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Abstract

In this paper, impact of the stationary nodes on the link
excess life as an important performance parameter of
wireless mobile networks is investigated. First, a model
for the link excess life is introduced. Based on this model,
the relation between the probability density function
(PDF) of the link excess life and the PDF of relative
velocity is explored. In fact, the PDF of relative velocity is
divided into three PDFs according to the three categories
of links. The effect of each group on the resultant PDF of
global link excess life for different percentages of
stationary nodes is explored. Moreover, an approximation
method defined in our previous work is proposed as a tool
to evaluate the PDF of link excess life for these three
categories of links. Indeed, the proposed method could be
easily generalized to solve a more general version of the
problem, i.e. determining link excess life when different
categories of nodes with different velocity ranges present
in the network. A simulation framework is also developed
and extensive simulation experiments are performed to
validate the theoretical results.

1. Introduction

Wireless networks are of the most emerging
technologies driven by constant evolution of
communication equipments and the proliferation of
smaller devices. Thus, performance analysis of such
systems in the presence of different factors is an important
issue. One of the factors that has a great impact on the
design, analysis, and performance of such networks is
mobility [1]. In fact, topology of wireless mobile networks
is prone to continuous changes which considerably
degrades the performance of the routing protocols [2]. In
this context, one of the crucial aspects to be addressed is
the stability of the established routing paths (also called
path duration) that is the time interval from when the
route is established until one of the links along the route
becomes unavailable. Indeed, this metric significantly
affects the performance of on-demand routing protocols
[3]. When a link is broken down all the paths using this
link are torn down too, and new paths must be checked to

exist or established which is a resource consuming task
[4]. Hence, the performance of wireless mobile networks
is mainly dependent to the excess life of individual links.
Link excess life (LEL), or link availability in some
contexts, is the probability that a wireless link between
two mobile nodes exists at time ¢+#), given that a link
exists at time #). LEL is also an important parameter in
topology control [5].

In fact, the knowledge of LEL can serve as the
groundwork for further analysis of network performance,
as well as a guide to design ad hoc and sensor network
protocols. Although a great work is done to investigate the
link duration and LEL in different scenarios [2,3,5-8],
usually it is assumed that, all the nodes are constantly
moving which is rare in several scenarios. Actually, in
several real scenarios, some nodes are stationary or
pausing. For example, in wireless mesh networks presence
of stationary nodes is an intrinsic assumption. This is
explicitly considered in different mobility models [9]. The
effect of pause time of nodes on the link stability for RWP
model is empirically investigated in [10]. Our evaluations
show that the presence of stationary nodes has a noticeable
impact on the LEL and consequently on path duration.
Here, a framework is proposed that enables protocol
designers to investigate the effect of stationary nodes
theoretically.

This method could be easily generalized to evaluate the
LEL in the networks built of different kinds of nodes with
different velocity distributions. Moreover, a general
method for approximation of LEL given the PDF of
relative velocity of nodes is provided as a tool to evaluate
the different parts of the final PDF of LEL.

2. Link excess life modeling

We use the model presented in our previous work for
link excess life modeling [11]. Our model consists of a
radio propagation model (disk model), a mobility model
(Boundless Random Direction Model or BRDM), and a
geometric model. A simplified version of BRDM is
proposed as Constant Velocity (CV) model in [8] which
allows only fixed velocity values. Briefly, we use the
following assumptions in BRDM:



1. Nodes initially select their velocities according to
a pre-specified distribution and do not change the
direction or the velocity. Each node remains
stationary with a probability of p,, .

