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Abstract— Ad-hoc networks are expected to play an important role in
future commercial and military communications systems. As such, scal-
able routing strategies capable of supporting greater user mobility and a
wide range of applications are needed. This paper proposes a novel routing
metric, which defines a probabilistic measure of the availability of network
paths that are subject to link failures caused by node mobility in ad-hoe
networks. It is shown how this measure can be used to select more stable
paths and reduce the routing overhead caused by node mobility. A mobility
model is first proposed and used to characterize the movement of ad-hoc
network nodes. This model is then used to derive expressions for link and
path availability. Finally, simulation results are reported which validate the
proposed analytical model. ’

- I. Introduction

Wireless ad-hoc networks are self-organizing, rapidly deploy-
able, and require no fixed infrastructure. They are comprised
of wireless nodes, which can be deployed-anywhere, and must
cooperate in order to dynamically establish communications us-
ing limited network management and administration. Nodes in
an ad-hoc network may be highly mobile, or stationary, and may
vary widely in terms of their capabilities and uses. The objective
of this riew network architecture is to achieve increased flexibil-
ity, mobility and ease of management rélative to infrastrictured
wireless networks.

Ad-hoc networks have no fixed network infrastructure for rout-
ing traffic. Furthermore, transmission range is limited by power
constraints, frequency reuse and channel effects. Consequently,
store-and-forward packet routing is required over multiple-hop
wireless paths. Because communication end-points can move
freely and independently of one another, routing is a difficult
challenge. ’ !

Although routing must be responsivé to dynamics in the net-
work topology, efficiency is of paramount importance due to
the scarcity and variability of network resources in ad-hoc net-
works. However, traditional routing algorithms designed to op-
erate in infrastructured networks exhibit their poorest behavior
and incur their greatest overhead when the topology is highly
dynamic. Conéequent}y, the need for greater efficiency limits
the responsiveness of these algorithms to dynamic changes.

To address this problem, routing strategies which attempt to
minimize the cost of reaction to topological changes [1], have
been designed for operation in ad-hoc networks. However, it
is not certain that any of the currently proposed strategies are
sufficiently scalable, or capable of adapting effectively to high
rates of node mobility [2]. One method that has been advocated
to improve routing performance in ad-hoc networks is based on
choosing the most stable paths [3, 4]. Specifically, a routing
algorithm capable of choosing paths based, in part, on a prob-
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abilistic model of the future availability of the path could de-
crease the frequency of path failure. This, in turn, limits the
need of the routing algorithm to respond to topological changes.
Therefore, mobility models that can be used to predict the future
state of ad-hoc network links are needed.

Previously, mobility models have focused on a single node
moving relative to a fixed base station or network of base sta-
tions [5, 6]. To our knowledge, however, no work which ad-
dresses the two-body mobility problem encountered in ad-hoc
networks has been published. To address this need, this pa-
per proposes a well-defined mobility-based routing metric for
ad-hoc networks. Analytical expressions are presented for the
probability that a wireless link exists between two mobile nodes
at time £o + ¢, given that a link exists between them at time ¢;.
This probability, defined as link availability, provides the basis
for path selection based on the probability the path will remain
available over a specified interval of time.

II. Ad-Hoc Mobility Model

In this section, a random walk-based mobility model for node
movement in ad-hoc networks is proposed, and expressions char-
acterizing the distribution of aggregate distance and direction
covered by a node over an interval of time, ¢, are presented.
These expressions provide the basis for deriving link and path
availability.

The mobility model developed in this section characterizes
the aggregate behavior of nodes in a large network—an analogy
can be drawn between this model and common communications
models for packet and connection arrivals in which long-term
average behavior is of interest.

