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Abstract

Since mobility may cause radio links to break frequently,
one pivotal issue for routing in Mobile Ad Hoc Networks
is how to select a reliable path that can last longer. Sev-
eral metrics have been proposed in previous literatures, in-
cluding link persistence, link duration, link availability, link
residual time, and their path equivalents. In this paper,
we present a novel algorithm for predicting continuous link
availability between two mobile ad hoc nodes. By a rough
estimation of the distance between two nodes, our approach
is able to accurately predict link availability over a short
period of time. Simulation results are given to verify our
approach. This study could serve as groundwork for further
ad hoc network researches including analyzing and optimiz-
ing other network protocols.

1. Introduction

Due to the rapid development in the mobile devices tech-
nology, wireless networks are becoming more and more
popular. Wireless networks can be classified into two ma-
jor types - infrastructure-based networks (for e.g., cellular
networks) and Mobile Ad Hoc Networks (MANETs). The
former ones use fixed base stations, which are responsible
for coordinating the communications between the mobile
hosts (nodes). The latter consist of several wireless hosts
that are capable of communicating with each other without
the use of a network infrastructure or any centralized ad-
ministration. Since these networks are self-organizing and
self-configuration, they can be used for emergency situa-
tions like disaster-relief, military applications, and emer-
gency medical situations.

In MANETs, two nodes communicate with each other
in a peer-to-peer fashion. The routes between nodes may
include multiple hops, and hence are called multi-hop net-
works. Each node can communicate with the node in its
range, and those which are beyond its range; the node needs
other intermediate nodes to relay its messages. In other

words, each node can act as a router to forward messages of
its peers. However, terminal mobility may cause radio links
to be broken frequently, how to select reliable paths that can
last as long as possible becomes one critical issue for rout-
ing. Therefore, using stable links is crucial for establishing
reliable communication paths between mobile nodes.

Various metrics have been proposed as measures of topo-
logical change in networks. Here, we focus on the notion
link availability. Throughout this paper, the term of link
availability is defined as the probability that a link will be
continuously available from t0 to t0+ t, given that it is active
at t0.

In this paper, an analytical expression of link availability
for mobile ad hoc networks is derived using probabilistic
and statistical computing. Our work is based on Random
Walk Mobility Model, which is a continuous time stochastic
process that characterizes the random movement of nodes
in a two-dimensional space. Remember that the prediction
algorithm presented in this paper can be extended to other
mobility models. By a rough estimation of the distance be-
tween two nodes, our approach is able to accurately predict
link availability over a short period of time. Simulation re-
sults are given to verify our theory. This study could serve
as groundwork for further ad hoc network researches in-
cluding analyzing and optimizing other network protocols.

The rest of this paper is organized as follows. First, in
Section 2, related works are introduced. Then, in Section
3 we derive analytical expressions for link availability with
Random Walk Mobility Model. Simulation results are pre-
sented in Section 4 to verify our proposed approach. Fi-
nally, Section 5 draws conclusion.

2. Related Works

In the literature, simulation has been the primary tool uti-
lized to characterize and evaluate link dynamics in ad hoc
and sensor networks. Some efforts have been directed at
designing routing schemes that rely on identification of sta-
ble links in the network. Nodes make on-line measurements
in order to categorize stable links, which are then preferen-
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tially used for routing, as [1] and [2] depicted. A common
weakness of these works is that they cannot reflect possible
changes in link status happening in the future. That is, a
link deemed stable based on past or current measurements
may become worse with time due to the dynamic nature of
mobile environments.

Many previous studies concentrate on statistical analysis
of link availability in ad hoc networks. Basing on experi-
mental results obtained through simulation, N. Sadagopan
et al. [10] shows that link duration has a multi-model dis-
tribution when the node’s speed is slow, and the path dura-
tion can be approximated by an exponential distribution at
moderate and high velocities. However, since the solutions
provided by these studies are valid only for some specific
circumstance, they could not be fully extended to universal
ad hoc networks and practical MANETs applications.