2. Direction of each node is uniformly distributed
over [0,2m).

3. Node’s speed, its direction and its location are
mutually independent.

4. Nodes are uniformly distributed among the region
with density p at the starting time.

2.1. Simulation method

To wvalidate the theoretical results of this paper, a
simulation framework is developed [12]. To simulate the
BRDM mobility model with infinite region a two-
dimensional toroidal region is used with sides,
wheres >R (R is the transmission range). Both
movements and radio transmissions are considered
toroidal to exactly simulate the infinite region (Figure 1).
Initially, all the nodes are distributed uniformly among the
region. Each node remains stationary with a probability of
p, for the entire simulation period. Non-stationary nodes
start to move and after a warm up period each node
(whether stationary or non-stationary) detects its physical
neighbors and waits for them to exit from the transmission
range, and then calculates this interval as LEL. This value
is then used to derive the empirical PDF of LEL.

To simulate random waypoint (RWP) mobility model
[4], a traditional region is used for movement and
transmission. A warm up time about 1000 seconds is
considered to eliminate the transient effects of RWP [13].
All the nodes start to move at time zero and after 985
seconds, some of the nodes become stationary. Hence, the
stationary nodes will have the same distribution as the
moving ones.

2.2. General geometric model
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Figure 1. Rectangular simulation region is

wrapped around to simulate infinite

borderless region in BRDM model [9].

To evaluate the LEL a geometric model is used [11].
Here, the model is briefly described. Consider two

wireless nodes, WN; and WN, with velocity vectors I;l
and V—2 respectively. The relative velocity vector of WN,
with respect to WN, is defined as »,=r,-r, with a
magnitude of v, 2|7, | and fv, ;) is defined as the PDF
of v,. bounded in [v, iy 2V, max 1- NOW, we try to evaluate

the time interval in which WN, remains in the
transmission region of WN,;. This time interval is the
excess life of the active link between WN; and WN, and is
obtained by:

T=P/v, (6]

where P is the length of the relative trajectory in the
transmission range. The CDF of 7 can be obtained by

P
Fp@lD=prC-—<zll=0)=

* )
[Fopy @, 1Ly ), 0, | Ddv,

v,

where L is the random position of the link, i.e. L=((X1,11),
(X2,12)) in the Cartesian coordinate system where (X3,Y})
and (X,Y>) are the coordinates of WN; and WN,
respectively. / and z are values of random variables L and 7
respectively. Differentiating (2) on 7, provides the PDF
from CDF as

Fan@ID=[v, fop, @, 1Ly ), 6, | Ddv, (3)
and the PDF of LEL is obtained as
f@=[f,()f x| Dl )
1
2.3. Geometric model for BRDM
For BRDM, the CDF of P is obtained as [11]

R 2 _pﬂz _rz
Fo(py 1) = By, (Are cos— =) | r) - (5)



Figure 2. Relative motion of two wireless nodes
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where, 1 is the distance between two nodes at time ¢, .
Recalling (4), the PDF of LEL is obtained as:

[.@= [ 1.(0)f (x| r)dr )

Further calculations of the BRDM model is reported in
Appendix I. From (1), the scaling property of f,(7) can
be achieved as follows: if R (and consequentlyP ) is
scaled by factor @ and random variable v, is scaled by

factor i, then random variable 7 will be scaled by @/ .

3. Superposition property of the link excess
life

Suppose the PDF of the relative velocity could be
expressed as a weighted summation of M PDFs as

fon@, |1)=2ckfv,.,k‘L v, 1) ®)

where M is a positive integer and obviously the
summation of c; values must be 1. Substituting the above
expression in (3) and (4) gives

fr (T) = chfr,k (T) (9)

where /' (7) is the PDF of LEL corresponding to the

~

S, ki@, |1). This property is held for the CDF of LEL,
too. A special case is when the links are partitioned into M

categories and each f v, kit (v, |1) corresponds to one
partition of links.