A. Random Ad-Hoc Mobility

The random ad-hoc mobility model proposed in this section is a
continuous-time stochastic process that characterizes the move-
ment of nodes in a two-dimensional space. Based on this mo-
bility model, each node’s movement consists of a sequence of
random length intervals called mobility epochs during which a
node moves in a constant direction at a constant speed. The
speed, V%, and direction, 8%, of each node varies randomly from
epoch to epoch. Consequently, during epoch i of duration T},
node n moves a distance of VT in a straight line at an an-
gle of 6%, The number of epochs during an interval of length
t is the discrete random process N/ (¢). Fig. 1-a illustrates the
movement of node n over six mobility epochs, each of which is
characterized by its direction, Bfl, and distance, V,fol.
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(a) Epoch-mobility Vectors.-

" (b) Random riobility vector (0, T).

’ Fignre 1: Ad-hoc mobility model node movement.

The mobzlzty proﬁle of a glven node n movmg accordmg to
a random ad-hoc mobxhty ‘model is specified based on three pa-
rameters: Ap, iin - -and o2. The. followmg listdefines these pa-
rameters for node n, and descrlbes the assumptlons made in de-
veloping this model: ]
o The epoch lengths, " 'are-IID' eXponentially distributed’
with mean 1/X,,.
. The speed; Vi, durmg each epoch is an IID dlsmbuted ran—
dom variable with mean ., and variance o2, and remams
constant only for the duration of the epoch.

eled reasonably well as random mobility. Furthermore, corre-
lation in movement among the nodes is assumed to be small
enough to model each node’s movement as an independent pro-
cess. We are currently developing a heuristic methodology for
enhancing the model to capture the effects of group mobility.

In order to characterize the availability of a link between two
nodes over a period of time (¢o,%g + t), the distribution of the
mobility of one node with respect to the other must be deter-
mined. To characterize this distribution, it is first necessary to
derive the mobility distribution of a single node in isolation. The
single node distribution is extended to derive the joint mobility
distribution which accounts for the mobility of one node with
respect to the other. Using this joint mobility distribution, the
link availability distribution is derived. If the link availability
metric is known for each link along a path between two mobile
nodes, assuming that links fail independently, the path avail-
ability is easily determined as the product of the individual link
availability metrics.

B. Single Node Mobility

"“Two random vectors are central to the development of the single

node mobility model. These vectors characterize the direction
and distance moved by a mobile node during a single epoch and
over an interval of length ¢ respectively. -

Definition 1 ’R?}l is the epoch random mobility vector for node
n. This vector represents the direction and distance moved by
node n during mobility epoch i. Its magnitude, R:, = |Ri| =
VITE, is the distance covered by node n during epoch i, and its
phase, 0%, is the direction of node n during epoch .

Definition 2 'Rn (t) is the random mob111ty vector for node n.
Its magnitude, R, (t), is equal to the distance from (X (to), Y (o))
to (X(to +1),Y(to + t)) where (X (7),Y (7)) is the position

.of the node at time 7. Its phase angle, 0,,(t), is the angle of the

line joining the node’s initial position, (X (to), Y (to)), to its po-
sition at time to+1, (X (to+t), Y (to+1)). The random mobility
vector can be expressed asa random sum of the epoch random
mobility vectors: R (t) = EN“) 'R} ‘

Fig. 1-a shows the movement of node n over an interval of
length ¢, as it moves from position n; to posmon ny. For each
epoch, the figure shows the epoch’ vector ’Rz with magnitude
ViT? and direction 6, of the node during the epoch The result-

. ing random mobility vector: Ry (1) is shown in Fig. 1-b; it can

o The direction, 6%, of the mobile during each epoch is IID

uniformly distributed over (0,27), and remains constant
only for the duration of the epoch. . S
¢ Speed, direction and epoch lengthrare uncorrelated.
e Node mobility is uncorrelated and links fail 1ndependently-

The assumptxons reflect a nietwork env1ronment in which there
are a large number of autonomous nodes operating in a truly ad-
hoc fashion, such that aggregate node movement can be mod-
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be seen that it is the vector sum of the 1nd1v1dual epoch vectors.
It is shown in [7] that the magmtude of R, (t) is approxi-
mately Raleigh distributed, and that its direction is uniformly
distributed over (0, 27). Under reasonable conditions, these re-
sults are shown to hold for distributions of speed that are not
identical during each epoch and for more arbltrary dlStI'lbLll.lOIlS
for the epoch length ¢ )

