j#i

where N denotes the number of neighboring nodes. Typ-
ically, the closest node would be a pair node installed on
the opposite side of the road. For example, in Fig. 6, with
respect to node 4, its pair node is node 4’. Further, the
second and third closest nodes correspond to the second
and third smallest average distances in expression (4), re-
spectively. For example, in Fig. 6 each node determines
up to nine closes nodes that belong to the same road, ie,
the immediate neighbors. The nine nodes are expected
to correspond to one pair node on the opposite side of
the road, and four nodes up and four nodes down the
road. For example, with respect to node 4, the immedi-
ate neighborhood consists of nodes 2, 2’; 3, 3’, 4’, 5, 5,
6 and 6’. Upon a vehicle being detected by any node in

its immediate neighborhood, node 4 will turn its light

signalization on.

4. Once node ¢ determines a number of closest nodes that
belong to the same road, it may also decide on its rel-
ative position on the road. Namely, whether the neigh-
boring nodes are up or down the road from each other
with respect to node i. For example, let nodes m and
n belong to the node ¢ immediate neighborhood. The
following statistics is used to determine their position.

Sin,m (k) = sgn [(to — Tin)(to = Ti,m)] (6)
where k is the index of the time interval

[to — Tw, to + To] . For time interval k, the average value

is obtained as

L
gi,n,m(k) = Sgn(% Z Si,n,m(k -1+ 1)) (7)
=1

with the averaging performed over the L most recent
intervals. Using (7) the decision is made as

1 Node n and m are on the

same side from node <.

(8)

Node n and m are on

different sides from node 7.

For example, in Fig. 6, with respect to node 4,
§4,2,3(k) =1 while §4,2,6(k) =—1.

Each node executes the above algorithm autonomously.
The changes in the topology are continuously tracked,
and the topology information is obtained from expres-
sions (4) and (7). Information about the immediate neigh-
bors and/or their relative positions may be used to im-
plement different rules on how a node should act upon
reception of messages from other nodes (eg, to turn the
signalization light on or off).

We consider the above topology discovery scheme
novel because it integrates both sensor and wireless com-
munication aspects. Furthermore, it is a fully distributed
scheme, where each node acts autonomously. Unlike other
well-know schemes (eg, [26,27]), the proposed scheme
does not require any specific communication protocol
that would be exclusively used to enable topology discov-
ery. We consider those characteristics particularly suit-
able for the proposed intelligent road marking system
where nodes may be added, replaced or removed without
explicit reconfiguration of the network.

To illustrate the performance and behavior of the
above algorithm we consider an intersection with the
nodes installed as in Fig. 7. The numerical analysis is
performed under the following assumptions. The average
vehicular speed is 30 km/h, with a vehicle arriving ev-
ery 30seconds. With equal probability, a vehicle may go
though the intersection or make a left or right turn. On
the same road, inter-node distance is 50 meters, with the
closest nodes installed 10 meters from the intersection



Journal of ELECTRICAL ENGINEERING 63, NO. 2, 2012

Probability Pr
Uy

045\
0.40 [}
035 [
030 \
025 <
020 \
\

g‘:z \\ 0dB

N N
0.05 Do

0 1 2 3 4 5 6 7 8 9 10
Threshold 7; ;» (dB)

Fig. 9. False alarm probability versus the threshold T; ,/, for dif-
ferent levels of SNR, N,, = 100

(Figure 7 is not up to scale). The probability that a node
may miss detection of a passing vehicle is Py; = 0.1, with
a negligible false alarm probability (eg, similar to the PIR
sensor in Section 2). For the sake of simplicity, the nodes
in Fig. 7 can directly communicate with each other.

The average relative distances in expression (4) with
respect to node 4 are presented in Fig. 8, for Dy, = 12.
For example, note that node 9 is physically closer to
node 4 than node 2. However, in terms of the topology
and relative distance, node 2 is closer to node 4. This is
a consequence of higher probability that the same vehicle
passes by both node 2 and 4, rather than node 9 and 4,
rendering node 2 closer in terms of the network topology.