4. The effect of stationary nodes

Consider each node is stationary (or pausing for a long
time) with probability of p, independent of its position. It
is assumed that the stationary nodes are distributed among
the network area with a distribution like the asymptotic
distribution of the moving nodes. Moreover, velocity
values are independent of node positions. A randomly
selected link has three situations: double stationary (both
ends are stationary), single stationary (only one end is
stationary), or double moving (both ends are moving).
Hence, the relative velocity PDF is:

S,V =

2 5 (10)
p, o0, )+2p,(-p,)f,0)+(0=p,)f, ©,)

where f

., ,0,) and f, (v,) are respectively the PDFs
of relative velocity with and without considering
stationary nodes and f, (v )is the PDF of absolute velocity
values. The first and the second terms correspond to
double stationary and single stationary links, respectively.
In case of single stationary links, the relative velocity is
equivalent to the absolute velocity of moving end of the
link, i.e. f,(v). The third term corresponds to double
moving nodes.

If absolute or relative velocity is dependent to the
position of the nodes, all the terms of (10) are conditioned
on L. The PDF of global LEL would be achieved from
(10) by applying the superposition property:

Jep (D)=

(1)

p/)sz,Z (T) + 2p/} (1_p/) )fT,l (T) + (1_p/) )zfz' (T)

where f,,(2).f,,(r). f,,(z). and f,(z) are the
global PDF of LEL and PDF of LEL corresponding to
double stationary, single stationary, and double moving
nodes, respectively. It is worthwhile to note that for double
stationary nodes (first term of (11)), the corresponding
LEL will be infinite. Thus, its PDF could be expressed as a
Dirac delta function at infinity as

foa(0)= lim 8(z—x) (12)

If distribution of stationary nodes and distribution of
moving nodes are different, p, will be a function of

location, i.e., p,(/) and the PDF of LEL would be
obtained for each area of the network approximately.



In summary, to obtain the PDF of LEL for different
percentages of stationary nodes, it is sufficient to have the
PDF of LEL corresponding to f,(v) and f, (v,). This
approach can be easily generalized for networks with
several categories of nodes with different velocity PDFs
such as vehicles, bicycles, and pedestrians. The effect of
each category of links on the global LEL can be analyzed
separately, e.g., when 4 categories of nodes exist in the

network, there are (‘2‘)+4 categories of links. Given the

PDF of LEL for each category of links (experimentally or
theoretically), the global PDF of LEL is achieved through
superposition property for different number of nodes in
each node category.

Some examples of the above-mentioned method are
presented below.

4.1. Constant velocity model

For constant velocity model, f,(7) is obtained in
closed form (Appendix I). Since f, v)=06( —v,,), the
PDF of LEL for the single stationary links (f ) is

achieved from (16). It is depicted in a curve of Figure 3
for v, =1. The final results for 0%, 25%, 50%, and 75%
stationary nodes is depicted in Figure 4 for R=100m and
V., =1.

4.2. BRDM with uniform velocity

For BRDM with uniform absolute node velocity over
(0,2], f.(r) can be obtained using the approximation

method mentioned in [11] or by numerical calculation of
(14). The PDF of LEL for the category of links with single
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Figure 4. PDF of LEL for single stationary
links (f ,) in BRDM model with uniform velocity
distribution over (0,2] m/s, constant velocity
model with v_=1 m/s, and empirical result for
RWP model with uniform motion step velocity
over [0.158, 3.153]m/s in a 1Tkmx1km region.
Transmission range is R=100m.
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Figure 3. Effect of the number of stationary

nodes on the link excess life PDF in constant
velocity model with v,=1 m/s and R=100m.

(Consider a weighted delta function at infinity as
described in the context)

stationary end (f,,) is obtained from (19) that is depicted

in a curve of Figure 3. The result is depicted in Figure 5.
In this figure f_(7) is obtained using the approximation
method mentioned in [11] with M=25 points.

4.3. RWP model

RWP [4] has some basic differences with BRDM
which make it complicated to analyze in a similar
approach. An important issue in RWP concerns steady
state velocity. In RWP, velocity distribution of each
motion step differs from the steady state velocity
distribution observed along the time. Intuitively, faster
motion steps finish soon and slower ones endure more in
the network. Hence, a random observer visits slower nodes
more often. Thus, the observed average velocity in a
random time instance must be lower than the expected
value of each motion step velocity distribution. For
example, if nodes select their velocity uniformly in range
[Vinin, Vinax], the observed velocity will be [17]:

-1
1 V
- 1 max
/o 0) v[nf;J

However this property has a great impact on the
relative velocity distribution. Figure 6 depicts some PDFs
of relative velocity distributions for different models with
the same average steady state velocity.