C. Joint-Node Mobility

The characterization of mobility metrics for cellular networks
relies on the analysis of the movement of a single node with re-
spect to a fixed point of reference. The ad-hoc problem can be



transformed into the cellular problem by considering the mobil-
. ity of two nodes at a time, and fixing the frame of reference of
one node with respect to the other. This transformation is ac-
complished by logically treating one of the nodes as if it were
. the base station of a cell, keeping it at a fixed position. For each
movement of this node, -the other node is translated an equal
distance in the opposite direction. The result is the equivalent
random mobility vector, which is characterized by the following
definition:

Definition 3 R,:,,n'(t) is the equivalent random mobility vector
of node m with respect to node n. - It is defined by fixing m’s
frame of reference to n’s position, and moving m relative to that
point.

Fig. 2 demonstrates the mobility of two nodes initially sepa-
rated by a distance C;. In Fig. 2-a, the two nodes move over an
interval of length ¢: Node n moves according to its random mo-
bility vector R (t), from position 7, to 7, and node m moves
according to R, (t) from position m; to my. The final distance
between the two nodes is C3. In Fig. 2-b, the position of node n
is fixed at n; while node m is moved according to the equivalent
random mobility vector, R;m (t), from position m; to ms. The
transformation from single node random mobility vectors to the
equlvalent random mobility vector can be seen by noting that
Rum,n(t) is the vector difference Ron(t) — R, (t), and by ob-
serving how the progression of -the distance between the nodes
proceeds in an identical manner in Fig. 2-a and Fig. 2-b. It is
shown in [7] that the magnitude of R, n(t) is approximately
Raleigh distributed, and the direction is uniformly distributed
over (0, 27).

I Link Availability Model

Link availability is a probabilistic model which predicts the fu-
ture status of a wireless link. This section begins with a state-
ment of our assumptions and definitions related to link status,
and continues with the development of the distribution of link
availability.

The status of a wireless link depends on numerous system
and environmental factors that affect transmitter and receiver
range. In general, a node’s transmission range is neither fixed,
nor symmetric—it demonstrates temporal and spatial variability.
In this paper, a widely applied [5], albeit optimistic model has
been adopted. Specifically, it is assumed that transmissions from
anode, n, originate at the center of hexagonal region, which can
be approximated by a circle of radius R.4. If node m is located
within this circle, it is assumed to correctly receive node n’s
transmissions.

Due to unpredictable propagation effects and power variabil-
ity, unidirectional links are expected to be common in ad-hoc
wireless environments. It is shown in [8] that this can have se-
vere effects on ad-hoc routing algorithms. Consequently, R,
applies to transmissions in one direction only—out-bound from
the center of the circular transmission region. The value of R,
could differ for each pair of nodes, and for the transmission di-
rection. Therefore, a link in one direction does not imply a link
in the other direction. The following definitions are needed to

complete the development of the link availability model:

.
7ima . \
" rl 02 \\ \
S Mg \ \
] A
P ) \ |
¢ t) \ i
1 1
i \ n(t) " /
1 - /
\ - )
' . n ’
\ - 1 i
\ Ci ;S
Ay Y I’/
VoM Ve

(a) Joint node case.

(b) Single node transformation.

Figure 2: Joint mobility transformation.

Definition 4 An active link, from node n to node m, is defined
as a directed communications link over which node n can trans-

“mit data directly to node m without any intermediate nodes.
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Bidirectional communications requires an active link in both di-
rections.

Definition 5 L, »(t) is an indicator variable which reflects the
state of the link directed from node n to node m at time t.
Lmn(t) = 1 if the link is active and Ly, »(t) = 0 if the link
is inactive.

