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Abstract

An analytical model to estimate the time duration of
routes formed by several intermediate nodes in MANETS is
presented. Although there are works related to estimation
of route duration, they only partially obtained analytical
expressions. First, we approach the route duration prob-
lem by modeling a 3-node static case, source and destina-
tion (static) and one intermediate node (mobile). Then, a
3-node mobile case is analyzed. For both cases, we evalu-
ate how long the route is valid. Finally, a K-node mobile
case is presented. We conclude that the time duration of a
route formed by N intermediate nodes can be accurately
found from the minimum time duration of N separated 3-
node routes. Simulations were developed using NS-2 to ver-
ify the proposed model. This work can be used to compute
the signaling overhead during route-maintenance of routing
protocols for MANETs and to adjust the maximum network
size.

Keywords: ad-hoc networks, route duration.

1 Introduction

An ad-hoc network is a collection of nodes forming a
temporary network by means of wireless interfaces and
without use of any existing network infrastructure or cen-
tralized administration.

In Mobile Ad-hoc Networks (MANETS), network nodes
are free to move randomly and self-organize; thus, the net-
work topology may change rapidly and unpredictably. Such
a network may operate in a standalone fashion, or may be
connected to the Internet. MANETS became a popular sub-
ject for research as laptops and 802.11/Wi-Fi wireless net-
working were widespread in the middle to late 1990s. Other
types of ad-hoc networks that are becoming increasingly
popular are the Vehicular Ad-hoc Networks (VANETS) and
Wireless Sensor Networks (WSNSs).
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Degree of mobility is an important factor and a key re-
search issue in MANET and VANET networks. Up to a
large extent, degree of mobility determines the time dura-
tion of routes, so an analytical study about route duration
turns out to be crucial. Although, at this moment, most
sensor applications have zero or low mobility, it can be an-
ticipated that future sensor network applications would in-
volve some degree of mobility [5]. The analytical study
presented in this paper would be an important contribution
for this kind of sensor application. A study of route dura-
tion may not be easily tractable even under simple mobility
models, however a route duration model would be helpful
to anticipate route disruption and to avoid the degradation
of system performance. Previous knowledge of route du-
ration can be used to select an alternative route before the
current one fails, and it can also be used to decrease or limit
packet losses and latency due to signaling overhead during
route reconstruction. Because route duration decreases with
route length, a route duration model could be used to scale
up/down the maximum network size as to meet minimum
route duration requirements to guarantee a satisfactory com-
munication between any pair of nodes.

Due to the limited transmission range of wireless radio
transceivers, multiple nodes working as relays (multi-hop
routing) may be needed for one node to exchange data with
another node across the ad-hoc network. Traffic relaying in
mobile ad-hoc networks, however, is a difficult task to deal
with. Node mobility, signal interference and power outages
make the network conditions change frequently. As a con-
sequence, any link along a route may fail at some point, and
every time a route fails, the routing protocol needs to search
for another route. It is clear that route duration strongly de-
pends on the mobility pattern of the nodes, and one would
like to be able to compute this duration in advance.

In general, there will be a need for none, one, or several
intermediate forwarding nodes between source-destination
pairs in an ad-hoc network depending on the distance be-
tween source and destination nodes, the transmission range
and node density. As shown in Figure 1, each intermediate



forwarding node must be located within an oval-like over-
lapping region formed by the intersection of the coverage
zones between its adjacent route neighbors.

The main contribution of this paper is to present an ana-
lytical study which predicts the time duration of routes in a
mobile ad-hoc network. Previous researchers have analyzed
this problem, but they have not truly achieved the goal of
obtaining an expression for route duration. We believe an
analytical study is more powerful and has a higher appli-
cability than a simulation or empirical model for example,
because it is not tied to any specific simulation scenario.
The rest of the paper is as follows: Section II presents a
description of previous work in this area. A study of route
duration of a 3-node route is presented in Section III for the
case where only the intermediate node moves, and Section
IV presents the case where all three nodes move. In Sec-
tion V we generalize the model to routes with N interme-
diate nodes. Section VI presents simulations using NS -2
network simulator to compare the analytical model versus
simulation results. Finally, in Section VII we present some
final remarks.