Although theoretical analysis of RWP is complicated, it
possesses the superposition property. The PDF of LEL for
single stationary links (f ), in RWP model could be

(13)

achieved empirically as depicted in Figure 3. To do so,
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Figure 7. Effect of the number of stationary

nodes on the link excess life PDF in BRDM model
with uniform velocity distribution over (0,2] m/s
and R=100m. (Consider a weighted delta function
at infinity as described in the context)
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Figure 7. Relative velocity distribution PDF for
RWP model without stationary nodes and
uniform motion step velocity over [0.158, 3.153]
m/s, BRDM with uniform velocity distribution
over (0,2] m/s, and constant velocity model with
v,=1. RWP model is sampled at 1000s in a
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1kmx1km region with R=100m.

one approach is to substituting two empirical
S+, (7) functions for two different values of p, in (11).

Figure 7 shows how the PDF of LEL for 25% and 75% of
stationary nodes can be achieved if two empirical PDFs of
LEL for zero 0% and 50% of stationary nodes are given.

5. Conclusions

In this paper, the effect of stationary nodes on the link
excess life PDF (as an important parameter in performance
and connectivity evaluation of wireless mobile networks)
was investigated. A mobility model (BRDM) and a
general geometric model from our previous work were
used to approximating the PDF of LEL and investigation
of the effect of stationary nodes on the global link excess
life PDF. Relative velocity and steady state velocity in
RWP mobility model were discussed. Finally, the impact
of different percentages of stationary nodes on the PDF of
LEL was evaluated approximately using some empirical
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Figure 5. Empirical and approximated PDFs of
LEL for different percentages of stationary nodes
using RWP model with uniform velocity selection
over [0.158, 3.153]m/s (average steady state
velocity = 1m/s) and R=100m in a 1kmx1km
region. (Consider a weighted delta function at
infinity as described in the context)

results. To validate the obtained results extensive
simulation experiments were performed.
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Appendix I
Some theoretical results for BRDM

Rearranging the integrations of (7) results in:

f@=[f, 0)[g@zv,)drdv,
v, r (14)

g oy ) Ef, (1w, fp, (T, |1)

For a given value of 7, integration region is defined as
R(r) in which £, , fv, »and fp. in (14) have non-trivial

values:
R(@)={(r,v,)0Sr<R WY, pin <V R-r<tv,<R+r}

(Figure 8). When v,. iy =0, f(7) is obtained from

<
r =Yy max>

h(0,v
[, (D)= h(O,R /7,R—tv Y+h(R /7y ,7v —R) T<7<2T (15)

R-7v ) <l

r,max ?

h(0O,R/7,R—tv )Y+h(R/7,2R /7,7v —R) 22T

max

v R
h (V min Y max > rmin )é I fv,. (V r ) J‘ g (V, T,V r )i}" dv r
V)= min "=Fmin
7R
v

r,max

If all the nodes move with a constant velocity (|V |=1),
like the model proposed in [8], the magnitude of relative
velocity vector of the two nodes has a distribution of the
form:

—2 0<v, <2
S 0= 2o ? (16)

0 otherwise
Using (15) the following PDF is obtained for LEL as

21 _[47R +2(R —T)(R +7) In( RYT 00 a7
T°R°T

/@)= T

Another case is when the relative velocity is fixed, i.e.
f, 0,)=06(,—x). Then,

x NAR? —7x? R
T A )
otherwise

[ (D)=

and if the relative velocity has uniform distribution
over (0,2], the corresponding PDF of LEL is given by

2 2\3/2
M TSR

R (19)
R T>R
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