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Shyamakshi Ghosh, Shrisha Rao, Member, IEEE, and Balkrishnan Venkiteswaran

Abstract—A unique and efficient system model is proposed
for sensor networks to create sensor-smart highways. The ap-
proach first considers various cell geometries encountered with
two-dimensional roads, and then extends the same to three-
dimensional roads. Mathematical relations describing each type
of cell are derived, and the analyses indicate the numbers and
positions of sensor nodes needed in each cell of a certain type. We
then propose algorithms for computing the deployment positions
of sensor nodes on roads by describing them as consisting of
cells of different geometries. We also validate the approach by
computing a sensor deployment using real geospatial data.

Index Terms—sensor-smart road, cell architecture, cell geome-
try, two-dimensional cells, three-dimensional cells, leaf node, head
node

I. INTRODUCTION

S
ENSOR networks can be efficiently utilized to reduce

human intervention and management. These networks use

wireless embedded sensors that combine sensing, computation,

and communication in a single, tiny, resource-constrained

device that can be termed as a node. They have many appli-

cations, and one of the key applications of sensor networks is

surveillance of a physical environment by monitoring critical

conditions. The need for better techniques to handle traffic

congestion and inculcate safer driving by collecting more and

more data on the move has led to the conceptualization of

smart highways equipped with sensor networks [2].

This paper deals with one such kind of sensor network that

may be deployed on roads. In this paper, we mainly consider

the system architecture, i.e., the placement of sensor nodes,

a critical issue that affects both the cost and the detection

capability of a wireless sensor network. We divide the road

into cells of various geometric shapes, and give the appropriate

cell layout for each shape. We also suggest algorithms for

dividing roads into cells, and validate the approach using urban

geospatial data.

We focus on static placement of nodes, rather than stochastic

deployment methods such as sprinkling of nodes which are

Manuscript received August 31, 2010; revised February 14, 2011, July 25,
2011; accepted September 17, 2011. The work of S. Rao was supported
in part by the Centre for Artificial Intelligence and Robotics, Defence Re-
search and Development Organization, under contract CAIR/CARS-06/CAIR-
23/0910187/09-10/170.

A previous version of this work [1] was presented by the first two authors
under the same title at the 5th Annual IEEE Conference on Automation
Science and Engineering, Bangalore, India, in August 2009.

S. Ghosh did her work while a student at the International Institute
of Information Technology - Bangalore, Bangalore 560 100, India. She is
presently with Samsung India Software Operations, Bangalore.

S. Rao is with the International Institute of Information Technology -
Bangalore, Bangalore 560100, India (e-mail: shrao@ieee.org).

B. Venkiteswaran did his work while a student at the International Institute
of Information Technology - Bangalore, Bangalore 560 100, India. He is
presently with GT Nexus, Bangalore.

Digital Object Identifier 10.1109/TSMCA.2012.2187185

known to be ineffective in uneven terrains [3], [4]. In this

work, we establish the relation between system architecture

and sensor characteristics. We understand that hilly terrain,

represented by a three-dimensional model, requires much

more sophisticated sensor characteristics while using similar

system architecture as in two-dimensional roads. This may

not be a feasible solution due to constraints on energy and

other resources. Therefore we find out how the same sensor

characteristics as in the two-dimensional model can be applied

to the system architecture of a three-dimensional model.

In order to deploy the sensors on the roadways, we need to

model roads and also choose a network topology for the nodes.

Nodes in the network are arranged in a hierarchical tree-like

fashion as suggested by GaoTao and MingHong [5]. Node

placements are determined using a polyline representation of

the road, which is a usual practice in civil engineering and

GIS [6], [7], [8].

Karpiński et al. [2] suggest some possible applications

for such sensor-driven smart highways, like vehicle tracking,

periodic traffic volume snapshots, road surface condition mon-

itoring, incident detection, pedestrian on-road notification, etc.

Some other possible applications include providing automated

driving or driving assist signals [9], [10], monitoring vehicle

information such as speed, driving lane, etc., and detection

of road blocks caused by rain, snow, etc. Such applications

are especially significant in hilly terrains that are subject to

frequent blockages due to landslides or other reasons, and on

busy highways where stoppages are not tolerable.

The concept of sensor networks on roads has been proposed

by Nekovee [11], but that work is limited to identification of

the various applications and the networking and communica-

tion challenges involved. Karpiński et al. [2] have focused

on the software architecture, but no one has yet proposed

an effective system architecture for both the two-dimensional

and three-dimensional road scenarios. Shorey and Choon [4]

observe that random-deployment methods do not guarantee

full coverage because of their stochastic nature. We aim at

full coverage by deterministically dividing the road into cells,

and then tiling the cells with sensor nodes.

Static placement of nodes is influenced by various fac-

tors, such as terrain properties and sensor characteristics—

coverage, connectivity, and power budget. For hilly terrains,

the major challenge is connectivity, as terrain obstacles and

sharp turns are very common. In such cases, the issue is an

optimized node placement for efficient connectivity without

loss of coverage and much of power efficiency. Dhillon and

Chakrabarty [3] state that knowledge of terrain is just for

surveillance, and does not directly solve the sensor place-

ment problem. In contrast, we establish the impact of terrain

properties on the system architecture and resolve the issue of

connectivity.
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The system architecture chosen has a great impact on

the sensor characteristics as well. According to Dhillon and

Chakrabarty [3], in distributed sensor networks the sensor

placement directly influences resource management, the type

of processing done based on its back-end processing, and the

exploitation of the sensed data.
In this paper, Section II refers to related work. Section III

describes the system model, first by describing the node hier-

archy and cell geometry for roads in general (Section III-A),

and then (Section III-B) by unitizing hilly roads into cells and

categorizing each into six categories: plain cell, monotonic

cell, n-tonic cell, plain curved cell, monotonic curved cell

and n-tonic curved cell. For each category, we compute the

number of sensors and the cell area for a given coverage

and transmission range. Section IV describes the algorithm

for deployment, and Section V presents simulation results on

real urban geospatial data from Bangalore, India. Section VI

concludes the paper.