2 Related Work

Simulation has been one of the main methods for an-
alyzing the properties of route duration in mobile ad-hoc
networks in the past. Simulations have considered several
parameters such as mobility model, traffic pattern, propa-
gation model, etc. The authors in [3] made one of the first
studies concerning the analysis of route duration based on
empirical results obtained by simulations. These authors
examined detailed statistics of route duration considering
the following mobility models: Random Way Point (RWP)
[4], Reference Point Group Mobility (RPGM) [12], Free-
way (FW) [2] and Manhattan (MH) [2]. They observed
that, under certain conditions (i.e., a minimum speed and
routes with several hops), the time duration of routes can be
approximated by exponential distributions. They evaluated
the effect of the number of hops, the transmission range and
the relative speed of the mobility model on route duration.
However, the authors did not consider the goodness of fit of
any other distribution. Moreover, they did not justify the se-
lection of an exponential distribution with any mathematical
validation. To cope with this limitation, the authors in [11]
used the Palm’s theorem to state that, under some circum-
stances (e.g., infinite node density), the lifetime associated
to routes with a large number of hops converges to an ex-
ponential distribution. These works provide a solution for
the analysis of paths which is valid only for routes with a
large number of hops. Therefore, their study could not be
applied to many practical MANET applications where the
paths consist of few hops only. In spite of these limitations,
the popularity of the exponential fitting has been used as a

Figure 1. Overlapping region of two adjacent
nodes

common approximation in some other works such as in [1].
In [1], the authors presented a statistical model for estimat-
ing route expiry time adaptively, to reduce control traffic in
on-demand ad-hoc networks.

There are several analytical studies related to route du-
ration in the literature. Even though the authors of these
works followed different approaches to solve the route du-
ration problem, they did not truly achieved the goal of ob-
taining an expression for modeling duration of routes with
several intermediate nodes, which limit their applicabil-
ity. For example, the authors in [6] presented a simpli-
fied model of link duration for a single-hop case. Based
on this model, they tried to generalize a model for a multi-
hop route, but they did not provide any closed-form solution
for this model. In [10], the authors presented an analysis of
link duration for a two-hop MANET only. In this study,
the authors considered an exponential distribution of route
duration and they assumed that the source and destination
nodes are fixed while the intermediate node is moving us-
ing the RWP mobility model. However, they did not extend
their analysis to a route of several hops. The authors in
[14] assumed that link durations are independent and expo-
nentially distributed random variables with a known value
for the mean link duration. Based on these assumptions,
the authors derived some expressions to estimate route du-
ration for single and multiple routes. However, in most
cases, it cannot be assumed that the mean link value is a
known parameter. In [16], the authors presented a frame-
work for studying route duration in mobile ad-hoc networks
based on various mobility models, but they did not present
any detailed analytical expressions. In [15], the authors de-
rived the joint probability distribution of route duration, but
only for the case of a discrete-time, using the random walk
model. They based their analysis of route duration parti-



tioning the MANET network into a number of hexagonal
cells and assuming that mobile nodes roam around in a cell-
to-cell basis. In [17], the authors described the probability
distribution function of route duration assuming that nodes
move according to a constant velocity model and derived
the statistic results of link and route duration in ad-hoc net-
work. We decided that the analytical works presented in
[15] and [17] are the closest models to ours. In Section
VI, we will present a comparison between these models and
ours.

The mobility model proposed in [9] used fluid-flow tech-
niques to analytically model the average sojourn time of
an intermediate node while it crosses the region formed by
the intersection of the coverage zones between its adjacent
nodes (overlapping region). This model considered that in-
termediate nodes are found right after entering the over-
lapping region. But they did not reflect on the possibility
that the forwarding node is already located within this re-
gion, which is the usual case, so route duration estimated
by this model would be much different than the real value.
Although this model assumed various intermediate nodes,
because it considered all overlapping regions have similar
size, the actual sojourn time for each forwarding node in
the route would be the same, thus the route duration pre-
dicted by this model will be the same for routes with one or
several intermediate nodes, which is not realistic.