The algorithm selects the immediate neighbors based
on the smallest average relative distance. Which nodes
will be selected may depend on the deployment strategy.
If for example, nodes 4, 5, 5°, 6, 6°, 3 and 3’ are selected,
the node 4 light signalization will be turned on only if
a vehicle is detected on the road it belongs to. This may
result in a less frequent activation of the signalization and
lower power consumption. However, this strategy makes
no attempt to assist vehicles that may be making a turn
on the intersection. On the other hand, if nodes 4’, 5, 5,
6,6’,3,3,2,2,1,1°,9,9, 10 and 10’ are selected, node 4
will turn its signalization on, even if a vehicle is not on
its road, as it enters the intersection. This would assist
vehicles making a turn. This however results in a more
frequent activation of the signalization and higher power
consumption. One such situation that corresponds to the
latter selection and deployment strategy is presented in
Fig. 7. In this case the vehicle that is entering the in-
tersection causes the signalization on the adjacent roads
(node 3, 3’, 4 and 4”) to be turned on, in anticipation that
the vehicle may make either a left or right turn.

Furthermore, since the presented algorithm is adap-
tive, after an initial training period, a newly added or re-
placed node would obtain accurate estimates of the aver-
age relative distances in expression (4). Once the accurate
estimates are available, the node becomes operationally
integrated with the rest of the system (eg, for the system
in Fig. 7, typically after 100 vehicles are being detected).
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Upon installation of a new node, no explicit reconfigu-
ration of the existing nodes is needed. They would learn
about the change in the topology using the same adaptive
process.

The above algorithm was implemented and tested un-
der realistic deployment scenarios. A single road and in-
tersection deployment have been evaluated. The behavior
and performance closely followed the above analysis.

3.2 Vehicle Detection Using Wireless Transmis-
sion

As previously described, radio transmission is used to
implement exchange of messages between the nodes, ie, it
implements the wireless communication protocol between
the nodes. In this subsection, we propose an auxiliary
application of that radio transmission. Namely, it will be
used to detect a passing vehicle.

As described in Section 2, the vehicle detection sub-
system integrates a number of conventional sensors (eg,
PIR and light). Power consumption, size, cost and per-
formance (eg, the PIR and light sensor sensitivity is im-
pacted by dirt) are critical aspects of that subsystem. The
solution as proposed in this subsection would (i) improve
the detection performance in combination with the exist-
ing conventional sensors (eg, lower probability of missed
detection and false alarm) and/or (ii) remove a need
for application of conventional sensors resulting in lower
power consumption, size and cost.

The solution is based on a premise that a presence of
a vehicle in the vicinity of a node would significantly al-
ter its radio propagation environment. Therefore, in order
to facilitate this solution, each node periodically broad-
casts a message (eg, twice a second). Upon reception of
the message from node j, at time instant [, node ¢ esti-
mates the received power P[;‘(l) . The power is compared
against the average power which is estimated as given
in expression (1). This is essentially a radar which is us-
ing the existing radio transmission originally intended for
communication purposes. It may be classified as passive
radar [28], with a novel application- specific short-range
implementation.

As a simplest implementation, node ¢ monitors the re-
ceived power corresponding to its pair node i’, eg, node 2
and 2’ in Fig. 6. If the difference between the average and
received signal power exceeds a specific threshold, node i
decides that a vehicle has passed between the two nodes.
In other words,

-—=rT

Py(l—1)
Fra()
{ > T;;, vehicle is detected. (9)
< T;;, No vehicle, perform averaging in (1).

where T; ;» is a threshold. The threshold is set such that
the desired probabilities of false alarm and/or missed
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detection are achieved. The above criterion assumes that
a vehicle would cause attenuation.

Using numerical analysis, in Fig. 9 we present the
probability of false alarm as a function of the thresh-
old T; -, for different levels of signal-to-noise ratio (SNR).
The SNR is defined as

T

pPre
SNRi i = 10 log L

(dB) (10)

where P[%
,

% is the received signal power (noise-free, no ve-
hicle is present). Ny is the variance of the wireless channel
additive white Gaussian noise (AWGN). The noise would
causes false alarm events. Since each node can estimate
the SNR level, it can autonomously select the threshold
T; i such that the desired Pr is achieved. Lower thresh-
old values result in higher sensitivity, too. Namely, for
the fixed Pg, the probability of missed detection P, is
decreasing with SNR. The wireless channel quality be-
tween two pair nodes is expected to be high, ie, having
a high SNR. Therefore the vehicle detection between the
two pair nodes is expected to be reliable.