II. RELATED WORK

Applications based on sensor networks on smart roads are

discussed in many papers, e.g., [2], [9], [12], [13], [14],

[15]. Strategies for sensor deployment in contexts other than

smart roads are also considered in several papers. The de-

ployment models for smart roads are mostly considered to be

random, with some having sensor-equipped vehicles, though

there are general attempts (not specific to this domain) to

achieve optimal deployment [16], autonomous placement and

localization [17], or to come up with theoretical models [18],

[19]. In road networks, static deployment, such as with Kwon

et al. [12], is often proposed. Kwon et al. propose several

algorithms to predict collisions among vehicles at intersections

via sensor networks located at intersecting regions. They

assume sensors to be uniformly installed on a road. These

sensors detect the locations and speeds of vehicles and send

data to a base station located at the center of an intersection.

Coleri et al. [13] provide an algorithm for traffic surveillance.

Their system is comprised of a wireless sensor network that

generates traffic information such as the number of cars, speed

of cars, etc., and sends the data to an access point (similar

to the base station in [12]). However, in both these papers,

the manner of sensor deployment is not covered in detail.

Algorithms such as those provided by Kwon et al. [12] and

Coleri et al. [13] that look for static deployment can be easily

implemented on the system model proposed here, which can

also easily apply with other applications, i.e., not only with

roads but also in other similar domains like airport runways,

bridges, railroad tracks, etc.
Ganesan et al. [20] consider the joint optimization of sensor

placement and transmission structure. They look at the sim-

plified problem of optimal placement in the one-dimensional

case, and then extend it to the two-dimensional case. Their

algorithm provides a two- to three-fold reduction in total power

consumption and a one to two orders of magnitude reduction in

bottleneck power consumption, for the two-dimensional case.

We find that with the same power consumption, i.e., the same

sensor characteristics, their system architecture changes for

three-dimensional sensor networks on hilly roads.

Sensor placement on two- and three-dimensional grids has

been formulated as a combinatorial optimization problem and

solved using integer linear programming, by Chakrabarty et

al. [21], albeit at high computational cost. (By contrast, in the

present paper the computational complexity remains the same

for the two- and three-dimensional cells.)

Mangharam et al. [22] introduce a simulator called

GrooveSim that models intra-vehicular communication within

a street-map based topography, to deliver vital information on

safety alerts, traffic congestion, etc. GrooveSim however is

based on the Global Positioning System (GPS) which is not ef-

fective in deep foliage or tunnels. There are various proposals

for sensor networks on roads, with some also requiring sensors

placed on vehicles. One such is by Zoysa et al. [23], which

proposes a public-transport based sensor network to monitor

and report a road surface. While monitoring the road surface,

it is assumed that vehicles are driven over rough patches

as well, which may not be true as vehicles tend to avoid

them. Ravelomanana [24] investigates characteristics such as

topology, diameter, and degree of reachability, of a three-

dimensional randomly-deployed sensor network. Alam and

Haas [25] examine various polyhedra for an efficient coverage

and connectivity within a 3D random sensor network and

conclude that a truncated octahedral placement strategy is best.

Clouqueur et al. [26] propose a sensor deployment strategy

using the minimum exposure as a measure of the goodness of

deployment. Younis and Akkaya [27] report on the recent state

of the research on optimized node placement in wireless sensor

networks, along with the open problems in this area. Ghosh

and Das [28] provide a mathematical framework and formalize

the coverage-connectivity problem, and also compare various

sensor deployment strategies and algorithms based on their

goals, assumptions, complexities, and usefulness in practical

scenarios. Park et al. [29] propose a placement algorithm that

takes into account geographical features as well as the desired

level of sensor redundancy to produce a set of useful sensor

locations.

The power consumption of a sensor can vary based on traffic

loads and frequency of data communication. Other issues

that have been explored include: network coverage given low

duty-cycled sensors; the energy conservation problem; reduced

network reconfiguration time while prolonging the network

lifetime by scheduling the active and sleeping periods of the

sensors; and other issues. Prior work in these areas of research

can be found in [30], [31], [32], [33]. Corke et al. [34] have

discussed design principles for a solar-powered sensor node.

III. SYSTEM MODEL

In this model, nodes are laid on both sides of the road.

These nodes interact among themselves based on the hierarchy

mentioned in Section III-A, to gather and process information.

Based on the height, slope and aspect of the road in the

cell, we define the various categories in which the cells can

be classified. For each cell category, we derive formulae to

compute the area of the cell, the number of nodes in the

cell, the inter-node spacings within the cell, etc. Further, these

are used by the algorithms to create the sensor deployment
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strategies as defined in Section IV; these algorithms take

polyline representations of the three-dimensional roads as

inputs.

A. Cell Architecture

The proposed architecture consists of nodes, made from low

cost and readily available hardware, arranged in a three-level

tree-like hierarchy as shown in Figure 1. The leaf nodes, being

at the lowest level, have sensors that collect data and transmit

it to the next higher level head nodes. Head nodes are simple

embedded devices that act as receivers of the data sent by leaf

nodes.

