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Abstract

his research demonstrates the effect of a deployed regmnsdaries on the effective coverage of a
mobile node. A nodes coverage area is not uniform througti@uentire deployed region. Assuming a
uniform coverage can result in significant error in caldolas. In this study, we analyze the behavior of a
nodes coverage area as a function of its transmission rangeghout the entire deployed region. Using
this analysis, a mathematical model for effective coveliagaobile wireless communications is created.
The mathematical model considers the effect of the deploggibns boundaries on the coverage area
of a mobile node. Lastly, we present simulation results tafywehe analytical model and to compare
this model with that of a uniform coverage.his research destrates the effect of a deployed regions
boundaries on the effective coverage of a mobile node. A sicdeerage area is not uniform throughout
the entire deployed region. Assuming a uniform coveragereault in significant error in calculations.
In this study, we analyze the behavior of a nodes coverageas e function of its transmission range
throughout the entire deployed region. Using this analgsimathematical model for effective coverage in
mobile wireless communications is created. The mathemdatiodel considers the effect of the deployed
regions boundaries on the coverage area of a mobile nody,las present simulation results to verify
the analytical model and to compare this model with that ohdoom coverage.T

. INTRODUCTION

Ad hoc wireless networks are formed by a group of wirelessitagtodes. The wireless nodes can
be any sort of microprocessor device with the ability foreléss communication. By nature, a wireless
ad hoc network lacks any fixed network infrastructure. Useesprovided connectivity with unrestricted
mobility due to the self-organizing, rapidly deployablekitecture of wireless ad hoc networks.

Because a node in a wireless ad hoc network is connected wigsticted mobility, the topology of
the network is dynamic. Realistic mobility modeling becawery critical for analyzing node behavior
and network performance. Common mobility models are thdoanwalk and random waypoint mobility
models [1], [4], [5], [9].

The random walk mobility model was derived from the Browniaotion, which is a stochastic
process that models random continuous motion [8]. In thisleha mobile node moves from its current
location with a randomly selected speed in a randomly sededirection. The new speed and direction
are both chosen from pre-defined rangesin, vmax] @and [0, 27), respectively [5]. The new speed and
direction are maintained for an arbitrary length of timedamly chosen from0, tmay. At the end of
the chosen time the node makes a memoryless decision of aamelem speed and direction.

In the random waypoint mobility model, a mobile node choosasmndom destination within the
deployed area. With the destination chosen, the mobile maddomly chooses a speed at which to
travel arbitrarily from[vmin, vmax]. Upon reaching the destination, a mobile node will pausefrandom
time before determining a new destination and speed. Inahédam waypoint model, mobile nodes have
a tendency to concentrate to the middle of the deploymenomefd], [13], [15], indicating that this
model does not present a truly uniform node distribution.

Both mobility models presented above are used regularlyhan dimulation of wireless mobile
nodes [7], [14], [6], [11], [15], [16]. In addition to choa®) the appropriate mobility model, one must
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Fig. 1.

deplyment region.

also understand the coverage of a MN under a given situatidge.common to assume a node has a
uniform coverage area independent of its location whithendeployment area without full understanding
of the impact of the transmission range in that deploymeaa §8], [11]. This chapter will present the
dependency of location and transmission power on the cgeecd a MN and provide an analytical
method for describing this behavior and analyzing conuaigtof MNSs.

Il. EFFECTIVE NODE COVERAGE

The effective coverage of a mobile node describes the nuibeiNs that can communicate with
a given node in the deployment region. Effective coveragiejzendent on the location of the node and
its transmission power in relation to the size of the deplegytiregion and nodal densitynode density.

For simplicity, it is assumed that a MN has a uniform circuleansmission area that directly
corresponds to its transmission power. The transmissiavepof a MN has a range of length and
can therefore be represented as the radius of the circalasrtrission area centered at the MN with a
total transmission area afr2. This is commonly assumed but is not always true. As a MN mabesit
the deployment region, the transmission area could betaffdoy the boundary effect. The boundary
effect occurs when a MN is at a distance less thadnom one or more boundaries of the deployment
region. At this distance a portion of the MNs total transinissarea extends beyond the boundary of
the deployment region. This portion of transmission areacissidered unusable by the MN as there
cannot exist a MN to communicate with beyond the boundargr&fore, the effective coverage area of
the affected MN is less thamr?.

Figure 1 illustrates this behavior. The figure shows two fd&hnodes near one corner of a deploy-
ment region. The solid dot in the middle of the shaded cirslthe MN, the shaded circle represents the
transmission area of the MN. The dashed line in the figuredated a distance of from the boundary.
This line represents a threshold into a region of cutoff fdvil's effective coverage area. As can be
seen in the figure, the MN that has crossed this thresholdalikeis nearing the boundary has a portion
of its transmission area extending beyond the boundaryeoflédployment. This hatched area serves no
benefit to the MN.

The boundary effect can have a major impact on the coverageadra MN. When analyzing node
connectivity in ad hoc networks it is important to take inttcaunt the boundary effect to prevent an
overestimation of coverage area. Total transmission aa¢@ chn be skewed by the cutoff areas at the
boundaries.

