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Abstract

The success of pervasive computing environmenis
wsing ubikquitons luco-dynamic sensing devices iy very
dependent upon the sensor deployment fepology (DT)
emploved.  This  paper  presents  a  systematic
muthemarical model for efficient sensor doployment
and provides a compgrison with other populay
topolagies. The model focuses wpon blanket coverage

of a surveillance area using a minimum qumber of

sensing  devices.  with  minimal  inira-sensor
overlapping to reduce collisions and ro-existence
probfems. Simularion results are presemted for the
Hexugonal, Triangular and Square grid topolopies for
varivus dimensions of surveillance area. The resufis
confirm that the hexagonal model gives optimual
performance In teims of reguiving the minimal number
aof sensors. The paper also highlights the improved
performance of ubiguitous wiveless sensor networks
when o hexagonal fupofogy (HT) is used.

1. Introeduction

A _key advantage of symmeatrical topelogical
architectures for pervasive sensor netwark is that they
reduce  operational  costs  significantly  while
concomitantly improving operational efficiency. A
pervasive environrmen! of seamlessly inlegrated, loco-
dynamic wircless sensing devices is reparded as onc of
the most important technologics of the future [1]. Each
device is usually capable of collecting, storing and
processing infermation, and alse communicaling with
neighboring nodes [2,3.4]. Weiser [$]_identified the
rapid growth of micro-clectromechanical sysiems and
low powered wircless communications as facilitating
the deployment of very dense, {ully distribuicd
scnsarfactuator  networks for a  wide range  of
monitoring  applications. These inchide perimeter
surveillance, struciural health monitoring (using non-
invasive bio-signals like ECG and ECG sensors),
tracking of accidental chemical leaks, environment

0-7803-8630-9/04/520.00 @2004 IEEE.

Ubiguitous  wircless sensor  technology s
cmbedding processing capability, storage, localization
capahility via the glohal positioning {((:PS} or local
positioning systems  (LLPS} and wircless links to the
neighbaring nodes into devices operating in acoustic,
seismic, infrared (TR} and eleciromagnetic modes [I1].
Data fusion strategies are evolving in order to correlate
sensor outputs from multiple nodes since mo system
camponent i3 independent for achieving the global
objective |2].

The deployment topology of a network is crucial to
the effectiveness of a wireless netwark of densely
distributed ubiquitous sensing devices. A DT inclndes
the descriplivn of network Jimensions, locativn and
density of sensing and control devices, coverage
estimation, surrogate localization and  ownership
resolution mechanisms, Since pervasivencss requires
context-awareness, localization is indispensable for
systems [8] which depend upon senscr placement.
Chong et al [1] has regarded the problem of sensors
density and senser deployment 2s onc of the most
challenging fram a technical perspective.

Most techniques being developed target application
developtoent ot lop of an assumed sensors deployment
topalegy and rarely discuss the infrastructueal level
issuzs relating to pervasive topological models. Both
Krishnendu [9] and Sameera [10] have realized the
importance of topologies in  sensor networks.
Krishnendu [9] presented different sensor placement
techmiques in & square grid with different levels of
complexities for various sengor ranges bocause they do
not define the mechanism for grid formarion. The
approach uged in [10] cvolved different topologies for
different  density requirements, posing  scrious
limitations on  generalized application  level
development. Their techniques result in uncovered
areus  for  different neighboring  requirements,
VTriangle (sensors placed on the vertices of mriangles)
topulogy has been considered by Treng [2] for agent-
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based location tracking, while Miupama [8, 11]
assumed a square-grid topology for extension of
existing sensor network, bul did not define the original
topology. This paper considers the importance of
nelwork topology and  presenls 4 systomatic
wathematical HT model and compares its performance
with other modeling techniques, espeeiaily those based
on squarc and treangular prids. The HT  mndel
considers the following key paramelers 10 delermine
its effectiveness: Topology Design Dimensioning,
Scuser Placement and Sensor Density.

For open space manitoring a unigque subset of
sensors with mininmm density mast b used so that the
problems of coexistence, interference, and resource
ownership  resolution should  not  impose  a
camputational overhead on the network. The sensar
nodes with Jow memory and low compulational power
shouald be less dependent on Parent Nodes (PN), sa
that if a PN [ails the network should keep working in a
safe mwode. Thiz implies that a netwark topology
should be mathematically simple.

The rest of this paper is organized as foliows:
Section 2 presents the propesed HT moedel, while
Secrion 3 mathematically compares the four models.
Section 4 discusses the simulation results, to highlight
the comparative performance of each model, with
some canclusions presented in Section 5.