Although a study of route duration is extremely difficult
to deal with even under simple mobility patterns, in this pa-
per we propose a route duration model aimed to remove
some of the limitations found in previous works. It is im-
portant to stand out that does not exist a general mobility
model that contemplates all possible dynamic behaviors that
a node in wireless networks can follow. Our model predicts
the time duration of routes with any number of intermedi-
ate nodes, and the only assumption we have made is that
all nodes move following a constant velocity model, (i.e.,
from the route discovery time up to the route failure time,
all nodes involved in the route are moving at constant speeds
and follow random rectilinear trajectories). In future work
we plan to study the behavior of our route duration model
with other mobility models.

3 Route Analysis (3-node Static Case)

We approach the route duration problem by modeling
and understanding simpler route scenarios first, before mov-
ing to more complex ones. First, a route formed by three
nodes will be modeled, considering that only the intermedi-
ate forwarding node is moving while source and destination
nodes remain static. Then, a route formed by three mobile
nodes will be analyzed. Finally, a general case of a route
formed by several mobile nodes will be presented.

In a real route, intermediate nodes will be found inside

the overlapping regions. In addition, the size of the over-
lapping region changes for each intermediate node, thus the
sojourn time of a forwarding node within this region could
vary significantly for different intermediate nodes. To in-
clude these considerations in our analysis, it was necessary
to involve all possible initial positions and trajectories of the
nodes in the route and consider different sizes of the over-
lapping region.

First, let the source and destination nodes be fixed at
points S(xgs,ys) and D(xzp,yp), respectively (see Figure
1), and let their transmission range be R meters, so the cov-
erage zone of each node has the shape of a circle with ra-
dius R. As illustrated in Figure 1, factor h is an indicator
of how much area overlaps between the adjacent nodes of
each forwarding node, this factor plays a crucial role in the
operation and performance of routing protocols for wire-
less ad-hoc networks because it represents the size of the
overlapping region (represented by shaded area in Figure
1). Furthermore, let points A(z4,y4) and B(xp,yp) be
the intersection points between both circles. It is easy to
show that the coordinates of points A and B, as well as fac-
tor h can be found by:

—B' £+/B"? —4A'C’
T4/B = 2A
_ 2(xp —xs)TA/B + (2% — 29) + (v& — yb)
Ya/B = 9 —
(ys yD)
ds_
h—p_ 5-D
where:

A" =4[(zs — zp)* + (ys — yp)’]
B' = —4[(¢% — 2})(xs — xp) + (ys — yp)*(¢s +zp)]
C' = [(«% —2}) — (ys —yp)** +4(2% — R*)(ys —yp)?

ds—p =/ (rs —zp)2 — (ys — yp)?

Now, let point I(x 7, yr) be the initial position of the in-
termediate node and point O(z, yo ) be the position where
this node leaves the overlapping region while following a
straight trajectory sloped «; degrees and moving at con-
stant speed v;. The distance travelled by an intermediate
node moving from I to O (d;_o) can be found by geomet-
ric analysis as:

di—o (ar) =|—vVa?+b%sin (ay + 06) +

+\/R2— [(a? + b2) cos? (ar + )] (1)

Parameters a and b, found in the equations of this sec-
tion, must be computed separately to analyze the link be-
tween source - intermediate node and the link between in-
termediate node - destination. When the intermediate node




Figure 2. (a) Angles involved while modeling link duration of source - intermediate node. (b) Angles
involved while modeling link duration of intermediate node - destination

crosses over the border of the source node coverage zone,
parameters a and b are:

a=yr—ys ; b=zr—x5 ; 5—arctan(b)
otherwise
a=yr—yp ; b=gz;—ap ; 0=arctan(2)

