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Abstract-- In this paper, we study the impact of node mobility on link duration in multi-hop mobile networks. In multi-hop mobile
networks, each node is free to move, and each link is established between two nodes. A link between two nodes is established when one
node enters the transmission range of the other node, and the link is broken when either node leaves the transmission range of the
other. The time interval during which the link remains active is referred to as the link duration. We develop an analytical framework
for link duration in multi-hop mobile networks. We find that the link duration for two nodes is determined by the relative speed
between the two nodes and the distance during which the link is connected, which are in turn determined by the angles between the
two nodes’ velocities and the angle of one node incident to the other node’s transmission range, respectively. The analytical result is
extended to model multipoint links which appear in the existing group mobility models. The accuracy of our framework is validated by
simulations based on existing mobility models. The results show our model can describe accurately the link duration distribution for
both types of links in multi-hop mobile networks, especially when the transmission range of each node is relatively smaller than the

entire network coverage.

Index Terms—multi-hop mobile networks, link duration

1. INTRODUCTION

Mobility management in wireless networks has been an
active research topic for years [1-6]. Research efforts on
single hop mobile networks include the results for cellular
networks [1-4] or Mobile IP networks [5-6], i.e., only the last
hop to each mobile node is wireless, and communications
between nodes must go through the associated base stations
(BSs). Each wireless link is established only between the BS
and a node in a cell. When the node roams to another cell, the
link is handed over to the respective BS so as to retain the on-
going connection.

In a multi-hop mobile network, each node plays both roles
of a router and an end-point, and no pre-deployed
infrastructure such as BS is available for node
communications. Data are relayed by intermediate nodes if the
receiver node is beyond the transmission range of the sender
node. As a result, a wireless link is established between two
nodes. Each node is free to move arbitrarily. A link between
two nodes is activated when one node enters the transmission
range of the other, and the link is broken when either node
leaves the transmission range of the other node. When a link
on a routing path is broken, a rerouting process is initiated so
as to reduce service disruption in the network.

In this paper, we study the impact of node mobility on link
duration in multi-hop mobile networks. Specifically, we
develop an analytical framework to evaluate link duration in
such networks. In our framework, each node may move at a
different speed, pause for a while, and then move again. The
link duration here then corresponds to the time interval in
which two nodes stay within transmission range of each other.
The importance of link duration on system performance has
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been identified in the literature [7-8]. For example, the link
duration may affect the lifetime of the routing path, which in
turn determines the packet delivery ratio or per-connection
throughput for an S-D pair. An analytical link duration model
can also help determine the timer setting in ad hoc routing [7]
or even on the design of better routing protocols to cope with
link breakage caused by node mobility [9].

The framework we develop is based on the relative
movement behavior of one node observed by the other node
(i.e., from the perspective of the observer node). We find that
the duration of a link between two nodes is determined by
their relative speed and the distance traversed within the
transmission range of the observer node during the link
activation, which are in turn determined by the angle between
the two nodes’ velocities and the angle (formed by the relative
velocity) incident into the observer node’s transmission range,
respectively. We also consider the link formed among a group
of nodes, referred to as the multipoint link in this paper, in
light of group mobility models (e.g., Reference Point Group
Mobility Model [10] and Reference Velocity Group Mobility
Model [11]) widely discussed in the literature for mobile ad
hoc networks. The accuracy of our model is validated by
simulations based on existing mobility models (e.g., random
waypoint models [12], the random walk [13], and group
mobility model [10-11]). We also demonstrate the usability of
the derived model for different applications.

The rest of the paper is organized as follows. In Sec. II, the
analytical framework for link duration of point-to-point links
and multipoint links in multi-hop mobile network is developed.
In Sec. III, the simulation results are provided to validate the
analytical model. Finally, the paper is concluded in Sec. IV.
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II. ANALYTICAL MODEL OF LINK DURATION

In this section, we develop the probability distribution
function of link duration for multi-hop mobile networks. Each
node is assumed to use the same transmission power and
move independently. We do not assume any specific mobility
model for each node in this paper. Later in the simulation
section, we will validate our model based on the existing
mobility models such as the random waypoint model, random
walk model, and group mobility models.

A. Link Duration between Two Nodes

(c) Relative movement of N, observed by N;,and D), isthe

active distance between N| and N, .