Link availability is considered as a fundamental param-
eter when evaluating mobility in MANETs. However, ana-
lytical studies for analyzing description of this variable have
been limited. In [11], an analytical framework is created
and analytic expressions characterizing the statistics for link
lifetime, new link inter-arrival time, link breakage inter-
arrival time and link change inter-arrival time were derived
based on Constant Velocity Model, which simply assumes
that two mobile nodes move in a straight direction before
the link breaks up. Obviously, this assumption is too ideal-
istic.

In [4], a prediction-based link availability estimation al-
gorithm was developed and investigated with Random Walk
Mobility Model. The algorithm tries to predict the proba-
bility that an active link between two nodes will be contin-
uously available for a certain period Tp, which is obtained
based on the current node’s movement. However, shown
by the simulation results, this algorithm cannot accurately
calculate the link availability; it can only reflect the general
tendency of the link availability, that is, L(Tp) can approx-
imate Tr/Tp , where Tr is the mean time that a link will
be continuously available corresponding to a prediction Tp.
For a given t that is not equal to Tp, this approach cannot
compute the continuous link availability from t0 to t0 + t.

In this paper, we develop a mathematical model to derive
analytical expression of link availability with Random Walk
Mobility Model. Compared to previous studies, our pre-
diction algorithm can accurately estimate continuous link
availability over any short period of time, at both low and
high velocity. So our prediction algorithm is advantageous
for a wide range of wireless applications.

3. Link Availability Estimation

In this section, we derive analytical expressions for link
availability with Random Walk Mobility Model. Based on
this model, each node’s movement consists of a sequence

of random length intervals called mobility epochs, dur-
ing which a node moves in a constant direction at a con-
stant speed. The speed and direction of each node varies
randomly from epoch to epoch. The epoch length is ex-
ponentially distributed random variables with mean 1/λ.
The speed and direction of mobile during each epoch is
uniformly distributed over (vmin, vmax) and (0, 2π) respec-
tively. Speed, direction and epoch length are uncorrelated.
Node mobility is uncorrelated and links fail independently.
The aim of this work is to give an accurate estimation of
L(d0, t), which is the probability that the link will be con-
tinuously available from t0 to t0+t given the initial distance
d0(d0 ≤ R). An accurate estimation of d0 can be obtained
through signal strength [7] or GPS.

To analyze link availability, we assume a node has a bidi-
rectional communication link with any other node within a
distance of R meters from it. The link breaks if the node
moves to a distance greater than R. These assumptions are
widely used in the literature such as [4], [5] and [9]. To
simplify the discussion, we further assume that each node
has the same mean epoch length. However, the following
derivation can be extended for the case of different mean
epoch lengths.

3.1. Relative Movement after One Epoch

As showed in Figure 1, when the epoch starts, the ini-
tial position of A and B are Ai and Bi. After the epoch, A
and B arrive at Aj and Bj independently, where AiBi = d0

and AjBj = d. Meanwhile, let �VA and �VB be the random
variables representing velocity vectors of the given pair of
nodes. Accordingly, VA and VB denote the magnitude of �VA

and �VB .

Figure 1. Relative movement between two
nodes after one epoch
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Now, we calculate the Probability Density Function
(PDF) of the relative movement between A and B, whose
movements are i.i.d. As depicted in Figure 2, the relative
movement vector �V is

−→
V =
−→
V A − −→V B. (1)

Figure 2. Relative velocity

The acute angle Θ between �VA and �VB is uniformly dis-
tributed in [0, π], and positive X axis makes an angle Φ with
�V , here, Φ is uniformly distributed in [0, 2π]. Using the co-
sine rule, the relative movement V(magnitude of �V) can be
expressed by

V =
√

V2
A − 2VAVB cosΘ + V2

B . (2)

SinceΘ, VA and VB are independent, so we have the joint
PDF

fVA,VB,Θ(vA, vB, θ) =
1

π(vmax − vmin)2
. (3)