Fig. 1. Three-Level Tree-Like Hierarchy

Leaf nodes are anisotropic, and could be a set of Berkeley

motes comprising low-power 8-bit, 128Kb memory proces-

sors, RF communication devices, and sensors. A head node

could be a small computer that requires minimal processing

but large memory because it accumulates data sent by the leaf

nodes. The head node memory requirement may be estimated

using an M/M/1 queueing analysis [35], [36].
All head nodes send their data to one or more servers which

form the highest level. These servers could be networked main-

frames which process data received from the head nodes. Users

of the system log onto the servers. We limit the functionality of

a head node to just collecting data and sending to the server,

and do not require information processing because of these

reasons:

• Processing would require sophisticated hardware and

thereby increase the cost of head nodes, and thus of the

overall system.

• Maintenance and upgrade of head nodes would be diffi-

cult.

• Each head node would have limited data, making pro-

cessing incomplete.

On the other hand, we cannot also entrust the leaf node with

communicating with a server directly, for similar reasons—it

would make such nodes quite expensive (in contrast with the

MEMS motes that we suggest using), as a central server for a

highway could be some distance away, and sensing hardware

that can communicate with it would probably not come cheap.

For these reasons, it is essential that such a sensor network

system have a three-tiered structure (as may also be seen in

case of vehicular networks; e.g., see the system layouts in

Dikaiakos et al. [37] and Huang and Lin [38]).

Communication among leaf nodes, head nodes and the

servers can be in either of the following two ways: pull mode,

where the server sends a query to the head node, which then

asks the leaf nodes for data, triggering the sensors that capture

the data; and push mode, where the server, head nodes, and

leaf nodes operate on a schedule, with leaf nodes pumping in

data at regular intervals, and head nodes forwarding collected

data to the server.

We approximate the road into equispaced segments called

cells, in line with current models in road traffic research [39].

A cell is a measured stretch of road. The cell dimensions

depend on the node characteristics, such as its sensor’s trans-

mission and coverage ranges. The cells together cover the

entire road. A head node and some leaf nodes are deployed

over a cell. As the leaf nodes are anisotropic and have an

angular coverage range θ, the nodes can tile up the cell as

shown in Figure 2, which gives complete coverage of the road

segment within the cell.

Fig. 2. Leaf Nodes Tile the Cell

A cell can be a combination of curving and non-curving

road segments. In such cases, we divide the cell into sub-

cells such that a sub-cell has exactly one horizontal curve, as

discussed later.

The deployment geometry is based on the transmission

ranges and angular coverage capacities of leaf nodes. The

intersection of the road boundary with the semicircular cov-

erage area centered at the head node generates a trapezoidal

cell shape on the road stretch as shown in Figure 3, where the

trapezium vertices are the locations of the leaf nodes (placed at

the limit of the head node to leaf node transmission range). The

trapezoidal shape is optimal because it results in maximum

utilization of the transmission power of leaf nodes. In Figure 3,

if x and y are the power levels required by the corner leaf

nodes A and D to transmit data to the head node, then x = y
in a trapezoidal cell.

In general, we can say that the shape of the cell depends

on the position of the head node. At a junction, the remaining

road area can be considered as a cell of either rectangular,

circular, or trapezoidal shape, as may suit that junction best.

B. Sensor Layout

We categorize each road segment by a cell based on the

properties that describe a road:

• Height: Elevation, i.e., the value at the Z axis.

• Slope: Angle it makes with XY plane.

• Aspect: Direction in which the road faces (angle it makes

on the X axis).

(1) Cell Geometry:
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Fig. 3. Trapezium Cell

Based on the above-mentioned properties, we categorize

any road segment as being one of these six types.

– Plain Cells: Plain cells are trapezium-shaped flat

cells, as discussed in Section III-A and depicted

as ABCD in Figure 3, that have zero slope, a

constant height, and a constant aspect. Considering

the centerline of a plain cell, we get a line segment

parallel to the XY plane.

– Monotonic Cells: Monotonic cells have, as shown in

Figure 4, a constant slope, a constant aspect, and an

increasing or decreasing height. In Figure 4, ABHG
is a plane, hence has a constant slope as any point

on ABHG makes the same angle with the X axis,

and also has a constant aspect as edges of the plane

AB and GH are straight line segments.

Fig. 4. Monotonic Cell

– n-Tonic Cells: n-tonic cells have a varying height

and thus a varying slope, but with a constant aspect.

Figure 5 shows an n-tonic cell with varying slope

(randomly-picked points on the road surface ABHG
make different angles with the X axis), and a con-

stant aspect (edges GH and AB when projected on

the XY plane are straight line segments).

– Plain Curved Cells: Plain curved cells can be rep-

resented by Figure 12. Plain curved cells have a

constant height, zero slope, and a changing aspect

due to turn. When considering the centerline we get

a polyline rather than a straight line segment.

– Monotonic Curved Cells: Monotonic curved cells, as

shown in Figure 6, have an increasing or decreasing

height and a constant slope (any point on plane

ABHG makes the same angle with the X axis),

and have a changing aspect (edges AB and GH are

Fig. 5. n-Tonic Cell

polylines rather than line segments).

Fig. 6. Monotonic Curved Cell

– n-Tonic Curved Cells: n-tonic curved cells have,

as shown in Figure 7, a varying height and thus a

varying slope, and a changing aspect. The projections

of edges AB and GH on the XY plane are polylines

rather than line segments.

Fig. 7. n-Tonic Curved Cell

(2) Cell Properties:

Now we consider the cell properties, such as area and the

node density, for each cell type. We follow the notational

conventions shown in Table I.