Figure 1. The relations between two nodes in terms of velocity and
position in the network, where a circle represents the transmission
range of the node centered at the circle.

Consider nodes N; and N; moving in the network. Let

I7 and V; denote the velocities of node N, and node N D

1

respectively; let Pio denote the initial position of node N;,

and P', the position of N, after time ¢ with velocity 17; . Fig.

1

1 shows the movements of N, and N, for time ¢. In Fig. 1 (a),

the dotted circles represent the transmission ranges of the
nodes centered at the circles; the solid circle represents the
relationship between nodes N, and N, . We are particularly

interested in the relative movement behavior of N, observed
by N, , as shown in Fig. 1 (b), instead of the absolute
viewpoints of both nodes as shown in Fig. 1 (a). From the
perspective of N, , N, is moving toward/away N,; with
relative velocity %:Z—ﬁ , and the relative speed is
Vi =V |-

Let a; denote the angle between 17; and Z given that the

link between N; and N ; can be established' (as shown in Fig.

1 (b)), and B represent the incident angle, the relative
velocity Vi;,

(¢)). Therefore, random variable «;; ranges over [0, 7], and

to N,'s transmission range (as shown in Fig. 1

By » over [0, w/2]. Since N; and N; can only communicate

part of the time, the distance traversed by N; with relative

velocity ﬁ during which the link is activated is referred to as
the active distance between N; and N ;, denoted by D;; . Fig.
1(c) illustrates D,, .

In Fig. 1(b), the value of angle «; determines the
magnitude of Viis ie.,

Vy = V2 +VE -2V, cosay; . ()
In Fig. 1(c), the value of angle f; determines the
magnitude of Dii ,l.e.,
Dy =2rcos(B;) . 2)
Since the active distance D;; and the relative speed V;; are
mutually independent (which will be proved shortly in the
paper), the link duration 7); between N; and N; can be

expressed by
Dy
Ty=5- 3)

f
Since the probability distributions of V; and D, are

determined by those of «; and f; , respectively, in what

ij o
follows, we first develop the probability distributions of

and S, , and then those of V;; and D

i i ;» based on which the

: aj is a conditional random variable defined as the angle between velocities

V; and Vj given that the link between nodes N; and N ; can be activated.

In other words, «; is not the random variable representing the angle

i
between any two nodes in the network, as a link may not be realized between
any two arbitrary nodes.
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distribution of 7; can be derived. Note that since all nodes

move independently and behave statistically identically, we

will omit the argument ij of a, ﬁij s Vij s Dij , and T[-j in the

subsequent analysis.
We start with the simplest case, i.e., each node is
continuously roaming and moves at the same speed (i.e.,

N —
|Vl| :|Vj|:vﬁ_,C ). Later, we will extend it to the case with

nodes moving at different speeds, and discuss the impact of
node pause on link duration.

B. Probability Distribution of Link Duration for Point-to-
Point Links without Pause
- -
1) |V1| :|V2| =V fix
Since each node moves at the same speed v, , the relative

speed between two nodes given that the link in between can
be established is given by
V=2v, sin(a/2). 4

VTe

(a) Possible locations of N, toreach N; with T, with V'

\
\
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(b) Pr{B<b|V =V,T, =t}
Figure 2. An illustration of calculating Pr{ £, , |V, T, }

For ease of explanation, we assume that nodes outside the
transmission range of node N, are uniformly” distributed in

the network. Let £, denote the event that the link between
N,

; and N, is activated, and 7, , the random variable

representing the elapsed time from when N ; starts to move
with relative speed V" to when the transmission range of N, is

reached. Given that N ; moves at relative speed V' =v toward

N; with elapsed time 7, =¢, the probability that the link

2 When this assumption does not hold, the derivation must be replaced with
an integral of the grey area, instead of the area coverage itself as in the
derivation.

between N,

; and N; can be activated is equal to the

probability that N; starts moving from any point located in
the shaded area as shown in Fig. 2 (a). The area of the shaded
region can be obtained by vt-2r as illustrated in Fig. 2 (b).
Therefore, Pr{ E  |V=vT= t} =2rvt, where r is the
transmission range of node N; .