2. Proposed Model

The proposed HI approach is based upon voding
theory principles [12] and low-order polynomial time
algotithms that will reduce the overall canputational,
power and memory requirements. it is assumed that all
sensors have isotropic radial coverage and use radio
frequency to conununicaie with neighboring sensor
nodes.

2.1, Hexagonul Grid Formation

Let X.Y be the diraensions of a rectangular figld
ihat ig to be monitored such that, if & is the side length
of sach repular hexagon in the resuliing hexagenal
grid and also the radius of the sensor coverage (hen:

v R/2,Ax: Rev, Ay (R/2W3

Where xand  y are differences in the horizontal and
vertical coorthnates respectively. The rectangular grid
is formed in such a way that each x and v grid line
passes though the cenires of hexapons in the resulting
hexagomal grid. In Figure |, symbols ‘o and “X°
indicate the intersection of even (x, ¥ and odd (x, )

coprdinale pairz regpecilvely. To now penerate the
hexagonal grid from the rectangular gird. let:
M={0y1p.2p3v...,mp}
A = 40x,1x,2 ¢.3x,..., 7x}
where M & N are respectively the sets of vertical and

horizontal coordinates on the reclangular grid. The
pair-

-glements from these sets are sclected sueh that the
vertices of a hexagon can be generated. To select a
pair a

“Tatring Function (PF)” 15 used:

Jlpy={(5,01%0 M, j N 2}, =00 (LI}

Based on PE, for any pair (7,{) there always exists a
“Mod Function™  (/,#) such that:

(/. 1) = ("MOD2, mMOD2)

To determine if given pair (7.7} will produce
vertices of a hexagon, {/,/) must produce a “Mod
Vector” (a.b} such that a—=h. Once 2 set of all such
pairs have been generated by IF then each pair is used
1o generate a pair of hexagonal vertices A, and H,
such thal:

Ha=G+wd And H ;= (j-v6) '}

| et

5

{

Figure 1, Hexagonal Girid

This procedure produces the vertices of all the
hexagons in the resulting grid. To combing the vertices
i form the hexagons, consider the veriex » in Figure
2.

a={( ~wi (o~ wi ) 1Sk Snl< pag

Three other adjacenl vertices #,, i, , i, are:

467
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= {Ge = v, v e+ v 1€ < nl< pgom
g = (gt - iy IV 2vdy WISk sn)l <p <mj

ity = {(fpey — vy i, v+ vd, J1SES AT p<m)

Combining cvery » with cach corresponding, w45, 1,

gencrates the complcte hexagonal grid shown in
Figure 2.

2.2. Sensor Placement

For a given field, il is {irstly assumed that the HT
model is  already implemented and that each
hexagon in the

o = fry il
o _tl\!il} i
“__\1\{_
A
Y
{ ty = (g — W)

b
i = ~wi)

£

l Figure 2 -Adjacent verticesTor # {(j, v.i, )}

made! 13 a vertex of an undirected graph G. Next, the
lacation of sensors is found based on the following
rule: Find a best covering of the vertices of graph G by
a set of sensors placed at certain vertices in (G so that
whole field is covered. The covering of a vertex
should be associated with 2 unique subset of sensors.
Sensor placement hag been solved using the theory
of ldentifying Codes [9) by placing scnsors at the
centre of each hexagon using a “Non-Pairing Function

INPTY™

FP=GDvi M NI (4,0 O 10)
Based on WPF. for any pair (71}, therc exists a
“Mod Function”  (f,1) which results in a “Mod

Vector” (a.b) such that a5 This means that sensors
are always placed at the points penerated by NPF
which are the intersections of odd x and even y
coordinates and vice versa.

Lemma 1: The NPF Condition. Sensors must always
be placed at the centre of each hexagon cell.

408

Proof: According te hexagonal grid formatiun
technique, both the horizonial and vertical grid lines
pass (hrough the centre of each hexagon and so
intersecl cach other at three points, two opposite sides
and at the centre of hexagon, (Figure 2). The I'F used
wo intersections at the oppusite parallcl sides of a
siven hexagon to produce four vertices, leaving the
mferscction which is at the cenire of the hexagon
(Fipure 2). This pair is used by the NPT for sensor
placement

=

Sensor Placement Algorithm (SPA):