[1l. EFFECTIVE CONNECTIVITY MODEL

The purpose of this model is to predict node connectivityedaen transmission range and to
model the behavior of nodes under different simulations.afarage effective connectivity area in two

lllistration of boundary effect using two identicabdes. One node’s coverage extends beyond the boundare of th
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Fig. 2. Regional division of deployment area for computattd effective connectivity

Fig. 3. Single edge boundary effect for a node within Regin

dimensional spacey(r), is given as

u(r) = [ [ 80, % pla ) de dy

1)

wherez andy represent the location of the nog€y, y) is the probability that a node is located at the
point (x,y) and S(r, z, y) denotes the effective coverage of the node with the trarssomganger and

at the location(x, y).

The analytical model is computed by considering a nodeé&ctiffe coverage area in different sections,
or regions, of the deployment area. Figure 2(a) illustrétesregions in a. x L deployment area when
r < % The regions are created based on the transmission rangé,a MN. The distance creates
the various regions inside the deployment arearAsears0, region A will dominate the deployment,
conversely ag nears%, regionsC will dominate. For the case Wherg < r < L one must refer to
Figure 2(b). Asr increases beyoné‘, the lines representing the regions will cross paths andiraom
in opposite directions decreasing regiorand creating two new regional divisions, and E. All of the
regions fromA to E represent differing levels of effective coverage area apdte different calculations
for S(r,z,y). The functions forS(r, z,y) for each region are explained in the following subsections.

A. Region A

Nodes lying within Region A do not have coverage areas iatdirsg any boundary and therefore,
are able to utilize their entire coverage area. The coveaage of a node that is residing in Region A

is given as

B. Region B

SA('/', Z, y) =TT

2

)

In RegionB a node’s coverage area will extend beyond one and only onedaoy of the deployment
area. Figure 3 demonstrates this single edge boundaryt éfiea node within RegiorB; of Figure 2.



(a) CaseC (b) CaseC,

Fig. 4. Double edge boundary effect for a node within Redin

Fig. 5. Arc formed fromr in regionC3

It also shows how the effective area is broken into sliceshtimia a function for effective coverage for
a node within this region. FoB; the coverage area is

7TT2

SBl(TaIay)zx T2_$2+"”2 (g—arccos§> +T (3)

BecauseB;, By, Bs and B, are symmetric Equation 3 can be used to represent each abtihedgions
of B. Therefore,
Sp(r,x,y) = Sp, (r,x,y)

C. Region C

The coverage area of a node within Reg@mwill intersect two of the deployment area’s boundaries.
There are two cases to take into consideration for a nodéddda this region. The first case, shown in
Figure 4(a) as Cas€, occurs when a node is located no more than a distaneefroim the corner of
the deployment area. The second case, shown in Figure 4@ase";, occurs when a node is located
a distance greater thanfrom the corner but still within the bounds of regigh This distance- from
the corner forms an arc inside of Regi6has seen in Figure 5.

Within the region labeled’s in Figure 2 the arc is defined agr? — 22. For a node located within
Cs the first case of the coverage area fox % is

2 1 2
Scy(r,z,y) = %4‘52@ 7°2—962+% (g — arccos %)
1 2
+ —yvr2—y?+ T (Z — arccos E) + zy (4)
2 2 \2 T



Fig. 6. Tripple edge boundary effect for a node within Region

The second case far < % generates the equation
21 2 1
Se,(ryz,y) = FZ + FTVT -2+ % (g — arccos E) + —y\/r2 —y?
+ — (——arccos—)+2 V2 —ax?+ y\/ — y?

+

[ V)

| Joro]

(E — arccos & — arccos Q) (5)
2 r T

As with Sg(r, z,y), the regions ofS¢(r, x,y) are symmetric. For the case of> % within Region
C shown in Figure 2(b) only the first of the above cases exists.tlke effective connectivity in this
region Equation 4 is used again, however the limits of iraégn will change when calculating(r).

D. Region D

Region D only exists Whené < r < L. In this region a MN’s coverage area intersects three of the
deployment regions boundaries. Like RegidhandC, RegionD is also symmetric. Figure 6 illustrates
the coverage of a node within Regidn. From this figure it can be seen that the coverage area of a
node within this region is dependent enz andy and the following equation can be obtained

SDl(TZCy)_xL+2(L y)V/r2 — (L —y)?
r? L—y y\ 1
5 | T~ arccos — arccos = | + 53/\/7“2 — 92 (6)
T T

E. Region E

RegionE emerges Wherfg < r and continues to grow and take over the entire deploymeidmegs
r approached.. The coverage area of nodes within Regi@rintersect the deployment region at all four
boundaries. There are, however, four sub-cases to thisrrdhat are separated depending on the value
of r. While it is true that all nodes within Regiafi will intersect all four boundaries of the deployment,
they do so in different ways depending on location and trassion range.

The Figures 7(a) through 7(d) display the four sub-casesegfidd E. In each of these figures the
arcs represent the distaneerom each of the four corners of the deployment region. Thareézed
square box represents Regiéhfrom Figure 2(b) bounded by, — r andr on both ther andy axis. As
r increases the figures demonstrate the four sub-casesdatesathe arcs begin to overlap the centralized
box and begin to further intersect themselves. These actiesult in the four sub cases explained in the
following subsections.