Thus, the joint PDF can be obtained via Jacobian trans-
form, that is

fVA,VB,V (vA, vB, v) =
∂θ

∂v
fVA,VB,Θ(vA, vB, θ), (4)

where ∂θ
∂v can be computed as

2v√
2v2

Av2 + 2v2
Bv2 + 2v2

Av2
B − v4 − v4

A − v4
B

. (5)

Through the integration of the VA and VB, the marginal
PDF of the magnitude of the relative movement can be de-
rived,

fV (v) =

vmax∫
vmin

vmax∫
vmin

fVA,VB,V (vA, vB, v)dvAdvB. (6)

As Figure 3 depicted, most of the relative speed dis-
tributes within the range (0.2 − 1.4)(vmax − vmin), which im-
plies very few nodes remain relative static. Remember that

Figure 3. PDF of the relative movement.

although our analysis here is only specific to a certain mo-
bility model, the methodology could still be applied to other
models.

3.2. Conditional Probability of Separation
Distance

Based on the aforementioned work, we now derive the
analytical expression of C(d0, d, t), which is the probability
that the distance between two nodes is shorter than d after
an epoch of t seconds, given the initial distance is d0. It can
be expressed in a simple mathematical form

C(d0, d, t) = P
{
AjBj < d |AiBi = d 0

}
. (7)

According to Figure1 and Figure2, without lose of gen-
erality, we get the relationship between d0, d, v and t by the
law of cosine.

d =
√

d2
0 + 2vtcosϕ + v2t2 . (8)

If the initial distance d0 between two nodes is smaller
than d,

C1(d0, d, t) =
1

2π

2π∫
0

g1(ϕ)∫
0

fV (v)dvdϕ (9)

and

g1(ϕ) =
−d0 cosϕ +

√
d2 − d2

0 sin2 ϕ

t
. (10)

In the other case,

C2(d0, d, t) =
1

2π

π+arcsin d
d0∫

π−arcsin d
d0

g1(ϕ)∫
g2(ϕ)

fV (v)dvdϕ (11)
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and

g2(ϕ) =
−d0 cosϕ −

√
d2 − d2

0 sin2 ϕ

t
(12)

Therefore, from Eq. 9, Eq.10, Eq.11 and Eq.12, we get

C (d0, d, t) = U(d − d0)C1(d0, d, t)+U(d0 − d)C2(d0, d, t)
(13)

where U(.) is the standard unit step function.

3.3. Analytical Expressions

For a given pair of nodes A and B, we can divide the
transmission range of (0,R) into a serious of small intervals
of width ε . When we consider the relative movement of
B with respect to A, their relative distance d between two
nodes can be regarded as a random variable, whose state
space is (S 1, ..., S n), where S i corresponds to (i − 1)ε ≤ d ≤
iε. Therefore, when the initial distance between two mobile
nodes falls into a small range of (iε, (i + 1)ε), we can use
the following equation to approximate the CDF of relative
distance for one mobility epoch, if ε is small enough.

C (d0, d, t) ≈ C

(
(i +

1
2

) ε, d, t

)
(14)

Let ai j(t) be the probability of transition from S i to S j

in a given epoch of t seconds. From Eq.14, we have the
analytical expression of ai j(t)

ai j(t) = C

(
(i − 1

2
)ε, jε, t

)
−C

(
(i − 1

2
)ε, ( j − 1)ε, t

)
(15)

For a given pair of nodes and their initial distance d0, we
have the initial vector

Is(d0) = {x1, · · · , xn} (16)

xi =

{
1, if(i − 1)ε ≤ d0 ≤ iε
0, otherwise

(17)

This vector means the probability of the initial relative
distance d0 being in each of the state space (S 1, ..., S n). Sup-
pose the joint movement lasts for t seconds and experiences
k changes in relative velocity (or consist of k + 1 mobility
epochs), we define the following matrix

M(ti) =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
a11(ti) . . . a1n(ti)
...