Case 1: Plain Cells

Consider a plain cell with one head node and n leaf

nodes. In Figure 8 (compare with Figure 2), the head

node is at R, and four of the n leaf nodes (which are at

the corners of the trapezium) communicate with it at a

maximum range of a. V PS is the coverage range of leaf

node (θ) at point P . Using classical geometry, we can

compute the area of a trapezoidal cell:

wa(1 +
√

1− (w/a)2) (1)
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Fig. 8. Area of a Trapezoidal Cell

As the leaf nodes tile the cell, the number of leaf nodes

can be determined from their angular coverage θ. From

Figure 8, it is clear that the spacing between leaf nodes

is:

2w tan
(θ

2

)

(2)

Each leaf node covers the following area of the road:

A = w2 tan
(θ

2

)

(3)

The number of nodes is lower-bounded by the ratio of the

total area of the cell and the coverage per sensor. Hence,

from (2) and (3) the number of nodes in a cell is:

N =
wa

(

1 +
√

(1− w2/a2)
)

w2 tan(θ/2)
(4)

Based on the above equations, Table II cites some exam-

ples that show that depending on the width of the road and

the transmission range, the spacing between leaf nodes

can range from 10m to 20m for an angular range of 45◦.

Case 2: Monotonic Cells

Monotonic cells have an average constant slope, a con-

stant aspect and an increasing or decreasing height. When

TABLE I
NOTATION USED

Symbol Description

w width of the road
θ angular range of a leaf sensor
a transmission range or the distance between corner

leaf node and head node within a cell
a′ pseudo-transmission range
φ slope of a cell
N number of leaf nodes in a cell
A area of a cell
S arc length of function to represent road surface in cell
K curvature
R radius of curvature

TABLE II
CALCULATIONS (IN METERS)

w a A (m2) N Spacing

12 15 288 5 10
12 25 563 10 10
24 30 1152 5 20
24 50 2253 10 20

we transform a monotonic cell into a normal cell we see

an extension in the transmission range, which signifies

an increase in the area and nodes of the cell as in

Figure 9. We term this extended transmission range as

pseudo-transmission range, because the real transmission

range of leaf nodes still remains a, but the cell properties

change. From Figure 10, we know that:

a′ =
a

cosφ
, (5)

where φ is the slope.

So we modify (1) to find the area of 3D cells as follows:

A = wa′(1 +
√

1− (w/a′)2) (6)

Fig. 9. Transforming Into a Normal Cell

Fig. 10. Monotonic Cell

The area covered by the leaf node remains the same, as

shown in (3), but N , the number of nodes in cell is now

modified as given below, compared to (4):

wa′
(

1 +
√

1− (w/a′)2
)

w2 tan(θ/2)
(7)

TABLE III
COMPARISON BETWEEN VARIOUS CATEGORIES

Cell Category Cell Properties Area of Cell Leaf Nodes

Plain Slope = 0 390 15
Monotonic Slope = 30 455 17
n-tonic S = 500 3999 150
Plain curved R = 200 22978 867
n-tonic curved R = 200, S = 4600 36918 1392

See Table III for the area of a monotonic cell computed

assuming the width of the road w = 8m; transmission

range of leaf a = 25m; and sensor coverage range θ =
45◦. So the area of the cell is 455m2 and the number of

leaf nodes are 17, a 17% increase in the cell area and

13% increase in the number of nodes as compared to the
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plain cell. This means the data processing and storage

capabilities of head nodes must be 17% more in case of

monotonic cells under these conditions.

Case 3: n-Tonic Cells

n-tonic cells have fluctuating height, a varying slope, and

a constant aspect. We consider the road surface along

which vehicles are driven to be a function y = f(x). We

compute the distance the vehicle travels along the road

in a cell from x = a to x = b. The horizontal distance

covered is 2a, but the pseudo-transmission range a′ is

half the arc length of f(x), S.

Fig. 11. Finding the Arc Length of a Road Surface

To find the arc length of a sample function y = f(x)
in the interval [a, b], we approximate the function with a

sequence of straight lines and add their lengths, as shown

in Figure 11. We break the interval [a, b] into smaller

segments along the X-axis of width dx. When dx is

infinitesimal, the segment is approximated as a straight

line. The length of the hypotenuse ds is approximately

the length along the curve for the little segment. From

Figure 11 we have:

ds =
√

dx2 + dy2 =

√

1 +
(dy

dx

)2

· dx (8)

dy
dx is the slope of the segment. Also, dy

dx = f ′(x). To find

the total length along the curve S, we integrate over the

lengths of all the segments:

S =

∫

ds =

∫ a

b

√

1 + (f ′(x))2 (9)

For n-tonic cells, the range is from [0, 2a]. Hence from

(9), we get the arc length to be:

S =

∫ 2a

0

√

1 + (f ′(x))2 (10)

a′ =
S

2
(11)

The area and number of leaf nodes in an n-tonic cell can

be derived using (6) and (7) respectively. Table III shows

that for w=8m, a=25m, θ = 45◦ and arc length S=500m,

the area of the cell is 3999m2 and the number of leaf

nodes is 150, more than ten times that of a plain cell.

Case 4: Plain Curved Cells

Consider a car driving along a curvy road. The tighter

the curve, the more difficult the driving is apt to be. The

curvature describes this tightness. If the curvature is zero

then the curve looks like a line near this point. However, if

the curvature value is non-zero, with no change in slope,

such a curve is known as a horizontal curve. A simple

horizontal curve is a circular arc. Horizontal curves can

be of composite nature, like spirals which are composed

of circular arcs, as discussed in [40].

Plain curved cells have a zero slope, a constant height,

and a changing aspect. If its polyline representation is a

function y = f(x) on the XY plane, the curvature of a

function on the XY plane is given by (12), the derivation

of which can be seen in [41].