1) Sub-case F;:: Sub-caseE;, as shown in Figure 7(a), is valid fof < r < (2 — V2)L.

(2 —+/2)L is the point at which the arc of radiusmeets the corner of the Regidi Nodes within this
sub-case will expand beyond all four sides of the deploymegibn but will not overlap the corners of
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(c) Sub-caseis

(d) Sub-caseF,
Fig. 7. Sub-cases for Regiahi

Fig. 8. Boundary effect for a node withif,

the deployment region as can be seen in Figure 8. Within thmdm® of this sub-case the formula for
coverage area withi; is given as
Sp,(r2,y) = 1% + 212 — 22 + y/rZ — g2 + (L~ ) /72 — (L — y)?
L —
— T2 arccos (E) — ’1”2 arccos (g) — T2 arccos < CE)
r r r

— 72 arccos (L — y) @)
T

2) Sub-case E»:: For sub-casé,, the valid range for is (2—v/2)L < r < 2L. 2L is the point
at which the intersection of the arcs meets the boundary gidRe~. As shown in Figure 7(b), sub-case
Es is further broken into two sub-regions with separate caliohs that are namef,, and Es, .

SE2 (Ta xz, y) = SE2a (Ta z, y) + SE2b (Tv Zz, y)
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Fig. 9. Sub-casd’,

The breakup of Regiofs, is identical to that of sub-casé, and is therefore calculated in the same
manner but with different limits of integration. It was fadithat RegionE;, must be further subdivided
into two zones to perform the calculation. The functions Zones are the same, however, they have
different limits of integration. Figure 9(a) shows the laweft quarter of RegionF from Figure 7(b)
and how it is further divided into sub-regions and zones fcuations. To simplify the calculations
the curved line labeled.inel in Figure 9(a) is assumed to be a straight line with minimabrerThe
coverage area of a MN in these zones is

SEQQ (’I“, ‘T7y) =4- SEzal (’I“, x7y) +4- SE2a2 (’I“, $7y) 8)

Nodes inE,, again expand beyond all four sides of the deployment rediohalso expand beyond
one corner of the deployment region as can be seen in FighjeH{e representative equation for nodes
within this region is given as

2
Sp,, (r,7,y) = B vay+ oV =2 4 (L—y)\/P — (L —y)?

: 22 5. Y s z
+ (L —x)\/r2 — (L —x)2 + 5\/7" —y? — - arccos (;)
— 72 arccos (ﬂ) — 72 arccos (L — I) — ﬁ arccos (g) 9)
r r 2 r
3) Sub-case E3:: Sub-cases, shown in Figure 10, is used wheil, < r < % At the point that

r = % the arcs generated from opposing corners of the deploynegidrr begin to overlap creating
regions to be described in sub-caBg. As one can see, sub-cagg is broken into three sub-regions,
consisting of three separate calculations, that have beeredEs,, Es, and Es . Region Es , like
region E_, is similar to sub-casé’; and is therefore calculated the same, but with differenitdirof
integration. RegionEs, is similar to that ofE,, in sub-caseFs>. Nodes in the region represented by

Fig. 10. Boundary effect for a node withifis



Fig. 11. Boundary effect for a node withifi,

E5_ continue to overlap all four sides of the deployment areanow they also overlap two of the four
corners of the deployment aref, is calculated based on Figure 10 and is given as

2 I
SESC(T,Ly):%erLng r2 — 2 + z 72— (L —x)2
2
+(L—y)vr?— (L —y)? - % arccos (E)
r

L— L —
— r? arccos (_y) — r? arccos ( :v) (10)

r r

4) Sub-case E4:: The final sub-case, sub-cagk, shown in Figure 11 represents the case where
% < r < L. There are four sub-regions within sub-caBg namedFE,,, Es., E4, and Es . The
calculation forEy, is similar to that of sub-casE,, and the calculation foE,,_ is similar to that of sub-
caseks, . Sub-casef, presents two new sub-regions,, and E,,. Nodes withinE,, are represented
by Figure 11 and the equation for these nodes is given as

r? L—
Sk, (ra,y) = - +yL+a(l —y) + =52/ = (L= y)?
L—-z r? L—y
2 _ ([ — )2+ —
+ 5 r2—(L—2x)?2+ 5 arccos( " )
2 I —
+ T arccos ( :v) (12)
2 T

Sub-regionZ,, is the case in which a node’s coverage area expands beyoedtile deployment region
and is therefore equal to the area of the deployment region

Se, (r,z,y) = L? (12)

The functions for the various regions presented above aependent of each other and therefore,
u(r) can be calculated separately for each region and summeth&der the final result.

w(r) = pa(r) + pp(r) + pe(r)up(r) + pe(r)

Figure 12 demonstrates the boundary effect by represetitingecently described(r, z,y) as the
number of neighboring mobile nodesnode within the transimisrange of a node moving away from
a corner of the map (Regioft). The z andy axes of the figure represent the node’s location in one
quarter of a deployment map and theaxis shows the number of nodes in a given transmission range.
The figure shows that as the node moves away from a corner orpaechge, the number of nodes
connected directly to the node increases until it reachesnatant.