. . .
...

an1(ti) · · · ann(ti)

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (18)

where

t =
k+1∑
i=1

ti (19)

Thus, the final vector It(d0) can be derived as

It(d0) = Is(d0)
k+1∏
i=1

M(ti) (20)

It(d0) = {y1y2...yn−1yn} (21)

which denotes the probability of the final relative distance
d being in each of the state space (S 1, ..., S n). Apparently,
L(d0, t) can be further expressed as

L (d0, t) =
n∑

i=1

y(i) (22)

4. Simulation Results

In order to verify the correctness of method, we com-
pared the results of our framework described above with
the actual simulation results. The simulation environment
is a two dimensional space (2000, 2000), which represents
an area of size 2000 meters by 2000 meters. Each simu-
lated curve in Figure 4 is a result of 100,000 independent
experiments. In each experiment, we place two nodes a cer-
tain distance away, and make them move according to the
Random Walk Mobility Model as introduced in section 3.
It is worth noting that the effective transmission range is set
to 100m for both nodes. Then we statistically calculated
the probability that the link was continuously available for t
seconds based on all the experimental results. The parame-
ters are summarized in Table 1.

Table 1. Simulation parameters
Parameter Value

Radio transmission range 100
Speed distribution Uniform[0,2],[0,5]or [0,10]

Direction distribution Uniform [0,2π]
Position distribution Designated
mean epoch length 10 or 60

In Figure 4, each plot is composed of 4 curves. Red lines
represent the simulation results and blue lines illustrate the
results of our framework. In Figure 4(a), we set the initial
distance of the two nodes to 0. In Figure 4(b), the initial
distance of the two nodes is set to 50 meters. In each plot,
different lines represent different mean epoch lengths. We
experimented with two epoch length settings. For each mo-
bile peer, the mean epoch length is either 10 or 60 seconds
as indicated in the graph.

It is clear from these plots that the red curves are fairly
close with the blue ones which means our framework can
be applied to predict link availability in actual mobile envi-
ronments. We can also observe that in a high speed envi-
ronment, link availability drops quickly as t increases. For
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(a) d0 = 0 (b) d0 = 50

Figure 4. Simulation and Predicted Results

example, when the maximum velocity is 5m/s, as time goes
by, link availability drops more quickly than the situation
when the max velocity is 2m/s. Therefore, the ability of
predicting link availability for a short period of time is very
important for MANETs, especially in a highly dynamic en-

vironment. As shown from Figure 4, the probability for the
link to be continuously available decreases when the mean
epoch length increases. This can be explained by the fact
that when the initial distance d0 and the max velocity vmax

doesn’t change, if both nodes change their velocity very of-

427

Authorized licensed use limited to: BEIHANG UNIVERSITY. Downloaded on December 28, 2008 at 21:04 from IEEE Xplore.  Restrictions apply.



ten, the link will break soon. By comparing Figure 4(a) and
Figure 4(b), we come to the conclusion that the initial dis-
tance d0 has a little influence on the results within certain
range.

5. Conclusions

Mobile Ad Hoc Networks (MANETs) are strongly im-
pacted by the mobility of the ad hoc nodes. One of the main
challenges in MANETs is the requirement that the link must
be continuously available for a period of time to enable un-
interrupted data transmission and a smooth media perfor-
mance.

In this paper, we develop a mathematical model for link
availability estimation in MANETs with a random walk mo-
bility model. Our approach tries to predict the probability
that the link will be continuously available from t0 to t0 + t
given the initial distance between two nodes is d0(d0 ≤ R).
Simulation results demonstrate that the link availability es-
timation algorithm presented in this paper can accurately
predict link availability for a given short period of time. Our
work can serve as groundwork for analyzing and optimiz-
ing other network protocols, and can assist the design of
efficient algorithms for medium access and transport con-
trol.

Acknowledgement

This work was supported in part by the National Science
Foundation of China under Grants 90612004, 90412011,
60673180 and 90104022; the National High Technology
Development 863 Program of China under Grant No.
2007AA01Z118; the Graduate Innovation Fund of Beihang
University.