Then, the average distance travelled by an intermediate
node before leaving the overlapping region (d;_o), given
its initial position I(zr,ys), can be found using the Mean
Value Theorem [13], this is:

o 1 Qg
di—o=~—— dr—o (ag)dog 2
AO[] .
where:
Aa[ = ‘O&]\,{ — Oém|
oy = arctan (%) ;o = arctan (ﬁ)
and

o) = arctan (M) oy, = arctan (M)
TA—T] rB—IJ

Therefore,

— 1
di_o = . [V a? 4 b%cos (ar +0) |51 ZaM+
oy m
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As well as parameters a and b, the angles 6, «,,, and vy,
found in the equations of this section, must be computed
separately for the link between source - intermediate node
and for the link between intermediate node - destination. In
this analysis, the angle a; is an independent random vari-
able uniformly distributed over the interval (Aay) given by
the difference between its maximum and minimum values
(apr and oy, respectively). Figures 2a and 2b show the

angles involved for the links between source - intermediate
node and intermediate node - destination, respectively.

Because Eq. (3) does not seem to be possible to inte-
grate it algebraically, we found an approximate integration
by replacing the square root in the integrand with a bino-
mial series [13] and, after some algebra, it can be simplified
as shown:

VERZ— [(a + b2) cos? (ar +0)] ~

- ij (u (o
j=1

where:
u(ay) = cos? (ay + 6)

)

then:
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After replacing the integral found in (3) by (4), an ap-
proximation of the average distance will be:

[V/a2 + b2 cos (af + 6) [31297 +

— 1
di—o~ —
1-0% Ao

+R az\gﬁif;M—Zk/ cos ¥ (ag + 8) dag |]
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In order to remove dependence on the initial position
I(xr,yr), the average distance over all possible initial po-
sitions within the overlapping region, may be computed by
means of:

o M YM [ TM
DI—O:/ / fogmlyf (afvxlayf)
a

m Ym T

di—o (x1,yr,ar) drrdyrdar (6)

where:

farwry: (ar,zr, yr) represents the joint probability den-
sity function for the random variables a;;, 1 and yy .

The average time that a forwarding node remains in-
side the overlapping region (77) can be found dividing the
average distance travelled by a mobile intermediate node
(dr_o) by its speed of movement (v;), therefore:

di—o
Ur

)

4 Route Analysis (3-Node Mobile Case)

Now, we analyze 3-node routes where source, destina-
tion and forwarding nodes are all mobile. We again model
how long it takes for the intermediate node to exit the over-
lapping region. In this case, we consider all nodes are mov-
ing with random rectilinear trajectories at constant speeds.
Let us identify the source, intermediate and destination
nodes with indexes .S, I and D, respectively. Let us de-
note with &k such index, thus £ = S, I or D. Each node’s
position is described by the coordinates (xy (t) , yx (t)). Let
U, (t) be the velocity vector of node &, this is:

Uy (t) = [Uzk (t)] i+ [vyk (t)]j (8)

where: i, ) : unit coordinated vectors.

If each node k is following a straight trajectory sloped at
a oy, degrees and it is moving at a constant speed vy. Then,
its velocity vector (¥, (t)), would be given by:

Uk (t) = [vg cos ()] &+ [vg sin ()] ] )

Ok (O] = o [m/s]

Now, let 7, (t) be the vector that describes the position
of node k, that is:

t
7 () = 7% (0) + / ¥y, (t) dt (10
where:
7 (0) = 2 (0) 2+ yx (0) j

7 (0): initial position vector of node k.
Substituting Equation (9) in (10), we get:

7 (1) = [vgt cos (ag) + zp (0)] i+

+ [vgt sin (ag) + yr (0)] 7 (11)
7 (8) = ok (D] + [y (1)) 5 (12)
where:
xp (t) = vgt cos () + zx (0)
is the abscissa of position of node £ and
yi (t) = vgtsin (ax) + yi (0)

is the ordinate of position of node k.