IV. RANDOM WALK ANALYTICAL MODEL

In the previous chapter, Equation 1 was introduced as a niodeffective connectivity. This section
outlines the adaptation of the effective connectivity mddeuse with the random walk mobility model.
Section Il outlined the regional differences for calcuigtb (r, z, y). These functions fof(r, z,y) along
with the probabilityp(z,y) of a node’s location under the random walk mobility modell & used in
this adaptation.

MNs under the random walk mobility model remain distributedformly during the entire simu-
lation [5], [13]. Therefore, the functiop(z,y) associated with Equation 1 can be found by once again
referring to Figures 2(a) and 2(b). The probability that aleds located at a givefr, y) is identical
for every point within a region. This function is derived fincthe uniform density of the random walk
mobility model. Therefore, it is equivalent to the ratio bktarea of a region to the area of the entire
deployed region. When < % the probabilities are as follows:

patwy)=(1-20)" a3)
po(@y) =4(1-27) 7 (14)
oy =4(%) (1)
When% < r < L the probabilities are:
powy) =1 (1-7)° 16)
po(ey) = —4- (22 1) (£ -1) (17)
p(a,y) = (20 1) a8)

These probabilities are then used along with the functisiis, z, y), for coverage area given in
the Section Il and inserted into Equation 1 to determine ffecéve connectivity.u(r) is divided into
separate calculations for each region and summed togethtee aend for the resulting random walk
effective connectivity model.

Fig. 12. Effective Transmission area due to border effect
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A. Region A
For RegionA, Equations 2 and 13 are brought together with 1 to form thiidhg completed
equation

2 r\?
wa(r) =mr (1 2 ) (19)
B. Region B

Because Equation 3 for Regidhis dependent om, when this equation and Equation 14 are inserted
into Equation 145 must be integrated with respecttamver0 to r to determine an equation for effective
connectivity based on. Integrating this region results in a volume and thereforest include a division
by r, the length ofz, to return this function to an area. When the integrationegfiggmed on

L=r rm Sp(r,z,y) - x,y)dx,d
uB(r)=/ / s(r,a,y) - pp(r,y) dr, dy
T 0

r
the resulting equation for RegiaB is

~ A4r3(3m —2)(L —2r)

ps(r) = 312 (20)

C. Region C

RegionC for r < é was previously divided into two separate cases. These twecases, Case
C, and Case&’;, contained withinC' both utilize the same probability shown in Equation 15 buteha
different equations. Because these functions are inegyraith respect to both andy, the final product
of uc must be divided by the area of Regi6h 2, so thatuc represents an effective area. The resulting

equations for Regio® whenr < % are

Case(C,
VrZI=z2 r
_ fO fo ch(r,:v,y)-pc(:v,y)dydx
HCs (T) = 2
Case(,
S Jo Scy(ria,y) - pe(z,y) dy do
ey (T) =

r2

upon integration and summation p§, (r) from CaseC; and Case&’; the resulting equation for Region
C whenr < L is
r4(137 — 10)
pe(r) = T4z (21)

When% < r < L, the final function must still be divided by the area of RegiGnso that it
represents an effective area, however this area has changeid now(L — r)2. The probability for this
sub-case is shown in Equation 16. As was mentioned in Sedltidtegion C' for % <r < Lis only
based on the first case 6f. The resulting equation for Regiati when% <r<VLis

L—r pL—7r
Iy Sey(roz,y) - po(a,y) de dy
(L= P

HCs (T) =
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and after integrating, Regiofi' for % < r < L is represented as

L —
pe, (r) = ; [31:3 +4L*\/—L(L —2r) — 9rL* — 3Lr*x — 8L\/—L (L — 2r)r

3L

L—r

I —
+ 972 L — 672 arccos ( ) L+ 9r2L + 6 Lr? arcsin ( T)

r T

L —
— 117 — 977® + 3r37 + 1272\ /=L (L — 2r) — 613 arcsin ( T)
.
L _
+ 673 arccos ( T) ] (22)
T

D. Region D

The portion of the random walk effective connectivity formuelated to RegionD comes from
Equations 6 and 17. Once again the area that the region cawletse included in the denominator so
that the final function results in the effective area of Regia The area of Regio® is (2r — L)(L —r).
After combining the area and the two equations mentionedeaadth Equation 1 the resulting function

IS
— f;—r fOLiT SD(Tv €T, y) : pD(I, y) dx dy
a 2r—L)(L—r)

o (r)

and RegionD after integration is

-2 (L - L—
up (r) = 72132 r) [3 L? — 9 L*r + 6 Lr? arcsin (_r) +6Lr?+3r*nL
r
— 302w L -2 (~L(L—2r)*? +6r>/~L(L—2r)
L —
+3rr—673 arcsin( T) —6r37r] (23)
r
E. Region E

The portion of the effective connectivity formula for Regi& is made up of Regiok’s sub-cases
as detailed in Section Il. The calculation @f;(r) is highly dependent on and each sub-case is only
used in the final equation for a specific rangerof

As done for the previous regions, these functions must bépthiatl by the probability from Equation
18 and divided by the area of Regidiy (2r — L)?. These two factors are constants in the integration
as they are completely independent(ofy).