1. let the radial coverage of sensors be:
v=aR  Where: R is side length of hexagon and
is an inteper.
2, Let the centre of a hexagon be denoted by:
g = {(€p,7, )| 0Sp<C0<g <R}y where C
and
R are the total number of hexagonal grid columns
and rows tespectively.
3. Initialize 8y, = (¢, 7y} where ¢= Ly, =0
4. Position of the first sensor in each row is defined
by 8 = {c,,r) whete c = sk
ko NOT(MOD2)
where 5 and ¢ are the sensor colummn and row
numbers respectively.
5. Wext sensor position in same Tow:

Spyg = [Cppiaty) wWhere ¢ e, +2a

6. Next sensor posifion in same column:

Bty = (C oty ) Where 7,

G- = r_‘,+n:

N
Both Table 2 and Figure 4 show sample sensor
positions for 3 sensor rows and colurnns for_ e =2,

Table2( =12}
3a . 0S54 04 |
% e (3,2) {7.1] {111}
Lo 160 190
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Figure 4, Sensor Placement for =2

2.3, Sensor Density

The main aim is to minimvze the nunther of sengors
requited w blanket cover the eatire field. Lemma 2
shows that the number of sensors required fo cover the
whole area has an upper limit governed by the number
of hexagons in the grid,

Lemma 2: I sensor ol coverage radius ¥=all,
whera =1, are placed at the contre of adjacent
hexagons of circumradius R, the minimum aumber of
sensors S, required to cover afl the hexagons i always
equal to the number of hexagons A, in the grid. ie.
8, =1,

Proof:
1. if 4. iz the scnsor coverage circle arza and A4; is
the

hexagon area, then the sensor radial coverage
¥=aR =R fora =1, and the coverage will be a
cireumeirele R of the hexagon and :

A.> 4, (2)
2. Now c¢onsider two adjacent hexagons with cenlers

Spg = [cp,rq.} and rb[;_h]_,q - (c_mr,,ra ) 48 shown

i Figure 5. If ¢, =2 and #,= 1, then from the
SPA  alponthio, Cpl=Cpt 20 =4, Therefore
the twa points are &, =(2,1) and 3,5, _ (4.

which fulfill Lemma 1 (NPF condition), and so
are canrlidates tor scnsor placement and by
implication mwust be the centre of two adjucent
hexapons,

3. Trom (2), the area covered by a sensor will always
be greater than that of a hexagon. In order to
prove that sensors have to be placed in both
hexagons to cover the whale area, we cansider the

case where a hexagon is surroundad by six other
adjacent hexagons.

4.  Assume that six surroundmg sensors would also
cover the central hexagon so there is no need to

place
a sensor in the contral hiexagon.
5. Let: A = dy+ 4,
Where iy the excess arca covered by a sensor

emiside the hexagon. This excess area will he Tor
six surrounding hexagons, so the excess area
covercd  for the central hexagon hy one
surrounding hexagox is:
Ap 0,76
Area of central hexagon ‘covered by six
surrounding hexagons:
Ag =68, /6= 8,

From the hexagon geometry:

A, =R*3J3/2 and B, R (272-343)/2

s d,

3)

1) shows that even in the best case, an area
equivalent w4, 7, of cenwal hexagon is left
uncovered. Therefore the assuniption mads in 4
above is wrong and it is required to place a sensor
in every hexagon in order to cover the whole field.
6. If A is the arca to be monitored and area of
one
hexagon is 4, , then number of hexagons required

H,=4/4,
This is equal to the number of sensors required.

is given by:

Corollary-1: Given a field of dimensions X Y,
there exists a hexagonal pattern for which the
number of

O O
o

-uc—«-//
S o Bipan
Fputse = Cparety)
Figure 5, Sensors in Adjacent Hexagonx

scnsors required is equal to the number of hexagons,
e

IVA(X,YRH(C,R)|S, = H,)
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| 2.4.Hexagon Dimensions

The preater the dimensional disparity between the
radial coverage of sensors and underlying topology,
the higher will be the compulalional uverhead on the
nelwork. In this Scietion, this disparity factar is shown
0 be a minimum far the HT madel.

Lemma 3: If a sensor of coverage radins ¥=& R,
where & =1 is placed at the centre of a regular hexagon
of circumradius R, the relalionship betwoen scnsor
coverage radius and hexagon side length that covers
the whole hexagon aml minimizes the extra area
covered is given by: v=FK

Proof: Trom hexagon geometry: #, = met 3302

(4)
1. Tt is also konown that a cirele with
area A, = A, + 8,, centered ahout a hexagon
covers the whole hexagon, touching the hexagon
atils vertices (Figure 6a).
If @=i:
5
Lo this case, area in (3) is greater than the area in
(4). This results in a circle that covers larger exira
area than (hat of the hexagon as shown in Figure
éb.
300 el
(6)
In this case, area in (6) is less than the area in (4).
Tn fact ,is negaiive since the circle does not

ha

cover the complete hexagon. This results in circle
that covers a smaller area than the hexagon
(Figure 60).

