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APPENDIX A

A.1 Expected Distance between Two Immediate Neighbor-
ing Nodes

The expected distance D of any two adjoining sensor nodes can be calculated using the fact
that the ad-hoc deployed nodes are distributed as a 2D Poisson point process with intensity
A. The random distance D between a node and its nearest neighbor node is determined

first. For z > 0, the cumulative PDF of D is given by

FD(»,-\—P(D<»,«\—1_D(D\»,~\

University of Moratuwa, Sri Lanka.  itself )
Electronic Theses & Dissertations
www.lib.mrt.ac.lk

Hence, the F . . £ can oo vorsven wo

folz) = chll)x(x)

o 2
= 2\rze N

Therefore, the expected distance D between any two adjoining sensor nodes can be denoted

by

D= /000 xfp(x)dx
1

=3 (A1)

A.2 Energy Optimum Cluster Head Location in an Arbitrary
Cluster

It will be assumed that there are N(>> 1) number of sensor nodes uniform randomly
deployed in an arbitrary cluster area A resulting a Poisson point process with intensity

A = N/A. Further, it is assumed that the cluster head is located at (zg, o) location with
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respect to Cartesian coordinate system. Hence, the total energy cost of transferring ¢ bits

of data to the cluster head from all non cluster head nodes can be given by,

N
S = Z (Eelec + €amp ((331 - $0)2 + (i — y0)2)§>
=1

Therefore, the expected value of S denoted by S can be derived using Theorem 1 of [57]
derived by Campbell’s Theorem as

S = //A % (Eelec + €amp ((z — z0)? + (y — y0)2)%> dz dy

In order to find the minimum S, it is necessary to find
95
oxry

95

0 and — =
Yo

0.

It can be safely assumed that, the intra cluster communication follows Free Space radio

propagation model, i.e. n = 2. Then S will be minimized when

x_//xdxdy and y_//ydxdy
0 A A 0 A A

This implies that the cluster head shonld be located at the seometric centre of the cluster

area. University of Moratuwa, Sri Lanka.
Electronic Theses & Dissertations
A3 Gl www.lib.mrt.ac.lk Role Dele-

gation

Cluster heads consume more energy than non cluster head nodes. Hence, cluster head role
should be rotated among all nodes to facilitate even energy expenditure by all nodes in the
sensor network. This can be done in two methods. First method is re-clustering of the
entire sensor network (global re-clustering) whenever the cluster head role to be rotated.
The main advantage of this method is that it allows cluster heads to be placed closed to the
geometric centre of their cluster, resulting lesser total transmission energy for intra cluster
communication. However, there is an energy cost for re-clustering. The second method is
once cluster boundaries are determined cluster head role is delegated among nodes within
the cluster (local delegation). The advantage of this method is that its low energy overhead
in cluster head role rotation compared to global re-clustering. However, the main drawback
of this method is that most of the time cluster head location is skewed, resulting a higher
energy for intra cluster communication. In what follows, most suitable technique (global
re-clustering or local delegation) for a given condition will be examined.

For this analysis, it will be assumed that the cluster head role is periodically rotated

after a fixed x number of data gathering rounds. Further, it is assumed that the cluster
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area is a circle with radius R. and all nodes are uniform randomly distributed in this area,
resulting a Poisson point process with intensity A. Hence, the expected number of nodes in
the cluster to be N,, = TR?)X. The word Epoch is defined as the total time which allows all
nodes to function as a cluster head once. Hence, an Epoch consists of x/V,, number of total
data gathering rounds. The main difference in total energy cost per an Epoch in global
re-clustering and local delegation is the intra cluster communication cost and cluster head

role rotation overhead.

Global Re-clustering

It is assumed that the cluster heads always at the centre of their respective clusters, i.e. at

the centre of the circle with radius R, as shown in Figure A.1.