1) Sub-case E;:: The range for this region was defined @s< r < (2 — v/2)L in Section Il and
it was also explained that there was only one formula for $ils-case. The function fqr in this first

sub-case is i )
(r) = fL—r fL—r Sg, (r,z,y) - pe(r,y) dr dy
et (2r — L)?

after integration, Regiotz for £ < r < (2 —v2)L is

2

e, (r) = L—T2 (2r—1L) [47‘ arcsin <_L+T)

r

—4Larcsm<_L+”> —Lw+4m] (24)

r




2) Sub-case FE,:: From Section Il it is known that sub-cade, involves two sub-regionsts,
and E,,, that sum together to form the equation for sub-cAseTo simplify the calculations, Region
E was divided into 4 symmetric quadrants. The limits of in&dgm for E,, and E», are derived from
Figure 9(a). Each of the functions includes a factor of 4 tovalfor all four symmetric quadrants. The
resulting equations for RegioR when (2 — v/2)L < r < §L are:

4-
MEza( ) = pE i y / / SEya1 dzdy
(2r — L L—r JV2Lr—L%

V2Lr—L% L
=+ / / SE2a2 dy dx
L—r —x+L—r++2Lr—L2

4. pE(x7 y) —z+L—r++2Lr—L2 V2Lr—L2
peb(r) = @ —12 J, : S dy dx

- -Tr

that upon integration result in the following two equatidosbe used wheii2 — v/2)L < r < gL.

7’2[2 ) .(\/2LT—L2> ) ,(—\/2LT—L2+L>
m™—2r“arcsin [ ——— | — 27" arcsin

Pz (1) = 2 " r r

—V2Lr—L*+ L
+8\/2LT—L2arcsin< ! + )L—Gr\/—L(—QT—i—L)
r

—r+L
—6\/7’2+2\/2L7’—L2L—2L7’L—|—6T2arcsin< T >+27’L7T
T
V2Lr— L2
+2+—L(-2r+ L)L + 4 arcsin <;> L?

r

— L — L
—47°Larcsin( T )—87“\/2L7°—L2arcsin( Ul )
T r
o[ N2Lr—1L2 . —V2Lr—L2+L
— 8 arcsin | ———— | Lr — 8 arcsin
r

Lr

r

—6\r2—2Lr+L2/2Lr — L2 +4x Lr — L?>nr —4+/2 Lr — L?Lx

L
+8\/2LT—L2Larcsm< T )+8\/2LT—L2\/—L(—2T‘+L)
+6\/r2+2 2Lr—L2L—2Lm/2Lr—L2] (25)
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6L2 r

+ 1272 arcsin <_t:— T) t? + 9% arcsin <_t:_ T) — 10 t3/2r2m
— 1262/t ¥ 2rr + 18 73VEV =t + 27 — 1204772 + 803 — 20t*
—|—8t5/2\/7’2 — 2t + 2832/t + 21/t + 27 — 63T VIt + 27

tv/—t+ 2
+8t3\/7°2 —2tr+ 2132/t + 27 — 24 3¢ arcsin (u)

r

—t —t tv—t+ 2
+ 2473 arcsin ( +T) ViV—=t + 27 + 2473t arcsin ( + Vi + r)
r r

F 862\ [r2 — 24r 4 209/2 T 2V F 37 + 447/ TE T 27
—t tv/—t+2
— 24 7%#3/2 aresin ( + T) V=t + 27 + 12 7% arcsin (u)
r r

—|—26T2\/’I’2 2t +283/2/F F 2rViV—t + 27 — 187232/t + 27

—t t—t+ 2
_24r2t3/2\/—t—|—2rarcsin< + Vi + T> +247r37t 4+ 80t 13
r

-1 t—Vitv—t+2 -t
[Esb (1) = [ — 247® arcsin <M) t — 2473 arcsin ( + T) t
r

t—tv—t+2
— 24752\/7“2 —2tr+2t3/2/—t + 2rr — 6r* arcsin (M)
r

tv/—t + 2
- 261"2\/7’2 —2tr+2t3/2/—t + 27t — 3r* arcsin (u)

r
+ 2472 arcsin (M) 32/t ¥ 2r — 57“4} (26)

These two equations show how rapidly the complicated ssesaf RegionZ grow into vastly
complicated formulas for the effective coverage of the mandwvalk mobility model. The following
two sub-casesFs and E4, quickly become even more complex and for this reason thatres their
integrations will not fit on these pages.

3) Sub-case Fs:: ForgL <r< % sub-casd’; becomes the function for Regidi This sub-case
was previously defined in Section Il and is made up of threarsge sub-regions. As with the previous
sub-cases, the equations f&f, must be inserted into the equation feland integrated. Choosing limits
of integration becomes rather complicated in this sub-daiggire 13 represents the lower left quarter of
Region E for this sub-case. This figure is used to determine the liofittitegration. The dashed lines
in this figure are the arcs located a distancer dfom the corners of the deployment as explained in
Section Il. These lines are curved, but are estimated aiglstidines for the purpose of simplifying the
integrations. This can be done with minimal error. From figsre, the functions for these dashed lines
are

Liney
V2tr —t2 —t

y(x)=v2tr—12+] 4 +T](x—t+7°)
t—r—2tr —12

Lines
-1

y(z) = [2arv/4r2 —12 — datr + 4ar?