K(x) =
| f ′′(x) |

(1 + (f ′(x))2)3/2
(12)

The radius of curvature R is considered at the midpoint

of the horizontal curve and is represented as:

R = K(a) (13)

Fig. 12. Curved Cell

As shown in Figure 12, the length of the segment XY
is 2a. If R be the radius of curvature, ρ the angle XY
makes with the center can be calculated as:

sin
(ρ

2

)

=
2a

2R
(14)

ρ = 2 sin−1

( a

R

)

(15)

So the area A in case of a plain curved cell is:

ρπ((R + w
2
)2 − (R− w

2
)2)

2π
= 2wR sin−1

( a

R

)

. (16)

The number N of leaf nodes in the cell therefore is:

2R sin−1
(

a
R

)

w tan
(

θ
2

) (17)

The area and the number of nodes in a plain curved

cell follow equations (16) and (17) respectively. Table III

shows that the area and the number of nodes in a plain
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curved cell are about 58 times those of a plain cell, when

w=8m, a=25m, θ = 45◦ and R=200m.

A cell can be a combination of one or more horizontal

curves and non-curving road segments. In such a case,

we divide the cell into sub-cells such that each sub-cell

has exactly one horizontal curve. Hence, twice the trans-

mission range 2a in equation (14) should be substituted

by the segment length, l of the horizontal curve in the

sub-cell. So substituting 2a by l in (16) and (17), we

have the area A of the sub-cell as follows.

2wR sin−1

( l

2R

)

(18)

The number N of nodes in the sub-cells is:

2R sin−1
(

l/2R
)

w tan
(

θ/2
) (19)

Multiple sub-cells within a cell can share a head node. If

there is an obstruction between two consecutive sub-cells,

each sub-cell can have a different head node in order to

maintain connectivity with leaf nodes.

Case 5: Monotonic and n-Tonic Curved Cells

The road surface in a monotonic or n-tonic curved cell

can be represented by functions in parametric form such

that x = f(t); y = g(t); z = h(t). For plain curved cells,

the height represented by z = h(t) is a constant.

Figure 13 shows the transformation of a projected mono-

tonic curved cell on the XY plane into plain curved cell.

Though R remains the same, the transmission range of

the leaf nodes, i.e., 2a represented by LM , is extended to

a pseudo-transmission range of 2a′ represented by PQ.

Fig. 13. Transformation of a Monotonic Curved Cell Into a Plain Curved
Cell

To derive the radius of curvature R, we consider the

projected horizontal curve y = f(x) on the XY plane.

As we consider a simple horizontal curve, we need to

transform it into the equation of a circle:

(x− h)2 + (y − k)2 = R2,

where R is the radius of curvature and (h, k) is the center

of the circle.

The arc length S is given by:
∫

√

(f ′(t))2 + (g′(t))2 + (h′(t))2 (20)

Figure 13 shows the projected transformation of an n-

tonic curved cell (with the length of a segment of the hori-

zontal curve being a) into a plain-curved cell (of pseudo-

transmission range a′), with the radius of curvature R
remaining the same. a′ can be found as:

S = Rρ = 2R sin−1

(a′

R

)

a′ = R sin
( S

2R

)

(21)

From (21), we substitute the value of a in (16) and (17)

as:

A′ = 2wR sin−1

(a′

R

)

(22)

The number N of nodes in the cell from (17) comes to:

2R sin−1(a′/R)

w tan(θ/2)
(23)

From the above equations, we calculate the area and the

number of nodes in the n-tonic curved cell. As shown

in Table III, when w =8m, a =25m and θ = 45◦, it is

clear that there is an increase of about 60% in the area

of the cell and the number of leaf nodes compared with

a corresponding plain curved cell.

If a cell consists of monotonic or n-tonic curved sub-cells

with segments to the horizontal curve of length l, then

the area of the cell and number of nodes in the cell can

be given as:

l′ = 2R sin
( S

2R

)

(24)

A′ = 4wR sin−1

( l′

2R

)

(25)

N ′ =
4R sin−1(l′/2R)

w tan(θ/2)
(26)

IV. SENSOR PLACEMENT STRATEGIES

This section introduces algorithms that form the strategies

for deploying the leaf and head nodes on roads. As an input to

the algorithms, the road is represented in one of its common

representations, as a polyline, by considering its centerline. To

begin with, we illustrate that there is an easy transition of a

cell geometry to its polyline representation, and vice versa.

A. Polyline Representation Of Cells

In this section we show that a polyline is an appropriate

representation of a cell. It can also be used to find the actual

cell shape as shown in Figure 14.

We consider the road centerline to be represented by a

polyline. The centerline extraction of roads can be done as by

Toth and Grejner-Brzezinska [42]. We assume the road to be

flat. The Highway Design manual of the California Department

of Transportation [43] states that for new construction, the

slope should be 4:1 or flatter. This implies that at every point

on the road surface, when a cross section along the width of

the road is taken, the height, aspect and slope are constant. So

a polyline which is the centerline of the road can be used to

represent the fluctuations in the height, slope and aspect.
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Fig. 14. Finding Cell Shape From Polyline

Let polyline AB = {(x1, y1, z1), (x2, y2, z2), . . . , (xn, yn, zn)}
be the set of coordinates used to represent a cell on a road.

With known values of w and θ we can find the cell shape

and plot two polylines along the sides of the cell.

Polyline PQ = {(x1, y1 −
w
2
, z1), (x2, y2 −

w
2
, z2), . . .}

Polyline MN = {(x1, y1 +
w
2
, z1), (x2, y2 +

w
2
, z2), . . .}

From a tangent t1 at point A, we draw a line cutting the

polyline PQ and making an 6 θ, and cutting the polyline MN
and making an 6 (180◦ − θ).