References

[1] S. Agarwal, A. Ahuja, J. P. Singh, and R. Shorey. Route-
lifetime assessment based routing (rabr) protocol for mobile
ad-hoc networks. In IEEE ICC, pages 1697–1701, 2000.

[2] B. Bellur and R. Ogier. A reliable, efficient topology broad-
cast protocol for dynamic networks. INFOCOM ’99. Eigh-
teenth Annual Joint Conference of the IEEE Computer and
Communications Societies. Proceedings. IEEE, 1:178–186
vol.1, Mar 1999.

[3] S. Jiang. An enhanced prediction-based link availability es-
timation for manets. Communications, IEEE Transactions
on, 52(2):183–186, Feb. 2004.

[4] S. Jiang, D. He, and J. Rao. A prediction-based link avail-
ability estimation for routing metrics in manets. IEEE/ACM
Trans. Netw., 13(6):1302–1312, 2005.

[5] A. McDonald and T. Znati. A path availability model for
wireless ad-hoc networks. Wireless Communications and

Networking Conference, 1999. WCNC. 1999 IEEE, pages
35–40 vol.1, 1999.

[6] A. B. McDonald and T. F. Znati. Statistical estimation of
link availability and its impact on routing in wireless ad hoc
networks: Research articles. Wirel. Commun. Mob. Com-
put., 4(4):331–349, 2004.

[7] N. Patwari, A. O. Hero, M. Perkins, N. S. Correal, and R. J.
Odea. Relative location estimation in wireless sensor net-
works. IEEE Transactions on Signal Processing, 51:2137–
2148, 2003.

[8] M. Qin and R. Zimmermann. Supporting guaranteed contin-
uous media streaming in mobile ad-hoc networks with link
availability prediction. In MULTIMEDIA ’06: Proceedings
of the 14th annual ACM international conference on Multi-
media, pages 153–156, New York, NY, USA, 2006. ACM.

[9] M. Qin, R. Zimmermann, and L. S. Liu. Supporting multi-
media streaming between mobile peers with link availability
prediction. In MULTIMEDIA ’05: Proceedings of the 13th
annual ACM international conference on Multimedia, pages
956–965, New York, NY, USA, 2005. ACM.

[10] N. Sadagopan, F. Bai, B. Krishnamachari, and A. Helmy.
Paths: analysis of path duration statistics and their impact
on reactive manet routing protocols. In MobiHoc ’03: Pro-
ceedings of the 4th ACM international symposium on Mobile
ad hoc networking & computing, pages 245–256, New York,
NY, USA, 2003. ACM.

[11] P. Samar and S. B. Wicker. On the behavior of communi-
cation links of a node in a multi-hop mobile environment.
In MobiHoc ’04: Proceedings of the 5th ACM international
symposium on Mobile ad hoc networking and computing,
pages 145–156, New York, NY, USA, 2004. ACM.

[12] R. Sharma, R. Bhagavathula, K. Namuduri, and R. Pendse.
Link availability and its effects on the capacity of mobile
ad hoc wireless networks - an analytical approach. Local
Computer Networks, Proceedings 2006 31st IEEE Confer-
ence on, pages 295–299, Nov. 2006.

[13] J. Yoon, M. Liu, and B. Noble. Random waypoint con-
sidered harmful. INFOCOM 2003. Twenty-Second Annual
Joint Conference of the IEEE Computer and Communica-
tions Societies. IEEE, 2:1312–1321 vol.2, March-3 April
2003.

[14] D. Yu, H. Li, and I. Gruber. Path availability in ad hoc net-
work. Telecommunications, 2003. ICT 2003. 10th Interna-
tional Conference on, 1:383–387 vol.1, Feb.- March 2003.

[15] M. Yu, A. Malvankar, W. Su, and S. Y. Foo. A link
availability-based qos-aware routing protocol for mobile ad
hoc sensor networks. Comput. Commun., 30(18):3823–
3831, 2007.

428

Authorized licensed use limited to: BEIHANG UNIVERSITY. Downloaded on December 28, 2008 at 21:04 from IEEE Xplore.  Restrictions apply.