4(—t+tr— —(—2T+t)tr)

F 20472 — 126 — 3412 — 20 + 2412 — 12\/— (=27 + ) tr + 2712 — 217

Using the figure and the above formulas for the lines in theréighe equations for Regiof when
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The above multipliers of either 4 or 8 are inserted into thecfion based on the symmetric regions.
Once again referring to Figure 13 it can be seen that the mequisir sub-regionts, is integrated over
a quarter of the subregion and therefore, this equation mesmnultiplied by 4 to include the entire
sub-region. Sub-regionss;, and Es_ shown in this figure are integrated over jtgbf their entire area
and are therefore multiplied by 8. Sub-regifh, was calculated by integrating it over the entire area
under the liney = = and then subtracting out the portions outsideFgf. This proved to be the most
efficient way to calculate this sub-region.

4) Sub-case F4:: The final sub-case for Regiof is for % < r < L and is made up of four
sub-regions. These sub-regions were defined in Sectiondlisaown in Figure 7(d). As with sub-case
E3, choosing the limits of integration for this sub-case prbte be a challenge. Figure 14 shows the
breakup of the sub-regions for this sub-case. As was theinabe previous figures, this figure is the
lower left quarter of Regiory. The dashed lines are the arcs located a distancefafm the corners
of the deployment. The two dotted lines are displayed foenexice. From this figure, the functions for
these dashed lines are

L
2

Lines

1
z) = L2 —2v/-L24+472L — L+ /L2 + 472z + 272
) = T e

Liney
yl@) =L —r2—2a*

Lines

——T+ \/27’2 L2
=L —r+ r—t+2Lr— L2
v(@) %L—\/2L7’—L2+§\/2T2—L2 ( )




As shown in the figurel’y, is further divided into two zonedys, andEy,, for ease of computation.
As occurred in the previous sub-case, sub-regiap will be integrated under the ling = = from
the corner,(L — r), to the dotted line dividing the sub-regiddy, in two. This will be followed by
subtracting the functioty,, integrated over the bounds of sub-regibh,,. This was found to be the
least complicated method. The integration of sub-redian is performed similar to that of,,. With
the use of these considerations the functions for Reg@idor sub-caser, are

Spplwy) [ [EEVEE
‘LLE4b (T) B (2T—L)2 ' L—r L—r

L_1V2r?=L? [Lines
_ / / S, dy dz]
L—+/2Lr—L? L—r

Sk, dy dz

( ) 8 pE(x7y) /Ié /LGe4 S d d
UE, (1) =5 B, dydz
ter @r—L)? Jiryme—rp oy

L_13P=L7 Lines
8- T, 272 5
’uE4C2 (T) - pE( y) ' \/L /L SE4C dy dx

(2r—1L)? VaLr—I? .
(2,9) .
‘PE\T, Y
=B g, Sk, dyd
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Liney
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(e, (r) = (2r — / \/—_/Lmee

SE,, dydx

After performing all the necessary calculations for theetifve connectivity of the random waypoint
mobility model, we are left with the following complex forrau

pa(r) + pps(r) + pe(r) fo<r<%
Hes (T) + MD(T) + uE, (7‘) if % <r< (2 - \/i)L
pes (1) + up(r) + pEya(r) + pE,p(r) if (2—V2)L<r<3
)= e, () + () + (1) + pep(r) + peye(r) i 3L <r< L
Hes (T) + up (T) + ME4b(T) + ME4C—1(T)
+UE o (T) + :LLE4d(T) + :LLE4B(T) if % <r<L

Fig. 14. Sub-casé,
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Fig. 15. Spatial Distribution of Random Waypoint

It has been found that this model can be simplified to just thet three regions and expanded
over the entire range of instead of limiting them to- < % This drastically simplifies the model. The
resulting equation for effective connectivity in the randavalk mobility model is

ar?(L—2r)2  4r*(3m —2)(L—2r)  r*(97 —5)
= 27
u(r) 7 + 372 + 373 (27)
This much shorter and simpler version @fr) is compared with the longer version and analyzed for
accuracy in Chapter 6.

Equation 27 can be converted into a relative mean effectvmectivity model by dividing it by the

deployed areal.?, so that it becomes unit-less. The substitution

pP==

L
can be made so that Equation 27 becomes a function of thertisgien range and the deployment area
11 8
p(p) = (g — W) pt =30 +mp’ (28)

The resulting relative mean effective connectivity fuontiEquation (28), can be plotted over a range
of transmission ranges to give us a visual representatidmoaf node connectivity will be effected as
transmission range is increased.

V. RANDOM WAYPOINT ANALYTICAL MODEL

In a similar manner to the previous section regarding randeatk, this section will outline the
adaptation of the effective connectivity model for use wiltle random waypoint mobility model. The
functions outlined in Chapter 3 for calculatisyr, , y) will again be used in this implementation along
with the probabilityp(x, y) of a node’s location under the random waypoint mobility mode

The random waypoint mobility model lacks the uniform distition of the random walk model.
Because of this, the spatial node density must be taken antsideration. Many researchers have worked
to derive functions for the random waypoint spatial denf#ly [4], [12], [13]. This research uses the
simplified function presented in [13] for this adaptatiortioé effective connectivity model to the random
waypoint model. Figure 15 represents the resulting distidin of the random waypoint model using [13].