Now, let dg_ 1 (t) be the distance between the source and
intermediate nodes and let Let d;_ p (¢) be the distance be-
tween the intermediate and destination nodes. Distances
ds—_y (t) and d;_p (t) can be found by the Euclidean dis-
tance formula, so:

ds—r (t) = |77 (t) = 7s (1)] (13)
di—p (t) = |Fp (t) — 71 (t)] (14)
Then,
dsr(t) = /M + P + ot + v ()
dip O =/t P+t e a6
where:
A = vy cos () — vg cos (ag)
=21 (0) — 5 (0)
o =vr sm( 1) —vgsin (ag)
=41 (0) —ys (0)
and

N =wpcos(ap) — vy cos (ar)

D)
p =ap (0) —z(0)
¢ = wvpsin (ap) — vrsin (ar)
) —

_yD( yr (0)

When either distance dg_; (t) or d;_p (t) exceeds the
transmission range (R), the communication between the re-
spective adjacent node pair [S, ] or [I, D] is interrupted,
this is:

ds—1(t) >R (17)

dr_p (1) >R (18)

Let 11,5 and 177, pj be the rupture time of communica-
tion between adjacent node pairs [S, I] and [I, D], respec-
tively. The rupture times can be found by:

—U £+ VU2 — 400
Tis.y = 50 [s] (19)
— T2~ ADY
Tir,p) = [s] (20)

29/



Figure 3. Position and velocity vectors for
source, intermediate and destination nodes

These are the solutions of the equations:

P2+ Ut 4+ Q=0 (1)
PPVt 4+Q =0 (22)
where:
P =\ 4 ¢
¥ =2+ ¢y
Q _ ,u2 + ,(/}2 _ R2
and

q)/ _ /\/2 4 ¢/2
\Ij/ — 2 [)\/H/ + QS//IZ}/]
Q/ _ /1//2 +1/}/2 —R2
Finally, the route duration (77) will be found by:

T; = min (T[s,l] ) T[I,D]) 23)

Figure 3 illustrates the position and velocity vectors of
a route with 3 mobile nodes (source .S, intermediate I and
destination D). This figure shows the corresponding vector
positions at instant £ when each node is moving following
the direction described by its velocity vector.

This case is far more complex to analyze than the 3-node
static case because the size and location of the overlapping
region are constantly changing as time passes and, conse-
quently, the factor h varies in the same way. In order to get
an average value of route duration for any route, it would
be necessary to consider all possible trajectories and initial
positions for the three nodes involved in the route. Figure
4 shows an histogram representing the relative frequency of
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Figure 4. Probability Density Functions for
h = 0.28R [m)]

the time duration of a set of routes. Route duration is given
by the minimum time that each forwarding node remains
inside of its respective overlapping region of the route us-
ing Equation 23, for an initial A value corresponding to an
average overlapping region (h = 0.28 R [m]). This h value
has been obtained by means of an exhaustive analysis of
10,000 routes formed by 3 nodes. These routes were se-
lected from all possible triplets found from a set of nodes
randomly placed into several network scenarios with dif-
ferent size and node density. The triplets were discovered
using the Dijkstra’s Shortest Path Algorithm [7]. The short-
est route between any pair of the nodes will be formed by
the set of intermediate nodes with the minimum number
of links (hops). The routes discovered by this procedure
are independent from the routing protocols and, in fact, it
is expected that an efficient routing protocol will find such
routes.

In order to obtain this histogram, we developed a statis-
tical analysis, following this procedure: 1) At time zero, we
selected source and destination nodes so the size of the over-
lapping region (described by the factor i) was constant. 2)
A node was randomly placed as forwarding node between
source and destination. 3) We assigned random trajecto-
ries for the three nodes involved and let the nodes move at
a constant speed v, = 1 [m/s]. 4) We used Equation 23
to calculate the instant when the distance between either
source-forwarding nodes or forwarding-destination nodes
exceeded R (the transmission range). 5) we repeated the
same procedure 100,000 times for multiple positions and
trajectories of the three nodes.