The probability Pr{f <b|V =v,T, =t} corresponds to the
probability that node N ; falls inside the striped area as shown
in Fig. 2 (b), i.e., the area from which N; moving with V' =v
and 7, =t would reach N, ’s transmission range with an

angle no more than b, where 0<b<7/2 . Therefore, the

cumulative distribution function (cdf) of £ can be expressed

by

Pr{f<b|V =v,T,=t}=2rvtsinb. (5)
From (4), we have

Pr{f<bla=a,T, =t}= 2v .t sin[%) sin b.
Thus,
Pria<a,B<b|T, =t}=t I 1 (x).sin&jsinbdx
. . (6)
oc I f (x)~sin(§j sin bdlx.
x=0

where fa' (.) is the pdf of the random variable & denoting

the angle between two arbitrary nodes.

Since, when the moving directions of N; and N ; are

assumed independent and nearly uniformly distributed from 0
to 2m, the distribution of angles between two arbitrary nodes
can be approximated by a uniform distribution over [0,7], (6)
can be re-expressed by

j i sin(ﬁj sinbdx = 2 1- cos[zj sinb . 7
20T 2 T 2

The joint probability distribution of & and £ in (7) is

independent of the value taken by 7,, and can be expressed

by F, z(a,b) = Pr{a < a,ﬂsb}ocz{l—cos(%ﬂsinb ,1.e.,
T
F, 5(a b)—z 1-cos| £ ||sinb-K
@pR Vs 2 '

Since F, 4(r, %) =1, this yields K = % . Thus,

F, p(a,b) = {l—cos(%ﬂ sinb. ®)

From the joint cdf F, 4(.) , we can further obtain

a
F,(a)= l—cos(zj, (€))
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Fg(b)=sinb.
Thus, it follows that
dF,
fal) =20 il 4],
1ﬁg(b)

(10)

=cosbh.

fp(b)=
From (8), (9) and (10), we have F,, 5(a,b)=F,(a) - Fz(b).

Thus, random variables « and £ are independent.
Based on the distributions of & and £ in (9) and (10), we

can further derive the distributions of the active distance D
and the relative speed V* From (4) and (9), we obtain

F,(v)= Pr{V < v} Pr{ 2v 4 s1n( 5 j < v}

11
:Fa[Zsinl[ d J]:l—
2V fre
o= (12)
dv ZVﬁX\/4vﬁx2 —v?
From (3) and (10), we obtain
Fp(d)=Pr{D<d}=Pr{2rcos f<d}
_ SR -4
_Pr{ﬂZCos [ZJ} 1 Fﬂ[cos [2FD (13)
2
=1- 1—[ij .
2r
dFp(d
fD(d): D( )_ d (14)

dd 2rl4r? —d? .

Substituting the derived distributions of Dand Vin (11) and
(13) into (3), we obtain the distribution of T accordingly, i.e.,

FT(z):Pr{TSt}:Pr{gg}:Pr _2resp
2v 4 sin[a]
2
2 2r cosb
- j 5 (b)-Pr <t db
b=0 v, sm
fﬂ b)- Pr{ sin > 108 b }db.
Vflx

but has not been fully edited. Content may change prior to final publication.

Voot
Since Pr sin(gjerOSbhﬁL,bﬁcosI[L] =
2 Vit Vi r

Pr sin(ﬁj > reosh >1+=0, we can further decompose the
2 Vﬁx -t

distribution F;(¢) into two cases.

;
Casel: t<—,
V fix

([ a rcosb
Sp(b)- Pr{ sm[gj > }db

Y fix -t

(15)
Case 2: t>L,
Y fix

r

2 2 2
Fr(t)= J. cosh- l—%db

Ve ot

b=0 Six (16)

1 r2 —vﬁxzt2 r+vﬁxt

2 2 it vﬁxzt2 —r?

From (15) and (16), we can obtain the probability distribution
of link duration for point-to-point links as follows.