The effective connectivity of nodes within these regionsakulated similar for this model as it was
for the random walk model, with the inclusion of the spatiala density function from [13]. Due to
this inclusion,S(r, z,y) becomes not only a function of area, but also a function ofitign

S(ﬁl‘,y) = f(A(T,x,pr(x,y)) (29)
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Computing the probabilities for this model involve the usah® spatial density function from [13]
discussed earlier. To simplify the calculations a zero pdime is assumed and no node is stationary at
the beginning of the simulation. The resulting simplifiecGtsg density function is,

fz,y) = 36zy(z —1)(y — 1) (30)

and is based on a unit square map. The actual probabilityathatle is located at a givém, y) becomes
a function of the area under Equation (30). This will resolan equation for effective connectivity in
the random waypoint mobility model that is based on the umitase. The resulting function is similar
to that for random walk, that is, it is a function of transnassrange versus deployment area.

Again, p(r) is calculated separately for each of the regions and cordhime¢he end for the final
result. Due to the accuracy of the simplified random walk nhadd the complexity of the full version of
the random walk analytical model, only the simplified vensaf the random waypoint analytical model
has been calculated.

A. Region A

Region A again comes from Figure 2(a) and is calculated by combiriegiquations 2, 29 and 30.
The new combined equation is a function of battandy and is therefore integrated overto L — r
for both 2 andy. The equation for Regiod is

L—r L—r
ha(r) = / / Sa(r,z,y) - 36ay(x — L)(y — L)Pdady

which upon integration the equation becomes
36 , 288 . n 432 ¢ 864

%Tﬂ'—?ﬂ"l’ 3 rom — 5% arT + 576 w8
9936 5184 5184
— 17287 + 3 O — 3 ra o5 r2q

pa(r) =

(31)

B. Region B

Again RegionB is symmetric and therefore one needs only to derive a cdionl&or one of the
B regions. As was the case in the calculation for Regidmnder the random walk analytical model,
using regionB; from Figure 2(a). In this analytical equation RegiBnis dependent on both theandy
variables and must be integrated over both. It can be seeigimeéF2(a) that Regio® is to be integrated
with respect tar over0 to » and with respect tg overr to L — r. By combining Equations 3, 29 and
30, RegionB is

L—r T
par) =4 [ [ Su(ray) - [362y(a — L)y~ L)Pdudy
T 0
the resulting equation becomes

288 384\ 5 405 864 4608\ -
— T | ——T7r + | =7 —== |7
) 25 5 25 875
1536 2304 50688 19062
+ (T - 11527r) r® + (33487T —~ T) ¥+ (1—75 - Tw) 7o
10044 27648\ |, 55296 10368 12
+ ™ — T — — —— 7| r
5 175 875 25

pp (r) =

(32)
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C. Region C

As with the previous derivation of the random walk analytitendel, RegionC' of this model is not
only symmetric but also broken into the same two sub-caSgsand C». Both of these functions use
the same limits of integration as was used for the random waa#tytical model, however they are now

combined with Equations 29 and 30 to form

Case(;

N e S
e (r) = / / Scy(ryi,y) - [Boxy(x — L)(y — L) *dudy

Case(y
nea) = [ [ Seylrna) - Bomyle - L)y - D)Pdyds
Viz=z2 Jo
after integrating and combining the two formulas, the eiguator RegionC' is

(= (953 I5TS\ o (93981 60048 N\
Het) =\ "0 175 1225 35

(431649 742248) 10 (6258496 74889 )rll
o

T —

224 " 1225 13475 10

10886404

088640 +7607077T 12 (33)
67375 5600

Now that all the required calculations have been perforneedte random walk analytical model,
the individual regional functions are combined to form th# model.

36, 384 5 2T o 4608 -

/L(T):%ﬂ"l’ —%7’ 571'7’ 875T

55338 1080 ) (470496 4212 )
175 20 1225 35
387432 114021 \ ,, (165184 6849 \
- + T)r + — =TT
1225 1120 539 70
15144196 400509 \ 4,
( 67375 5600 ”) " (34)

Because this function is based on the unit square, the tiasiem ranger, in this model is already the
ratio of transmission range to map length, Therefore,;- can be substituted witp in Equation 34 to

match the random walk analytical model.

36, 384 . 27 . 4608 ,
Hlp) = G mp = e R T T e

55338 1989 \ 4 470496 4212\

— - — — +—"7)p

175 20 1225 ' 35

387432 114021 1\ o (165184 6849 )
1225 1120 © 539 70 " )F

15144196 4

5144196 400509 ) 5
67375 5600

Both this model and the random walk analytical model will In@lgzed and compared to simulated data
in the next section.
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Fig. 16. Complete and Simplified

VI. ANALYSIS

A. Random Walk Analytical vs Smulated

Section IV presented two versions of the random walk aradijtmodel. The first version is a

complete implementation of the effective coverage anzdytmodel over the range of < r < L made
up of several parts. The second version is an expansion ditiy@er beginning part of the lengthy first
version. This function was originally intended to reprdastre effective coverage of the random walk
mobility model from0 < r < é However, once it was implemented the range was experirdenith
and it was found that its output is nearly identical to thattted lengthier version all the way to the
extreme end of the rangé, Figure 16 shows both of these equations plotted togethdreoaame graph.
As one can see from the figure, the two functions are nearlgtickd all the way to about = 750.
At this point the simplified version produces a slightly lovestimation than the full version. Figure 17
shows both of these versions plotted with the results of aulsition. In this figure, it is clear that both
models slightly deviate from the simulated data with thd fi@rsion slightly over estimating and the
abbreviated version slightly under estimating. The differes at this level of are negligible as these
levels of transmission range versus deployment region atreealistic. Therefore, the simplified version
provides functional results.

