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Abstract—This paper presents a strategy for quantifying the future prox-
imity of adjacent nodes in an ad-hoc network. The proximity model pro-
vides a quantitative metric that reflects the future stability of a given link.
Because it is not feasible to maintain precise information in an ad-hoc net-
work, our model is designed to require minimal information and uses an
adaptive learning strategy to minimize the cost associated with making a
wrong decision under uncertain conditions. After computing the initial
baseline /ink availability assuming random-independent mobility, the model
adapts future computations depending on the expected time-to-failure of
the link based on the independence assumption, and a parameter that re-
flects the the environment. The purpose for defining this metric is to en-
hance the performance of routing algorithms and better facilitate mobility-
adaptive dynamic clustering in ad-hoc networks.

I. Introduction

This paper examines the problem of finding srable links for
routing in ad-hoc networks. It considers the question of link
availability—how long will two nodes remain in close enough
proximity for a link between them to remain active? More pre-
cisely, with what probability will two nodes remain within a
given distance threshold of one another over time? The paper
builds on the probabilistic model for link availability presented
in [1] by proposing an adaptive learning strategy to discover
with high probability when two nodes are effectively moving
together. The objective is to limit the cost of incorrectly predict-
ing that a link is stable using minimal information. The purpose
for defining this metric is to enhance the performance of rout-
ing algorithms and better facilitate mobility-adaptive dynamic
clustering in ad-hoc networks.

Knowledge of node mobility and location information can be
used to improve the control and management of ad-hoc net-
works. Mobility information can be used to choose more sta-
ble routes, organize more stable clusters, limit the search space
of reactive probing, and limit the dissemination of control in-
formation. Hence, mobility models can be used to achieve a
better balance in the tradeoff between response and efficiency—
a necessary objective in achieving a broader vision of ad-hoc
networking that extends beyond niche applications.

The first strategies factoring node mobility into the route se-
lection process were based on fixed thresholds: Associativity
based routing (ABR) proposed by Toh [2] favors routes with
longer lived links according to the associativity of the incident
nodes. A pair of nodes are considered associated if they have
remained in direct radio contact beyond some predefined thresh-
old time. The threshold reflects the observation that mobile
users tend to alternate through periods of relatively rapid move-
ment and rest. A rest period also reflects nodes that remain in
motion, yet are moving more-or-less together. A similar ap-
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proach was proposed in [3] for Signal Stability-Based Routing,
however, it considers both location and signal stability in the
computation of routes. The signal strength threshold differen-
tiates between weakly connected and strongly connected nodes.
The associativity clicks threshold is used to assess relative loca-
tion stability.

More recent work addresses the problem of predicting fu-
ture link status in a quantitative way [4, 5, 6]. However, these
models alone are not sufficient. The model presented in [4] re-
quires complete GPS information reflecting all nodes in the net-
work; whereas, the models presented in [5, 6] assume random-
independent movement at all times, hence, cannot adjust to re-
flect associativity as in ABR. To address these shortcomings a
strategy is needed that can capture the positive attributes of the
minimum information probabilistic models, and the threshold
based stability models using adaptive techniques that reflect the
mobility profiles of the nodes. This paper presents such a strat-
egy. It is referred to as the node proximity model—The remain-
der of this paper is organized as follows: In Section-II. the ratio-
nale underlying the proximity model] is explained. The detailed
development of the model is presented in Section-III.. Conclu-
sions and future work are discussed in Section-IV..

II. Model Rationale

Future ad-hoc networks may be described as either being ap-
plication oriented or service oriented. In a service oriented
arrangement the nodes cooperate in order to facilitate general
communications. The only necessary conditions are that the
users share physical proximity and that they agree to cooper-
ate in the delivery of basic network services—e.g.. routing. In
an application oriented ad-hoc system the nodes share a com-
mon objective beyond communications services. For example,
they may involve people working together on a project, or shar-
ing computing resources. It is also possible for ad-hoc networks
to exhibit both types of arrangements concurrently.

Group relationships and dynamics differentiate alternative ad-
hoc scenarios. Hence, from a network control perspective it is
important to consider the impact of these differences on perfor-
mance. Specifically, group related activities that are characteris-
tic of application oriented ad-hoc networks, and environmental
factors, e.g. vehicles moving along a highway, etc., may lead
to some degree of stability of the network links. Knowledge
of these relationships can be used to help select the most stable
paths, thus reducing the overhead associated with topological
changes. Consequently, the ability to capture these effects can
be used to improve the efficiency of ad-hoc network routing.
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The objective of the proximity model is to provide the capa-
bility for nodes to learn and report on the future stability of their
incident links. A metric is desired that quantitatively reflects the
future proximity of a given pair of nodes. This measure should
be simple to compute based on readily available information re-
quiring minimum communications and computation overhead.
The idea is that if you know nothing about the movement of a
pair of nodes or the environment, other than their mobility pro-
files as defined below, it should be be possible to derive an initial
baseline measure that predicts the future availability of the link
assuming random-independent movement. Over time, however,
it may become increasingly apparent that the relative movement
of a given pair of nodes is neither random, nor independent. For
example, if a link survives significantly longer than expected in
the random-independent case it becomes increasingly less risky
to assert that the nodes are moving together, and hence that the
link can be expected to remain available.