2.2

1 -Vt r+v
Fr(t)== = L (17
2 2rvpt \/‘
- r = Vflx
f (x) B dFT (t) B r2 +vﬁxzt2 r +szx 1
T - - 2 -
dt 2rvﬁxt \/‘r - fo 2

N -
2) [il=v; and |, |=v,
Next, we consider the case that the velocities of N, and

N ; are no longer fixed. Let \Z|: v; and |Z\:

] V. The

relative speed between N; and N; can be expressed by
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2v.v,
V:\/vi2 +vf —2v;v; cosa :\/vi2 +v§ . 1—%~cosa ,
' ' ' Vi +v
which can be approximated by
V.V,
vl-2+v§- 1- 2' jz-cosa . (18)
Vi +vj
Accordingly, we have
— d
Prya<a,p<b|T,=t, |V[|:Vi, |Vj|=Vj
1 .
oc J. -cosa |sinbdx
7 v +v
AYAVI
vl«2+vf- a———_=sina |sinb,
V4 Vi +V;
and
— d
Fr(t)=Pr{ T <t|[;|=v,, |Vj|:Vj
i
i 2rcosh
:Icosb-Pr{V>—}
0 t
cosfl(tkf(kﬁkj))
2r 1
= I cosb{l——(—iji +cos™! xj)}db,
1 fithih) 4
2r
where
2
2rcosb
k, — 2980
2,2 ViV, ! ¢
k; =4/v; +vi, kaﬁ,xi: 1-| ————| ,and
‘ v+ kik ;
2rcosh
k; —
x. = t
! kik

Denote the speed of each node by ¥/, , which is a random

variable distributed over [V; .V, 1. Thus, we have

Vlmax Vlmax
Fr()=

J.fV, (Vi)'fV, (v;)-
Vlmin Vlmin

cos~! (’ki(ki+k_i)) . (19)

2r 1
cosb 1——<—ij,- +cos™! x; )}dbdvidvj.

T
thi (k;—k ;
cos_l( 1( i j)
2r

C. Probability Distribution of Link Duration with Pause

We now study the impact of node pause on link duration.
Suppose that each node may be either in the state of
movement or in pause state. When either node enters the
pause state, the link duration is determined by the moving
node’s velocity.

We model link duration with two components®: both nodes
are in movement and either node is in pause state. The weights
of the two components can be decided by the percentage of
the time each node is in motion or in pause state. Let M denote
the mean movement duration and P be the duration of pause
time. Then, a node is in movement with a probability of

and in pause state with a probability of P . Thus,
M+P P
the pdf of the link duration with the consideration of pause can
be expressed by fr,(1)= fT (t)+ fT ® ,

where f;(¢) is the derivative of (19) (i.e., the case in which
both nodes are in movement) and £’ , (¢) is the case that either

node is in pause state during the link activation. Thus, we
obtain

2r cosﬁ

Fp 1V, =v,) = P22 <t}:Pr{ﬂ§cosf1(;—‘:)}

it
=sin(cos™ (V;)) =1-
2r
leading to
Vlmax
Fro0= [ f,00-0- (20)
VImin

D. Link Duration of Multi-point Link

Finally, we extend the derivation to capture the behavior of
a multipoint link shared by multiple nodes. The derivation is
similar to that of the Reference Point Group Model described
in [10]. In this model, a multipoint link is formed among a
group, led by a group leader. All member nodes move along
with the leader according to a group mobility model, and each
node moves independently by following a node mobility
model. The link duration of a multipoint link is then referred
to as the time interval in which all member nodes have left the
transmission range of the leader node.

Suppose that there are m member nodes in a group (denoted
by N,,N,,...,N,,) led by a group leader N, and all member

nodes in the group are initially inside the transmission range
of N, We assume that all member nodes move independently

> We do not consider both nodes are in pause states in this paper due to
space limitations. Later in the simulation, we will show that the probability of
both nodes in pause states is small especially when the transmission range of
each node is relatively smaller compared to the entire network coverage.
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guided by their node mobility models and all nodes are
continuously moving. Thus, all nodes will eventually move
out of the transmission range of the leader nodes unless they
move toward the same direction as the leader node. The link
duration of a multipoint link corresponds to the longest link
duration between each member node and the leader node,
which can be expressed by
TM = max {E’T29"'7Tn1 }7
where T7; is the link duration between nodes N, and N,,.
Let F),(t) denote the cdf of the link duration for a multi-
point link shared by m nodes, and F;(¢) is the cdf of the link

duration between the leader N, and the member node N; .

(20)

Since all nodes move mutually independently by their node
mobility models and the moving direction of each node is
uniformly distributed over [0, 27t]. We obtain

Fy @)=Pr{T), <t} =Pr{T) <t,T, <t,T; <t...T,, <t}
=Pr{T} <t}-Pr{T, <t}-Pr{l; <t}...... -Pr{T, <t}

=F @) Fy()-F5()...... F,, (t)

=(Fr ()", (1)
where F;(¢) is the conditional cdf of member node N,;, given

V_O;and R_O;.