To compare the model with the simulated data, multiple ramd@lk simulations were run with the
total number of simulated nodes ranging from 20 to 300 inédm@nts of 20. Each of these simulations
was conducted with a map size ®900 x 1000 meters, a simulation time of 900 seconds, minimum
node speed of 0.1 meters/second, maximum node speed of &#@sfesetond and a uniformly distributed
duration of [0,100] seconds. Data from every simulation tes analyzed, at transmission ranges from
25 meters to 1000 meters, for the average number of nodeswaitie node’s transmission range. The
data was plotted as the average percentage of nodes in théagon that are within the transmission
range of one node. As the transmission range increasedutiiescof all simulations followed the same
shape regardless of the number of nodes in the simulation.

The random walk simulation data was plotted with the randaatkvanalytical model and can be
seen by once again referring to Figure 17. From this figurecamesee that the random walk simulation
data and the random walk analytical model are nearly idehtithe most noticeable difference in the
analytical model as compared to the simulation data occutheaupper bounds of the transmission
range. This is attributed mainly to the approximation ugethe analytical model. The analytical model
is accurate up to approximatety= %, this is where the simplified model deviates from the full ralod
and the curve is slightly skewed.

The forth curve in Figure 17 represents the behavior of namleerage if no cutoff is taken into
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consideration, that is, a uniform coverage area is assuRd relatively small transmission range this
assumption could be acceptable, but as the transmissi@re riaereases the assumed and actual node
coverage differ greatly.

The analytical model and the uniform model are compared thi¢hrandom walk simulation data and
the difference is plotted in Figure 18. From this figure, ihd#e seen that the level of error increases at
an exponential rate for the uniform distributionsas increased, However, the analytical model retains a
very small level of error throughout all values afFrom this data, it can be concluded that the uniform
distribution can be used with 8% confidence level ifr < 75 and with a90% confidence level if
r < 125. These confidence levels decrease at a rapid rate beyent5. However, using the analytical
model the confidence level never drops bel@is and is actually better tha®ir.5% for r < 900.

B. Random Waypoint Analytical vs Smulated

As with the random walk simulations, multiple simulationseve run for the random waypoint model.
The number of nodes, simulation map size and simulation trae the same as in the random walk
simulations. However, duplicate simulations where rurhwdifferent speed ranges. The first simulation
set was run with a minimum and maximum speed identical todgh#éte random walk simulations. The
second simulation set was configured with a minimum and mamxinspeed of 5 meters/second. The
maximum rest time for a node in both simulation sets was seeto. Again data from each simulation
was analyzed, at transmission ranges from 25 meters to 1@®€rsn for the average number of nodes

= Analytical Versus Simalated Data
> uniform Versus Simutated Data

0 100 20 30 40 50 60 700 800 %0 100
Transmission Range

Fig. 18. Error of Random Walk
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Fig. 20. Random Waypoint Error

within one nodes transmission range. This data was alstedland as was the case with the random
walk model, all plots were the same irrespective of the totathber of nodes in the simulation. The two
speed variations in the simulations resulted in very sinplats as well.

The data from the simulation was plotted with the analytioaldel and can be seen in Figure 19.
The random waypoint simulation data and the analytical rhade very similar in shape. There are a
few slight variations that can be seen in the figure and thagebe attributed to the approximation of
the area under the spatial density used in the calculatidgheofinalytical model. The random waypoint
analytical model proves to be much more accurate than tferamimodel in the higher regions of
The two are very similar in the lower regions of

Figures 20(a) and 20(b) show the RWP model and uniform madet as compared to the simulated
data. The random waypoint model has a confidence level oterdzan90% for % < r. The error is
greater belowg and is attributed to the lower overall connectivity in theaeges. A slight deviation in
the percent of nodes in range for a low value already equates tunfairly large percentage of error.
Simulations themselves can and do vary by a small amount adket randomness of their behavior.
Regardless of the unfair percentage of error analysis,riudel is a very reasonable estimate of the
random walk mobility model’s effective coverage.

VIlI. CONCLUSION

In this paper we have shown that the location and transnmigsinge of a mobile node can have a
considerable effect on expected node connectivity andityei8e presented a mathematical model to
predict the behavior of node coverage. The model was ext:tode random walk and random waypoint
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mobility models and examined for accuracy in each. It wassshthat as the transmission range,of

a node is increased, the effective mean coverage also saggehut not in a uniform manner. Extensive
simulations were conducted to verify these mathematicdirfys and to demonstrate the importance of
the boundary effect.

Future work for effective coverage includes adaptationgdditional mobility models, including

group mobility models. In addition to adaptations, furthefining the spatial node density of the random
waypoint model could reduce the variations between the laied and analytical results. Likewise,
comparisons between the presented analytical models|a@dudata and real world data could provide
extremely useful to the research community.
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