The above solution have been implemented and tested
on a typical suburban road. The tests were conducted
during night time with light traffic (eg, on average, a
vehicle arriving every 30 seconds). In the case of moderate
and high SNR (above 10dB) the detection performance
was exceptional. Namely, for Pr = 0.01, the probability
of missed detection was less than 0.5 % (ie, Py < 0.005).
In this case, the vehicle speed was limited to 30 km/h.

Initial experimentation indicated that the detection
performance was not affected by the accumulated dirt.
However, a detailed evaluation of this particular aspect
is needed and it is a subject of our ongoing work. Con-
sidering previously discussed PIR and light sensor perfor-
mance, robustness to dirt accumulation is an important
feature of the above detection solution.

More elaborate schemes which track the received sig-
nal levels corresponding to multiple nodes would result

in further performance improvements. For example, in
Fig. 6, node 2 may monitor its pair node 2’, as well as
other immediate neighbors, 1, 1’, 3 and 3’. Those solu-
tions are the subject of our future work.

4 INTEGRATION WITH THE CELLULAR
NETWORK AND INTERNET

In Fig. 10 we present integration of the Road Nail
system with the cellular network and the Internet. The
integration has been realized as a part of the testbed. In
addition to the IEEE 802.15.4 wireless network between
the nodes, a wireless link between the system and the
Internet is established via a gateway and the cellular
network (eg, GPRS/EDGE, UMTS or LTE). Information
that is local to the nodes is available to a remote control
and monitoring center. The information may be used for:

e traffic emergency monitoring (eg, a vehicle is stalled
or a crash is suspected),

e speed control,

e traffic monitoring (eg, vehicles are slowing down, indi-
cating congestion),

e road maintenance (eg, vehicles are slowing down, in-
dicating a pothole),

e road planning (eg, detected increase in traffic density),

e emergency push button,

e node maintenance alarm (malfunctioning unit) ...

Furthermore, the control and monitoring center can
send different information to all or individual nodes in the
area. The nodes could transmit the received information
to passing vehicles such as:

e traffic conditions,

e weather,

e work and special conditions,

e advised minimal distance between vehicles ...

As a part of the testbed, we have implemented the
system in Fig. 10, providing a platform for a versatile
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implementation of the above functionalities under the 12V
and V2I concept.

5 CONCLUSIONS

This paper presents Road Nail, an advanced experi-
mental solar powered road marking system comprised of
a wireless network of signaling devices intended to en-
hance driver safety. The devices are autonomous nodes
that can detect approaching vehicles, exchange wireless
messages with neighboring nodes and turn on a road edge
safety light. The nodes are infrastructure independent, as
they are powered by batteries which are charged by so-
lar panels. The Road Nail system is especially suitable
for implementation in areas where number of foggy and
heavy rainy days is high and there may replace the ex-
isting signalization that is based on passive reflectors. At
the first step, the system can be located at sites where,
historically, visibility related accident rates are high. In
addition, the presented system is suitable for implementa-
tion where road lighting is unavailable, not cost effective
or environmentally not possible.

We have described our experimental testbed that con-
sists of 20 nodes and the cellular gateway. The implemen-
tation details of the above system, including extensive
measurements and performance evaluations in realistic
field deployments are reported. Performance of the PIR
and light sensor and power consumption of each subsys-
tem have been provided. Just a few hours of daylight will
provide enough battery power to last few days.

The proposed topology discovery scheme integrates
both sensor and wireless communication aspects. It is
a fully distributed scheme, where each node acts au-
tonomously. Unlike other well- known schemes, the pro-
posed scheme does not require any specific communica-
tion protocol that would be exclusively used to enable
topology discovery. We consider those characteristics par-
ticularly suitable for the proposed intelligent road mark-
ing system where nodes may be added, replaced or re-
moved without explicit reconfiguration of the network.

The proposed vehicle detection scheme applies the ex-
isting radio transmissions, and monitors changes in the
wireless channels between the nodes. Its performance in
terms of probabilities of false alarm and missed detection
has been demonstrated. Initial experimentation indicated
that the detection performance was not affected by the
accumulated dirt.
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