Figure 3. Relations between member node N; and leader node N,

The distribution of F;(¢) is obtained as follows. In Fig. 3,

6. is the angle formed by the relative velocity 70; and the

relative position vector R, , and d; =

Ro;“ . The active

distance traversed by node N, is

D, =yr2 —d;? sin>(z-0,) +d; cos(r—6,).
From (3) we have
4]

2 2 .2
—d.” sin —6.)+dcos(xr—6,
=Pr \/r ! (%) (z ')St

Vol|=Vo, Ry;

Vi‘zvi’

D.
F;:(®) =Pr{—’£t
VO[

>

ng +v,-2 —2vyv; cosa
where V); denotes the relative speed between N, and N, .

Let Fp . () be the cdf of ‘R_O;‘ . Thus,

1- Fg, (\/rz —v2sin?(z - 9) +vecos(r — 3))
ad 9,

+Fp,, (— \/r2 —v1*sin*(z - 9) + vt cos(z — 3))

where v = \/vé +v,»2 —2vyv; cosa .

III. PERFORMANCE EVALUATION

In this section, we validate our analytical results via an
event-driven C++ simulator. In our simulations, 300 nodes are
uniformly distributed in a unit-square area. Each node moves
independently, including both speed and the moving direction,
guided by a mobility model. The result in each figure is an
average of 100 runs. We validate the link duration for both
point-to-point links and multipoint links as follows.

A. Link Duration of Point-to-Point Links

We consider two models, described as follows.

i) The random waypoint model: each node selects a target
location to move at a speed selected from a uniformly
distributed interval [V; .V, ] Once the target is

reached, the node pauses for a random time with
probability p and then selects another target with another
speed to move again.

ii) The random walk model: each node selects a direction
and a speed pair [0, v] from uniformly distributed
intervals [0, 2x] and (Vi Vi b respectively, and

then starts to move for a time ¢ uniformly selected from
[0, #nax]- Once the node has moved for ¢ units of time, it
pauses for a random time with probability p and then
starts a new movement again.

1) Nodes with Fixed Speed
We first simulate the case with nodes moving at fixed

speed v, =0.01 unit per second under both mobility

models (denoted by Sim-RWP and Sim-RW). The pdf of T
is plotted in Fig. 4 with transmission range » =0.15, where
RWP is for the random waypoint model, and RW, for the
random walk model. The figure shows that link duration
has the highest probability around the value r/v ;. for both

models, explained as follows. A larger T results from a
larger D and/or smaller V7, which in turn results from a
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larger # and/or smaller o, and vice verse. Let us give a

more intuitive explanation with the following two facts.
First, two nodes moving in a similar direction have a
smaller probability to meet and form a link. Second, with a
given velocity, the point at which one node enters the other
node’s transmission range is uniformly distributed (denoted
by x, 2x, and 3x in Fig. 5). However, when the incident
point is near the tangential line, the active distance D is
shortened rapidly, D(x) > D(2x)> D(3x) . Since
T=D/V, the probability of large T is determined by the
nodes with similar moving direction, which has a smaller
chance for nodes to meet. On the other hand, the case of
small T is determined by the low probability of a short
active distance. Since the probability 7 being small or large
is low, the peak is at the point where both « and £ have the

highest

ie.,

probabilities, ie.,

T =2rcos(0)/2v 4 sin(%) =V

0.16

0.14 — Analysis
0.12 - Sim RWP
0.1 -8 Sim RW
5 4
2 0.08 ff‘:

0.06
0.04
0.02

0

0 20 40 60 80 100
T(sec)

Figure 4. The pdf of T with fixed moving speed v4, = 0.01, r=0.15

! Tangential line
—ee

D(x)
D(2x)
D(3x)

! —_

Figure 5. The active distances with different incident angles (i.e., at
points x, 2x, and 3x)