This histogram was used to determine the Probability
Density Function (PDF) associated to the time that a for-



warding node remained inside of the corresponding over-
lapping zone. This analysis helps to find a mathematical
expression that let us calculate the average route duration of
a given route formed by 3 nodes, considering all possible
initial positions and trajectories followed by every node of
the route. We experimentally found a good match between
the sample data and the following model:

t—B1 f,—ﬁz)Z

P(t)zoqef( o )2—|—O¢267(T

(24)

where, parameters «;, J;, d; are found using the Robust
Non-Linear Least Squares Fitting Method applying it the
Trust-Region Algorithm, (see the solid curve in Figure 4).
This model considers all possible initial positions of the for-
warding node and all possible trajectories, but it does not
consider all the possible values of factor h at time zero,
when the route is created. Some goodness of fit parame-
ters for this curve fitting method are: SSE =~ 2 -107°,
R — Square =~ 0.99, Adjustedg — Square ~ 0.99 and
RMSE ~1.5-107%.

Table 1

Statistical Parameters for PDF shown in Figure 4.

PDF Statistical Parameters
hm] | an 51 01 2 B2 02
0.28R | 0.008 | 0.00 | 85.00 | 0.0010 | 225.00 | 210.00

Table 1 shows the values of the statistical parameters «;,
B, 0; obtained for the initial value of h = 0.28R [m].

5 Route Analysis (/{-node Mobile Case)

For convenience, we will not use the same notation of
nodes we used previously. In this section, we will consider a
route formed by K nodes, including source and destination
nodes. Each node will be identified by an integer number £,
(k=0,1,2,--- , K — 1, where source node is £ = 0 and
destination node is K = K — 1). Thus, the route will have
N = K — 2 intermediate nodes. We approach this complex
problem, dividing the route into N simpler 3-node-mobile
routes (triplets) which we already analyzed in the previous
section. To calculate the time each forwarding node remains
inside of its associated overlapping region we need to use
Equation 23, but replacing the indexes S, I and D for the
corresponding k values of each node of the triplet.

This case is even more complex to analyze than previ-
ous cases because each overlapping region for each of the
N intermediate nodes will have a different size (a different
initial h value). To simplify the analysis of routes involv-
ing a set of N intermediate nodes, we estimate the aver-
age route duration for a route formed by K nodes by tak-
ing N samples of a single PDF (defined by Equation 24).

The PDF samples generate /N random variables, given by
[11,T%,...,Tx1. Then, we computed the duration of a route
involving K nodes, T}zK, as:

Tg, =min(T{,Ty,--- T}, ,Ty) (25)

n=1,2,---,N ; N=K-2

where:

T!: are independent random variables, each one repre-
senting the time that the intermediate node remains in its
overlapping region.

n : identification number of each intermediate node.

N : maximum number of intermediate nodes in the
route.

We repeated these computations 1,000 times for differ-
ent routes with /V intermediate nodes and we estimated the
average route duration in each case, results are shown in
Figure 5 represented by the proposed model curve. As we
expected, the time duration of routes decreases as the num-
ber of intermediate nodes increases. We should say that
another method would be to select a different value of h
for each intermediate node and sample its associated PDF.
However, this is a more complex method and we found that
sampling only one PDF with an average value of h = 0.28R
[m] provides a very good precision when we compare our
analytical model with simulations, as we can see in Figure
5. It is important to point out that the precision improves as
the number of intermediate nodes increases, as we can see
in Figure 5. In Section VI we explain the procedures we
followed to get our simulation results.

6 Simulation and Results

We performed simulations to validate our analytical
model. Several scenarios were created using the NS-2 net-
work simulator [8]. The simulation settings consisted of a
2000 [m] x 2000 [m] network with 400 nodes. In this case,
we considered the transmission range defined by the IEEE
802.11 standards (i.e., R = 250 [m]). We used the Ran-
dom Way Point (RWP) mobility model, which is a mobility
model commonly used in MANET networks. Briefly, in the
RWP model: Each node moves along a line from one point
to the next. These points are uniformly distributed over a
given convex area, e. g. unit circle. At the start of each
trip a random velocity is chosen from a uniform velocity
distribution, limited to v € (Vg Vkmay )- 10 OUr case the
velocity was constant v, = 1 [m/s]. Optionally, the nodes
may have pause times when they reach each point before
continuing on the next stage, where pause durations are i. i.
d. random variables.