At point B, we draw a line cutting polyline PQ making
6 θ with the tangent t2 at point B and 6 (180◦ − θ) with the

polyline MN . The resultant is the cell shape derived from the

polyline.

From the polyline representation of a road, we may find

the arc length, the pseudo-transmission range a′, and cell

characteristics as mentioned in Section III-B.

B. Deployment

In this section we introduce the algorithms for deploying

the leaf and head nodes on a road.

The first step in deploying the nodes is to divide the

projected polyline into segments of equal length. Such a

polyline segment is a centerline representation of a cell. We

classify a segment as curved or non-curved—if a road segment

has a constant aspect then it is non-curving, and if it has a

changing aspect it is curving. Using the function representation

of the cell, we compute the area of the cell and the number

of nodes within the cell. If the cell is not a plain cell, then we

need a more powerful head node for that cell. As an alternative,

we can divide the cell into sub-cells equal in number to the

ratio of the area of the cell and the area of a corresponding

plain cell.

Let D be a polyline representing the centerline of a road;

D is an ordered set of co-ordinate points or vertices. The

edges are straight line segments defined by consecutive pairs

of points:

D = {(x1, y1, z1), (x2, y2, z2), . . . , (xn, yn, zn)}
The centerline of a road can also be represented by a set

of polyline segments T = {C1, C2, . . . , Cm}, where Ci is the

ith polyline segment of the road, given by an ordered set of

co-ordinate points, such as:

C1 = {(x1, y1, z1), (x2, y2, z2), . . . , (xr, yr, zr)}
C2 = {(xr+1, yr+1, zr+1), . . . , (xs, ys, zs)}

...

Cm = {(xt, yt, zt), . . . , (xn, yn, zn)}
where 1 < r < n, 1 < s < n, and 1 < t < n.

The X , Y , and Z coordinates for each of the cells are

different. The first vertex of the cell is considered to be the

origin. The last vertex of the cell is the point on the polyline

which intersects the X axis at a distance 2a.

The functions used by the algorithms are:

• clip(startIndex,Y ,m) returns a point on the polyline rep-

resented by set of co-ordinate points Y , such that the

difference in X co-ordinate values of startIndex and

the point returned is of value m.

• subset(startIndex,endIndex,Y) returns a subset of set Y
with elements starting from the startIndex ordinal value

of Y till the element at endIndex ordinal value of Y .

• belongs(x,Y) returns TRUE only if x ∈ Y .

• low(Y) returns the lowest ordinal value (the first element)

of a set Y .

• high(Y) returns the highest ordinal value (the last ele-

ment) of a set Y .

• getValue(i,Y) returns the ith ordinal value of a set Y .

• setValue(i,Y, x) sets x as the ith ordinal value of a set

Y .

• cardinality(Y) returns |Y|, the cardinality of a set Y .

• equals(a,b): if a← (xa, ya, za) and b← (xb, yb, zb), then

the function returns TRUE if xa = xb and ya = yb and

za = zb.
• index(x,Y): if x ∈ Y , this returns the ordinal value, else

it returns -1.

• isNull(Y) returns TRUE if a set Y is the empty set.

• findRadiusCurvature(startIndex, endIndex,Ci) returns the

radius of curvature of the circular arc located from

coordinates at startIndex to endIndex in cell Ci.

• findArcLength(startIndex, endIndex, Ci) returns the radius

of curvature of the polyline located from coordinates at

startIndex to endIndex in cell Ci. Let x = f(t), y =
g(t) and z = h(t) be the parametric form of equations

that represent part of the polyline segment of Ci. Then,

S ←
∫
√

(f ′(t))2 + (g′(t))2 + (h′(t))2.

Algorithm IV.1, FRAGMENT ROAD takes in D, the poly-

line representation of a road, as an input and fragments it

into a set T of polyline segments. It is based on the fact that

any polyline representation of cell Ci is a subset of D, i.e.,

Ci ⊂ D. In Algorithm IV.1 we generate subsets of D where

each of the subsets represents a single cell.

Algorithm IV.1: FRAGMENT ROAD(D)

i← 1
j ← cardinality(D)
k ← 1

while (i ≤ j)

do



















start← getV alue(i, D)
end← clip(start, D, 2a)
Ck ← subset(start, end,D)
k ← k + 1
i← index(end,D)

T = {C1, C2, . . . , Cm}
return (T)

In Algorithm IV.1, we clip the road polyline of length 2a
on D starting from the first vertex of the road polyline, to get
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the end index. With the start and end indices we represent the

first cell by allotting the coordinates of D from the start to

the end indices to the cell. In the same way, other subsequent

cells are represented. Thus from the Algorithm IV.1, we have

m polyline segments of the road.

Let G be an ordered set of endpoints of the circular

horizontal curves on a road. If (a, b) ∈ G, then a is the starting

vertex and b is the end vertex of the circular horizontal curve.

Also, G ⊂ D ×D.

We need to determine the circular horizontal curves partic-

ular to a cell. If a curve extends to multiple cells, we need to

split the curve and allot it to these respective cells. Let H be

an ordered set of endpoints of curves split according to cells.

If (a, b) ∈ H , then a is the starting vertex, b is the end vertex

of the circular horizontal curve, and both a and b are points

in the same cell. Also, H ⊂ D ×D. Algorithm IV.2 returns

H , which is the set of cell-wise circular curve endpoints.