Definition 6 Link availability is defined as the probability that
there is an active link between two mobile nodes at time t, +
t, given that there is an active link between them at time t.
Note that a link is considered available at time to + t even if it
experienced failures during one or more intervals (t;,t;); to <
t; < tj < to +t. More specifically, for nodes n and m, link
availability is defined as:

Apmn(t) = Pr(Lpnlto +t) = 1Ly n(to) =1)



Depending on the initial status and location of nodes n and
m, two cases of link availability are identified. Assuming node
n is active at time ¢y, Theorems 1 and 2 characterize the link
availability between two mobile nodes, n and m, as reflected by
the following initial conditions:

1. Node Activation: Node m activates at time ¢ at a random
location within range of node n.

2. Link Activation; Node m moves within range of node n at
time ¢y by reaching the boundary defined by R.,, and is
located at a random point around the boundary.

- The analysis in [5] presents the derivation of the the distance,
Z, a mobile node must travel before reaching the boundary of
a cell with an effective radius of R4, when the mobile moves
in a random uniform direction. Distributions of Z are derived
for cases which are equivalent to the two cases described above.
Link availability as given in Definition-6 can, therefore, be ex-
pressed as follows: '

Amn(t) = Pr(km;n(t) < 7) %)

This probability can be evaluated by substituting appropriate
distributions for Z and R »(t), and conditioning on Z = z.
Complete derivations appear in [7].

. The following two theorems characterizes the the link avail-
ability between two mobile nodes m and n at time £ > to for
the two cases described above:

Theorem 1 Node Activation: If node n moves according to a
random ad-hoc mobility profile, <An, tin, 02>, and node m ac-
tivates at time to within a uniform random distance from node
n and moves according to a random ad-hoc mobility profile,
KA, i, 02,>, then the distribution of the link availability
over time is given approximately by the following expression,
where ®(a, b, z) is the Kummer-Confluent Hypergeometric func-
tion:

N R  >1 __4R2
Ann(t) = 1-2(5,2, = 2
. m,n
2 2 . 2 2
= 2(ImtHm Tntlny )
Am. An :

Theorem 2 Link Activation: Let < Ay, in, 02 > be the ran-
dom ad-hoc mobility profile of node n, and let < A, fim, 02, >
be the random ad-hoc mobility profile of node m. Assume that a
link activates between n and m at time 1o such that m is located
ata umform random point exactly R, from n, then the link
availability is distributed according to the following expression,

where Iy is a modified Bessel function of the first kind, and &y, 1,
is expressed in equation 3:

2R2 —2R?

A (t) = ) exp(

%(1 —10(

A. Random Ad-Hoc Path Availability

The following definition extends the link availability concept to
an entire path and Corollary-1 completes the model developed

—1)) “@

in this section by relating path availability to the individual link
availabilities. '

Definition 7 PE, | (t) is an indicator variable which reflects the
status of directed path k from node n to node.m at time t.
Pk .(t) = 1 if all the links in the path are active at time t,
and P}, ,(t) = 0 if one or more links in the path are inactive
at time t. The directed path availability an,n (t) between two
nodes, n and m, at time t > 1y is given by the following proba-
bility expression:

I}, (1) = Pr(Pp, ,(to +1t) = 1| Py, (to) = 1)
Corollary 1 Let A; ;(t) be the availability for link (i, j) € path
k between nodes m and n as defined in Definition-6. The di-
rected path availability at time to + t is denoted TI¥, . (t). Ac-
cording to the assumption of independent link failures, path avail-
ability is given by:

ANOESS | 0

(ig)ek

&)

Corollary-1 provides a metric which represents a probabilistic
measure of path availability. This metric can be used by the
routing algorithm to favor more stable paths, or to select paths
which support a lower bound, «, on availability over an interval
of length t as specified in the following expression:

ot .t >a (6)

IV. Model Validation

Discrete-event simulation was used to validate the analytical
models presented in this paper. Selected results are shown in
this section. In general, the simulation results demonstrate ex-
cellent agreement with the analytical model and converge, as
expected, as At increases. Furthermore, for large values of At,
convergence of the link availability model is very rapid. In the
worst case, for small values of At, the results from analytical
model are generally within 10% of the simulation. The path
availability model faired slightly worse, as the path length was
increased, largely because it is the product of the link availabili-
ties; however, it also converges with increasing At and provides
a lower bound on the simulated path availability. Although there
are some profiles which result in larger error for small values of
At, they demonstrate rapid convergence as At increases.