4, From the abave, it is clear that only when =1,
the sensor radial coverage covers the whole
hexagon wilth minimal extra area coverage given
by (4).

00e

Ey a<l
Figure 6h

(] Figure 6a Figure 6c

3. Comparison with Other Models

The performance of HT model presented in Scelion
2 has been comparced with cquilateral tmangles and

470

squares models |2.9,10] on the basis of grid formalion,
dimensional complexity and sensor density.

The dimcnsional disparity of different topologics
with the radial coverage is compared by considering
the complexity of dimensional relationship. 1f R, £ and
F are the side lengths of'a hexagan, square and triangle
respectively, then the relationships hetween the radial

caverage  of the sensor and R, E and F arc:
T J3
v—R, ¥ T E;“,v_-———Fq‘[“’

From this it can bhe seen that the hexagonal
dimensional relationship is simpler than other
topologies  and  IIT  maodet  incurs  the  lowest
compultationa) overhead.

The dimensional difference implies that a larger
number of squares will be required in the square grid
wpology which increases sonsor  density,  For
VTriangle wopology as shown in Figure 7, the munber
of sensors to monitor a hexagonal area is seven which
is & high number conmipared to FIT which requires only
ONE Sensor.

bl

Figure, 7 Square, VIviangle and HT Modcls

4, Simulation Results

In the various simulation studies, sensor networks
were designed for un open rectungular area of
dimensions varying from 1000 10 25000u®, where u is
any general unit. The sensors were placed according o
the HT, square |9,1{] and two tnangular madels;
C'l'riangle (sensors at the center of triangle) &
VTriangle (sensors at the vertices of triangles} 12]. In
the sludies, sensors for two different ranges (5u and
10u} were analyzed.

4.1. Scnsor Density

This Section presents comparative simulation
results of sensor density for the four models in Figure
8. It wus obscrved that the densily was a maximum for
the VTriangle topology, while the HT and CTriangle
madels required significantly fewer sensors. Figure 8
also comfirms the rise in the density of sensors required
with,
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Figure B (Sensors Density)
Above: Scnsor Range Su, Below 10u

increasing surveillance arca dimensions, with the risc
less steep for the Hexagonal and CTriangle opntogices

4.2, Blanket Coverage

Blanket Coverage (BC), measures the total area
coverage of isotropic radial sensars, Table 3 shows the
excuss area covered by different topologies excluding
the arca 10 be monitored. Figure 9 shews the total
coverape area by sensors deployed in each topology.
The HT and CTnangle models covered less cxcess
arca implying these modcls will have minimal effcets
upon their gurrounditgs. Fignee 9 also illustrates that
doubiing the sensor range does not increasc the cxcess
ares covernpe with the same rativ for the HT and
CTriangle models, while it increased significantly for
the other two topologies.

Table 3, Excess Avea Covered-(Sengor Range Su}

Area (U’I_rHexagon $quare | CTriangle | VTriangle
1000 | _a0c 573 | 125 2075

5003 | 775 | 2575 _ 75| o3 {

| 1000 1850 | 5075 1650 | 18275
| o000 | sers | 12676 | ssrs | assys

H Hexsgon M Scquare B2 CTriangle I:l‘x-"l'rianglej

Figure 9 (Sensors Coverage)
Above: Sensar Ranpe Su, Below 10u

5. Conclusions & Futere Work

This paper Tas analyzed and evaluated the

importance  of seusors  placement in a  highly
intercennected pervasive environment of
communicaling  devices by  emphaszizing  the

importance of DT of sensing devices. The Hexagonal
modcl has been presented and compared with Square
and Triangular topologics on the hasis of lopology
desipn dimensions, placement of sensors and scnsors
density, The results have proven that HT and
CTriangle models requited fower sensors and both
perforned  better in  providing  efficient  blanket
coverage. However CUTriangle topology evolves into
hexagonal (vpology and is overridden by the HT
modef. VTrungle topology performed worst in all
seenarios whercas Square topology failed to show its
edge on the HT and CTriangle modcls at alt levels.

Since the HT model has proved to he
comparatively aptimal at infrastrucrure  level, we
intend to extend this mudel at application level for
tasks including location tracking, ad-hov sensor
placement, network scif-configuration, diyaster
recovery amd  recasting  of randomly distributed
sensors with dilferent sensing rangues.
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