Algorithm IV.2: CELLWISE CURVE ENDPOINTS(G,C1, C2, . . . , Cn)

i← 1
j ← cardinality(G)
l← 1

for each i ∈ (1, 2, . . . , j)

do















































































































(a, b)← getV alue(i, G)
for each k ∈ (1, 2, . . . , m)

do































































































if belongs(a, Ck) and belongs(b, Ck)

then

{

setV alue(l, H, (a, b))
l← l + 1

else if belongs(a, Ck)

then























































setV alue(l,H, (a, high(CK)))
l← l+ 1
for each p ∈ (k + 1, . . . ,m)

do



































if belongs(b, Cp)

then

{

setV alue(l,H, (low(Cp, b)))
l← l+ 1

else

setV alue(l,H, low(Cp, high(Cp)))
l← l+ 1

return (H)

In Algorithm IV.2, starting with (a, b) the first element in

G and the first cell C1, if a and b are in the same cell, we add

(a, b) to H . If not, we consider the next cell. If b lies in the

next cell C2 we split (a, b) into two elements (a, high(C1))
and (low(C2), b), and add them to H . If b lies in the next

cell C3, we split (a, b) into three elements (a, high(C1)),
(low(C2), high(C2)), and (low(C3), b). Similarly the other

elements in G are examined to populate H .

To find if a road segment is curved, we use Algorithm IV.3.

For a given cell, we check if elements of H are part of

the cell coordinates. Algorithm IV.3 takes in Ci, the ith

polyline segment of the road, as an input, and returns h,

an ordered set of curve endpoints present in the cell, where

h ⊂ H . If the polyline segment is non-curving, it returns a

null set. Algorithm IV.3 is called as a routine by the main

Algorithm IV.5.

In Algorithm IV.3 we create h, the ordered set of curve

endpoints in the given cell Ci. For each set of coordinates in

H , we compare it with the cell coordinates, and populate the

Algorithm IV.3: IS ROAD SEGMENT CURVED(Ci, H)

k ← 1
j ← cardinality(H)
l← 1
h← ∅
for each k ∈ (1, 2, . . . , j)

do



















(a, b)← getV alue(k,H)
if belongs(a, Ci) and belongs(b, Ci)

then

{

setV alue(l, h, (a, b))
l← l + 1

k ← k + 1
return (h)

set h in case the curve endpoints lie within the coordinates of

the cell. If the cell is non-curving, the set h is an empty set.

Algorithm IV.4 is used to find the area of a curved cell. It is

called as a routine by the main Algorithm IV.5. Algorithm IV.4

takes in a curved cell Ci, the ith polyline segment, and returns

the cumulative area of the sub-cells. Each of these could be

curving or non-curving sub-cells, such that each curved sub-

cell is comprised of a circular horizontal curve.

Algorithm IV.4: AREA OF CURVED CELL(h,Ci)

k ← 1
j ← cardinality(Ci)
n← 1
m← 1
A′ ← 0
while n ≤ j

do



























































































































(a, b)← getV alue(k, h)
if equals(a,getValue(n,Ci ))

then



































/* Curving sub-cell */
m← index(b, Ci)
R← findRadiusCurvature(n,m,Ci)
S ← findArcLength(n,m,Ci)

l′ ← 2R sin S
2R

A′ ← A′ + 4wR sin−1 l′

2R
n = m+ 1

else

then



























/* Non-curving sub-cell */
m← index(a,Ci)
S ← findArcLength(n,m− 1, Ci)
a′ ← S

2

A′ ← A′ + wa′(1 +
√

1− (w/a′)2)
n← m+ 1

k ← k + 1
return (h)

Algorithm IV.4 takes Ci cell coordinates and h ordered sets

of curve endpoints of Ci as input. Considering the first curve

endpoints present in the cell, we check if the starting vertex of

the curve is the first vertex of the cell. If it is the first vertex of

the cell, then we have a curved sub-cell and calculate the area

for the sub-cell, and if not, we consider it a non-curving sub-

cell and calculate the area of the same. Similarly, we consider

other curving or non-curving sub-cells of a curved cell, and

get the cumulative area of the cell.

Algorithm IV.5 suggests a deployment scheme for each of

the segments, as described in Section III-B. It uses Algo-

rithm IV.3 and Algorithm IV.4. In Algorithm IV.5, for each of
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Algorithm IV.5: DEPLOYMENT SCHEME(T, w, a, θ)

/* Calculate area of cell, A and number of nodes, N */

A← wa(1 +
√

1− (w/a)2)

N ← wa(1+
√

(1−w2/a2))

w2 tan( θ

2
)

for each Ci ∈ (C1, . . . , Cm)

do



























































































































































































/* Calculate area of cell, A′ and number of nodes, N ′ */
/* from Algorithm IV.3*/
h← IS ROAD SEGMENT CURV ED(Ci,H)
if isNull(h)

then



















































/* Non-curving cell */
/* (parametric form) */
x← f(t), y ← g(t) and z ← h(t)

/* Calculate S, arc length of segment */

S ←
∫
√

(f ′(t))2 + (g′(t))2 + (h′(t))2

a′ ← S
2

A′ ← wa′(1 +
√

1− (w/a′)2)

N ′ ← wa′(1+
√

1−(w/a′)2)

w2tanθ/2

else

then















/* Curving cell */
/* (from Algorithm IV.4) */
A′ ← AREA OF CURV ED CELL(h,Ci)

N ′ ← A′

w2tanθ/2

Let q ← N′

N
.