2) Nodes with Different Speeds

Next, we show the simulation results when the speed of
each node is uniformly selected over [0.005, 0.015] unit per
second, again under the two models. The curve with “Ana-
uniform” depicts the pdf of T with transmission range r=0.15
as in (19). The mismatch between the analytical curve and
simulation curve is due to the fact that the speeds of both
mobility models are not uniformly distributed [14]. To fix this

problem, we let the pdf of nodal moving speeds to be

. . . . 1
inversely proportional to the speed itself, i.e., fy, (v)=k-—.
v

Vmax

Since j fy, (W)dv =1, we obtain

Vmin

fr, )=

Imax

€2y
v-In

Iimin
With the revised density function (21), we integrate (19)
over the range [V; .V, ] to obtain the new probability

density function of the link duration for point-to-point links.
The curve in Fig. 6 with “Ana-non-uniform” shows the
analytical result based on (21). The analytical result has an
apparent accuracy improvement as compared to the uniformly
distributed one.

0.07
0.06 /@
0.05 A
0.04 5
= it
0.03 x

0.02

— Ana: uniform

— Ana: non-uniform
x- Sim: RWP
~a- Sim: RW

0.01 2

0 10 20 30 40 50 60 70 80
T(sec)

Figure 6. The pdf of T, where [ Vi Vi 1710.005,0.015], ~=0.15

B. Link Duration with Pause

Then, we show the results when there are pauses between
movements. Here we run simulations with the random
waypoint model and the speed is fixed at 0.01 units per second
with different pause times. Fig. 7 shows the comparison of the
simulation and analysis results with a pause time of 50
seconds. We see that there are two peaks, i.e., at 7=15 and 30
seconds, which are contributed by the two components (i.e.,
both nodes are in motion, and either is in pause), respectively.
In this scenario, since the transmission range of each node is
relatively smaller as compared to the entire network coverage,
our model can accurately capture the behavior of link duration.

0.2

0.15 o sl
= —=&— Ana
2 0l

0.05 J'

0 " L L I
0 10 20 30 40 50 60
T (sec)
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Figure 7. The pdf of T with pause time 50s, 7=0.15
C. Boundary Effect on Link Duration

To observe the boundary effect, we simulate the random
walk mobility model with a fixed movement interval of 100
seconds and a fixed speed of 0.01 units per sec. In this way,
we can avoid having a movement ends during the link
duration. From the simulation results in Fig. 8, we observe
that when the ratio of transmission range to network size is
below 0.2, the boundary effect is insignificant. However,
when the ratio exceeds 0.25, the probability of short 7 for
nodes near the boundary may have shorter link durations, so
our analysis can better describe the link duration when the
node transmission range is relatively smaller compared to the
entire network size.

0.14

0.12
0.1 “o-Sim|

—=— Ana[ |

v 0.08 -
E
0.06
0.04

0.02

0 20 40 60 80
T(sec)

Figure 8. The pdf of T with fixed moving speed v 5, = 0.01, 7=0.2

D. Link Duration of Multipoint Links

In this simulation, there are one leader node and 10 member
nodes in a unit-square network. Each member node is initially
located in the transmission range of the leader node, and its
distance to the leader node is uniformly selected from the
range [0, 7] unit, where r is the transmission range of the
leader node. All member nodes move with a fixed speed of
0.01 units per second, and the direction to move is uniformly
distributed from [0, 2x]. Fig. 9 shows that compared to the
distribution of point-to-point links, multi-point links have a
higher probability for long link duration. This is due to the
fact that as long as at least one of the member nodes chooses a
similar direction as the leader node, the link will exist for a
long time.
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Figure 9. The pdf of multi-point link duration

IV. CONCLUSIONS AND FUTURE WORK

In this paper, we propose an analytical framework to model
the link duration for multi-hop mobile networks. We consider
both point-to-point links between nodes and multipoint links
shared by a group of nodes. Each node may be in movement
or in pause state. The model starts with the derivation of the
distributions of two parameters a and S, which in turn
determine the distributions of the relative speed of the two
considered nodes and the active distance between the two
nodes for an activated link. Then, the pdf of link duration for
point-to-point links can be obtained. The derived result is then
extended to model multipoint links. We validate the analytical
results via simulations with three different mobility models
widely used in the literature, namely, the random waypoint,
the random walk, and the group movement model.

In the future, we will further derive the path lifetime based
on the analytical results developed in this paper. The
probability distribution of the path lifetime in mobile ad hoc
networks is even more difficult to derive than link duration
since it is dependent on many system parameters such as
spatial distribution, node density, and path connectivity.
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