We used the simulator without any modification to dis-
cover routes involving N intermediate nodes. Then, we let
the simulation run until the first intermediate node left the

max)
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Figure 5. Route duration versus nhumber of in-
termediate nodes

route and we registered the time interval while the route was
available (i.e., Ty = Tr — Tp; where: Tr: route duration
time, T’r: route failure time, 7T’p: route discovery time). We
performed 1,000 simulations using these routes to obtain
sufficient results to validate our analytical model.

From Figure 5, we can see that relative errors between
the model and simulation results were found around 20%
for routes with 2 intermediate forwarding nodes, whereas
relative errors oscillated between 6% and 3% for routes with
4, 8 and 16 intermediate nodes. We consider that the main
reason why relative errors were larger for routes with small
N is due to the variability of overlapping regions at time
zero that we did not consider (we used a single value of h
in the model), whereas relative errors for routes with larger
values of N are smaller because the average h value for
their overlapping regions is closer to the average value we
used. It is important to point out that the fact of having a
maximum margin of error of 20% may be even acceptable
for most of the applications due to the complexity of this
problem.

To give more validity to our model and results, we re-
peated previous simulations but with a higher node den-
sity scenario (i.e., 1000 [m] x 1000 [m] network with 300
nodes). It is important to note that we obtained consistent
results with this simulation scenario within 5% variations
with respect to the results in Figure 5.

In addition, Figure 5 compares the results presented in
this study with the analytical models presented in [15] and
[17]. We selected these studies, because we consider that
they addressed the same problem and provided a solution
by means of different approaches. Also, they presented an-
alytical expressions and displayed curves relating route du-
ration to route length, so they can be easily compared with

our proposed model. Briefly, in [15] the authors presented
a graph with the expected values of route duration versus
route length and we used these results to compare them with
our model and simulations. In [17], the authors provided
a graph with normalized values of average route duration
time versus number of hops in the route. In this study, the
authors indicated that normalized values of average route
duration time must be by multiplied by factor (R/v) to ad-
just them to any specific scenario. A comparison between
these analytical studies and our model is presented in Figure
5. Clearly, it shows that our model has a greater precision
with respect to simulation results.

Also, in Figure 5 we compare our model versus the em-
pirical study presented in [3]. In [3], the authors proposed
an approximated function to estimate route duration (i.e.,
Tgr ~ W; where: T'r: route duration, R: transmission
range, \o: experimental parameter (determined by network
layout, node density and other parameters of mobility mod-
els or scenarios), IN,: number of hops, v: speed) but they
did not justify this function with any mathematical valida-
tion. A comparison between this experimental study and
our model is also shown in Figure 5. It is clear to note that
our model has better accuracy with respect to simulation re-
sults.

7 Conclusions

In this paper, we proposed a model to estimate route du-
ration in wireless ad-hoc networks when nodes move fol-
lowing random trajectories at constant speeds. This model
analyzes a route formed by N intermediate nodes. First,
we approached this problem by studying 3-node routes. We
showed that route duration of a route formed by /N interme-
diate nodes can be modeled as the minimum route duration
of N 3-node routes. Theoretical analyses and simulations
were developed to validate this study. In general, simula-
tion results were very close to the results obtained by the
proposed model with an acceptable margin of error. Results
from this work can be used to compute the signaling over-
head of unicast and multicast routing protocols for mobile
ad-hoc networks because every time a route fails, the rout-
ing protocol needs to either repair the route locally or find a
new route. This route duration model can be used to scale
up/down the maximum network size as to meet minimum
route duration requirements to guarantee a satisfactory com-
munication. In future work we plan to study the behavior of
our route duration model with other mobility models and
the relationship between route duration and system perfor-
mance (throughput and overhead), since this has not been
established yet.
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