A. Simulation Model

A simulation model was developed consisting of two processes
representing the nodes at each end of a wireless link. To model
the initial conditions for Theorem-1 the two nodes were initially
located randomly within range of one another. Whereas, for
Theorem-2, one node was initially located at a random point, a
distance of R., from the other. Each simulated node moved ac-
cording to its own random ad-hoc mobility profile as defined in
Subsection-ILA.. During each simulation run, the nodes moved
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over a range of observation intervals. Specifically, each experi-

ment consisted of 40 evenly spaced observation intervals rang-
" ing in length from ¢t = 0 to ¢ = 120 minutes. 100000 indepen-
. dent replications were run for each observation'interval.

B. Simulation Output‘Analysis

Simulation results are compared to the analytical model for sev-
eral of the more important experiments in Fig. 3. A more com-
plete presentation and analysis, which is consistent with results
reported here, appears in [9]. Results are shown for Theorem-1

and Theorem-2 for nodes moving at 10 and 20 kilometers-per- -

hour (kph). For each case, the effective transmission range was
varied from 100 to 1000 meters (m)—a range considered rea-
_sonable for low to moderate powered radio-frequency devices.

Fig. 3-aand Fig. 3-b reflect the node activation model. As the
mean speed increases, the link availability decreases for each
value of Re,. This result is consistent with intuitive expecta-
tions. It is interesting to observe, however, that as the speed
increases the analytical results for small values of £ become less
precise. This is due to the fact the actual number of epochs that
complete prior to a link failure is inversely proportional to the
speed. In contrast to this effect, the convergence between the
two models as a function of time is far more rapid as the speed
is increased.

Similar effects can be observed, in Fig. 3-c and Fig. 3-d,
for the link activation model as the speed is increased. How-
ever, in these cases the overall availabilities are lower than in
the node activation case. This is due to the high probability of a
node effectively turning away and a link failing sooner since the
nodes always start at the threshold distance. Furthermore, for
small values of ¢ the accuracy of link availability model suffers
for the same reason. Since the nodes are near their threshold
separation, the probability of a link failing quickly is very high.
This means that the conditions for satisfying the Central Limit
Theorem, which is the basis for the derivation of this model,
are more difficult to meet since the number of mobility epochs
will be small in comparison to the node activation case. As ¢
increases the initial positions become less of a factor and the
models converge rapidly as expected.

Fig. 3-e and Fig. 3-f show results for the simulation of
multi-hop path availability for path lengths of 4 hops and 8
hops respectively. The path availability model demonstrates
convergence characteristics similar to those of the link availabil-
ity cases. Although the relative error increases with increasing

path length for small values of At, this effect is expected and the
analytical model does converge to the simulated values.

V. Conclusions

In this paper a random-walk based mobility model was pro-
posed to characterize node movement in ad-hoc networks. To
our knowledge, no other work has been published specifically
treating the problem of mobility modeling for ad-hoc networks.
Based on this model, expressions for the probability of link and
path availability were derived for different initial conditions.
The analytical results were validated using discrete event sim-
ulation. The results generally showed excellent agreement be-
tween the simulation and the analytical model.

The expressions for link availability provide the basis for a

. novel routing metric. This routing metric places a bound on the

probability of path failure. The ability to probabilistically de-
termine the path availability could be used to support increased
node mobility, and improve the scalability of routing algorithms
for ad-hoc networks. As an enhancement to this model, tech-
niques are being developed to capture the effects of group and
non-uniform mobility patterns. Group dynamics are expected to
be a crucial property of many ad-hoc network applications.
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Figure 3: Comparison of analytical and simulation results.
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