University of Moratuwa, Sri Lanka.
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The total intra cluster energy cost in any one data gathering round can be denoted as
Ey o where cluster head is at the centre of its cluster (Without loss of generality, centre of
the cluster is consider as the (0,0) location). This will be given by,

Nn

EO,O = Z (Eelec + eampr?)g
=1

Therefore, the expected total value of Eyg given by EE],O can be written using Theorem 1

of [57] derived using Campbell’s Theorem as,

27 Rc
E&O = 6)\/ / (Eetec + €ampr™) r dr db
0 0

Eeec am ?
—2)\7TR3€< lec 4 £ pR)

2 n+2 (A-2)

Total energy cost of intra cluster data gathering and cluster maintenance overhead during

an Epoch will be denoted as Eprgr. Hence,

Ercr = NoxEoo + Ny (Ectoncr + (Nn — 1) EnoncHohGR)

= mR?\2Epo + mR2N (EctonGR + TRENEponCHohGR) (A.3)
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where, Ecgonar and EyoncHonar refers to the energy overhead in re-clustering for a cluster

head node and non cluster head node respectively (in global re-clustering).

Local Delegation

Now, total energy cost of intra cluster data gathering and cluster maintenance overhead,
during an Epoch will be determined, when the clusters are maintained using local cluster
head role delegation.

It is assumed that, at a given moment, cluster head is located at (p, ) location and
any node i is located at (r,6) location with respect to polar co-ordinate system as shown in

Figure A.2. If the distance between any node i and its cluster head is denoted as d;, then

University of Moratuwa, Sri Lanka.
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this can be ¢

v L \ 7 ()

N[

d; = (r* + p* — 2rpcos(0 — ¢)) (A.4)

Total intra cluster energy cost in one data gathering round can be denoted as E, s, where

(p, @) is the location of the cluster head. This can be given by

Nn

Eps =3 (Betee + campll} )
=1

Therefore, the expected value of E, 4 denoted by E;’qs can be given using Theorem 1 of [57]
derived by Campbell’s Theorem as,

27 R. n
Epp= )\g/ / <Eelec + €amp (7"2 + p? — 2rpcos(h — qb))f) r dr df (A.5)
o Jo

Total energy cost of intra cluster data gathering and cluster maintenance energy cost during

an Epoch can be denoted as Errp.

Nnp,

Erip = Elx Z Ey. 6,1+ No(Ectonrp + (Nn — 1) EnoncHohLD)
=
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Therefore, again using Theorem 1 of [57] derived by Campbell’s Theorem,

21 R.
Errp = xA / E,ep dp dp + mRENEchonrp + TREAEponcHohLD) (A.6)
o Jo

where, Ecgonrp and EnoncHonrD refers to the energy overhead in cluster head role rotation
for a cluster head node and non cluster head node respectively when the local cluster head
role delegation is employed as the mechanism of cluster head role rotation.

Now, the conditions which would make a typical global re-clustering to be more energy

efficient than local delegation is tested. For this, following assumptions are considered.

1. Intra cluster communication follows Free Space communication model, i.e.

€amp = €amp—fs) TV = 2.

2. It is possible to neglect the energy overhead in local cluster head role delegation, i.e.

Ecuonrp — 0 and Eponcronrp — 0.

Hence, Ergr and Eppp can be simplified as follows.

2
€amp—fs Rc

ETGR - HCNT%K (Eelec + 9

> + Nn (ECHthR + NnEnonCHthR)
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Errp o L, L o ____3R)) (A7)

Therefore,

If a typical use case is considered where N, = 20, R. = 30, cluster head would have about
10 overhead messages and a none cluster head have 2 overhead messages each with £ number
of bits then,

Ecroncr =10 (Eeee + €amp—fsR2) €+ 2Ny Ejecl

EnonCcHohGR = 2 (Eelec + Ea’rnp—fsl%g) €+ 10E¢ject

Further, it is known that €gm,—rs = 10pJ/bit/m? and E... = 50n.J/bit. Based on these
numbers, Errp — Ergr > 0 when & > 5.1. Hence, global re-clustering is more energy

efficient as in practice x >> 1.

148