III. Analytical Framework

In this section an analytical framework is presented for extend-
ing the random-independent link availability model from [1, 5]
to capture the effects of correlated movement. Link availabil-
ity is a probabilistic model which predicts the future status of a
wireless link. It is assumed that link status (up/down) is deter-
mined by a distance threshold.

Definition 1 Link availability is defined as the probability that
there is an active link between two mobile nodes at time tg + t,
given that there is an active link between them at time tp 1. Let
Lom n(T) be the status of the link between nodes n and m at time
T: Lnn(T) = 1 if the link is up, and Ly, n(7) = 0 if the link is
down. Then link availability is defined as:

-Am,n(t) = PT(ACm,n(tO + t) = ]-I‘Cm,n(to) = 1)

In [5] a discrete approximate model for Brownian motion was
presented that provides the basis for the analytical derivation of
random-independent link availability. According to this 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 mobility profile
of a given node n moving according to a random ad-hoc mo-
bility model is specified based on three parameters as follows:
< Ans fn,02 >. The following list adapted from [5] defines
these parameters for node n:

o The lengths of mobility epochs are IID exponentially dis-
tributed with mean 1/ A,.

o The speed, V%, during each mobility epoch 1 is an IID dis-
tributed random variable with mean u,, and variance o2,
and remains constant only for the duration of the epoch.

o The direction, 6%, of the node during each mobility epoch i
is IID uniformly distributed over (0, 27), and remains con-
stant only for the duration of the epoch.

1 A link is considered available at time ¢o 4+ t even if it experienced failures during one
or more intervals {£:,¢;)it0 < ti < t; < to + .

The salient feature of the model is that it uses knowledge of
the mobility profiles of adjacent nodes, which can be learned by
periodically acquiring Global Positioning Systems (GPS) [7] in-
formation, and computes the probability the nodes remain within
a threshold distance, or proximity of each other at any time ¢ in
the future assuming a random-independent mobility pattern.

If the actual movement of adjacent nodes exhibit high posi-
tive correlation, the pair will remain associated for a substantial
interval of time. In this case the model will underestimate the
probability of future proximity. If the movement of a pair of
adjacent nodes exhibit substantial negative correlation, as indi-
cated by the pair moving rapidly and persistently in opposite
directions the model will tend to be overly optimistic.

The effect of underestimating the availability of a path on a
routing decision, is that a highly stable path may be bypassed
in favor of a less stable path. This leads to increased reaction
by the routing algorithm to topological changes, which in tumn
may lead to increased routing overhead. Most currently pro-
posed ad-hoc routing algorithms treat every link equivalently.
Consequently, if the availability metric is used to favor higher
availability routes, the selected paths will be at least as stable as
paths selected by these proposed algorithms.

Itis shown in [5] that randomly moving nodes drift away from
one another over time. Therefore, it becomes unlikely that two
nodes are moving in a truly random-independent pattern when
the link between them survives significantly longer than pre-
dicted. We propose a strategy that tracks the amount of time
each link survives and uses the mobility profiles to compare that
time to its expected random-independent survival. Beyond this
time the metric value is gradually increased to reflect increasing
confidence of link stability.

Observe that the mobility of two nodes may be either inde-
pendent or correlated; however, in most cases it will be uncer-
tain which condition holds. Hence, an expression for the total
link availability, A?,;,n(t), can be given by Equation-1, where
At . (¢) is the link availability when nodes n and m move inde-
pendently, A7, .. (t) is the link availability when nodes n and m
move in a correlated manner, and P; is the probability that the
two nodes are moving independently.

¢y

A%, ,(t) is equivalent to the link availability as derived in
[1]. This metric assumes independent movement, consequently,
with respect to the total availability it reflects the case when
P; = 1.0 The error in the metric depends on the actual value
of P; and the characteristics of AS, ,,(t). P; depends upon the
nature of the network application, the group properties of the
nodes, the size of the population and the characteristics of the
environment. In a very large ad-hoc network of nomadic users
with few movement constraints—reflecting the service oriented
scenario—it is reasonable to expect large values for P;; how-
ever, if nodes travel frequently in groups, or are constrained
to move in certain directions and speeds, smaller values for P;
would be expected—this reflects the application oriented sce-
nario. The value of A, . (¢) depends on the degree of corre-
lation in movement. If two nodes move in lock-step with one
another, we assume that A7, ,,(¢) = 1.0 for all ¢.