/* Divide the cell into q subcells. */

/* Place N leaf nodes at a gap of 2w tan( θ
2
). */

/* q head nodes at a gap of 2a
q

. */

/* The first head node to be placed at a
q

from the start. */

the cells we calculate the area of the cell and the number of

leaf nodes in the cell. Then we find the ratio of the computed

number of leaf nodes with the number of leaf nodes in a plain

cell. This ratio determines the need of dividing the cell into

sub-cells or the need of a more powerful head node.

Algorithm IV.5 returns the value q, the ratio of the greater

power of the required head node as compared with the head

node for a corresponding plain cell. An alternative would be

to place one head node at a distance of a. In both cases, we

need to place N leaf nodes at a gap of 2w tan( θ
2
).

C. Algorithm Performance

The algorithms have a computation complexity of the order

of length of the road, i.e., O(n). Algorithm IV.5, which

provides the sensor layout of each cell, needs inputs from

Algorithm IV.1, which segregates the road into cells. Algo-

rithms IV.1 and IV.2 are prerequisites for Algorithm IV.5, but

once the cell coordinates are known, Algorithm IV.5 can be

parallelized.

V. URBAN GEOSPATIAL DATA

A geospatial digital vector storage format named a “shape-

file,” specified by the Environmental Systems Research In-

stitute (ESRI) [44], is a (mostly) open specification used to

describe various spatial geometries such as points, polylines,

and polygons. For the purpose of simulation, we obtained

spatial information for roads in the city of Bangalore, India,

in shapefile format. We classified roads into two categories,

“Arterial” and “All” (this roughly agrees with the nomenclature

used by urban planners in India). “Arterial” roads are the roads

within the city that are used the most, and “All” roads include

Arterial roads as well as other miscellaneous roads.

The estimation of resources required to build the system can

be recorded as shown in Table IV, which shows consolidated

information about the number of head nodes and leaf nodes to

be deployed based on the sensor placement strategy described

here, for different roads (i.e., “Arterial” roads and “All”

roads in Bangalore). The overall cost to be incurred for this

deployment can be estimated, which in turn can be used to

compare the costs incurred when the sensors are deployed

randomly and when the sensors are placed intelligently using

the proposed sensor placement strategy.

We have assumed the amortized costs of a head node and

a leaf node to be $2000 and $200 respectively. This estimate

has been made considering the approximate present-day costs

of all the sensor mote components, the costs of labor to

put together these components, and also deployment costs.

In other words, the costs of other equipment including the

servers and other support infrastructure are considered to be

amortized over the deployed head and leaf nodes only. Since

the deployment costs involved can be known a priori, the

road segments that are heavily used (i.e., “Arterial” roads) or

those that are accident-prone can be given higher priority for

wireless sensor deployment.

From the simulation results recorded in Table IV, it can

be observed that the ratio of number of leaf nodes to head

nodes for “Arterial” roads is much lower than that for other

minor roads. The reason for this is that the “Arterial” roads

are generally well-maintained and are more likely to require

plain cells for the most part, while the other minor roads

have many sharp turns and obstructions and are more likely to

require curved cells. Based on the cell architecture described

in Section III-A and the results recorded in Table III, we know

that when a curved cell is transformed into a plain cell, due

to an increase in the transmission range the curved cell area

covered by a leaf node is greater than the plain cell area

covered by the same leaf node, and there is a need for more

leaf nodes to be deployed for a curved cell.

TABLE IV
RESOURCE ESTIMATION

Roads Mapped Head Nodes Leaf Nodes Cost ($)

Bangalore (Arterial) 6985 13970 16,764,000
Bangalore (All) 26223 94546 71,355,200

The final deployment plan that can be used to place sensors

on roads is excerpted in Table V. It shows a sample of the list

of all the sub-cells along with the information on the number

of leaf nodes, the area covered, and the distance between any

two leaf nodes placed within a sub-cell. The coordinates of

each road segment with the details of the number of sensors

deployed in each of them can also be recorded.
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TABLE V
DEPLOYMENT PLAN : A SAMPLE OF A COMPLETE SET OF RECORDS

ID StartX StartY EndX EndY Leafs Area Length Leaf Gap
(long.) (lat.) (long.) (lat.) (m2) (m) (m)

1 77.7132 12.97154 77.71305 12.971806 13 152.59 33.79 2.69
2 77.71305 12.971806 77.71289 12.972071 13 154.57 34.23 2.69
3 77.71289 12.972071 77.71274 12.972337 13 152.59 33.79 2.69
4 77.71274 12.972337 77.712585 12.972602 13 153.35 33.95 2.69
5 77.712585 12.972602 77.71243 12.972869 13 154.22 34.15 2.69
6 77.71243 12.972869 77.7123 12.973148 13 154.04 34.11 2.69
7 77.7123 12.973148 77.71222 12.973328 8 98.81 21.84 2.69
8 77.71222 12.973328 77.71219 12.973392 3 35.8 7.83 2.69

VI. CONCLUSIONS

The motivation for this work arose from the fact that

it is beyond question that sensor network technologies will

find uses in highway infrastructures in the foreseeable future.

However, the deployment strategy and architecture for such

a sensor network system have not hitherto been explored in

depth. Placement of sensor nodes using random sprinkling is

known not to be effective. This work thus considers a cell

model similar to ones used in studies of traffic flows, and

also takes into account the different types of cells, based on

the three-dimensional characteristics of road surfaces. Using

basic trigonometric and geometric reasoning, we arrive at

expressions for the number of nodes required in each cell.

This in turn gives rise to algorithmic strategies that can be

used for sensor placement. We validate this entire approach by

computing a deployment plan given real urban geospatial data,

which in turn leads to a simple cost estimate. This approach

can be followed fairly easily by urban planners, highway

engineers, and sensor network designers anywhere.
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