30

Apn() = A P+ AL (01 - P)



Without specific knowledge of the environment, or knowl-
edge of how two nodes are related it is very difficult to quan-
tify correlation and even more difficult to reflect this correla-
tion quantitatively in the analytical framework for node mobil-
ity. The objective is to define criteria for deciding that a pair
of nodes are moving in a pattern that establishes a stable link
between them, and to adaptively bias the random independent
metric to reflect this assumed association. A reasonable crite-
ria should have limited risk without being overly conservative.
ABR adopts a similar approach; however, cannot reflect actual
mobility characteristics or minimize the cost associated with in-
correctly assuming nodes are associated. It applies a two-state
model which tracks the time that a pair of nodes remain adja-
cent. If ¢ < t¢h,, Where ¢35, is a predefined threshold value, then
effectively AZ . (t) = 0. However, if t > tspr, then the nodes
are assumed to be associated, effectively making A,Tn,n(t) =1.

Based on the approach used in ABR two question arise. First,
how should the value of t:p,, which is the criteria for assessing
link stability, be determined? To reflect the dynamic mobility
characteristics of different nodes we observe this value should
be adaptive. Second, how can we limit the risk of incorrectly as-
serting that a pair of nodes are associated? We propose a model
for enhancing the link availability metric that adopts a similar
approach, yet addresses both of these questions. Each node must
specify its own value for the application dependent system pa-
rameter, P;. A node operating in a tightly coupled group, or a
vehicle moving on a highway should specify a relatively small
value for P;; whereas, a nomadic user in an un-obstructed en-
vironment should specify a higher value for P;. Evaluation of
this metric consists of modulating the independent link avail-
ability, A3, . (t), according to a continuous approximation of a
two-state model; specifically, the model is based upon charac-
terization of the following two operational modes with respect
to the links:

1. Associated Mode: The link has survived significantly longer
than expected; consequently, the node movement is assumed
to be correlated.

2. Independent Mode: The default case when nothing else
is known about the nodes. Link availability is evaluated
according to the independent model.

The idea is to initially assume that the endpoints of a link
are moving independently, and to evaluate the link availability
based on the independent model, A:‘n,n(t)' Any link which sur-
vives longer than its expected time-to-failure begins to gradu-
ally transition into Associated Mode based upon an exponential
smoothing function. If the transition is excessively abrupt, there
is a greater chance of making an error. However, if the avail-
ability is sufficiently small, such that very few independent pairs
survive this long, the overall risk of making an error is lower.
Consequently, the rate of this function depends on the elapsed
time since the expected time-to-failure and the magnitude of the
Independent Mode availability.

Let A’ «(t) be an approximate model for A3, ,,(t), (A'm n(t)
~ AS, (), and MTTF be the expected (mean) time-to-failure
for a given link. Equation-1 shows how to evaluate the enhanced
link availability metric given that each node specifies P;, and
A’ n(2) is evaluated as follows:

Amat) = (1 —exp(—2A)+ A:n,n(t) exp(—AA) (2)
= »ma:v‘(O,t — (to + MTTF)) 3)
A 1— A7, A (2) )

For all time t < ({9 + MTTF), availability is evaluated di-
rectly according to the independent model. This value monoton-
ically decreases as time progresses. However, starting at time
t = (to + MTTF), this decrease begins to be offset by an
amount which varies from (1 — A%, . (t)) to 1. The amount
of this offset increases with time and the magnitude of (1 —
Ai (). Ast = 00, A —» 1land A = 00, A'mn(t) = 1,
the desired value for associated nodes. It is assumed that a pair
of adjacent nodes with highly correlated movement have a cor-
related link availability, A5, . (t) = 1, for all ¢. Consequently,
A’ n(t) is designed to approach this value as t — oo.

To complete the development of this model we must evalu-
ate the MTTF for each initial condition described in [5] and
summarized below: 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 to, the theorems in [S] char-
acterize 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 #p by reaching the boundary defined by R, and is
located at a random point around the boundary.

The analysis in [8] 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 R.,, 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. It is
shown in [5] that link availability is equivalent to the probability
that the equivalent random mobility vector 2, ’R,:,n(t), is less
than or equal to Z.

Expressions for MTT F are derived by equating the expected
value of R;,n-(t) to the expected value of Z and solving for ¢.
Let < An, fn,02 > and < Am, fm, 02, >, be the random ad-
hoc mobility profiles of node n and node m, respectively. Note,
the profiles reflect the mean and standard deviation of the speed
and rate of direction change under the random mobility model
[5]. The distribution of R;m(t) is given in [5]. The expected
value for this distribution can then be expressed as follows:

B{Ronn(1)] = \/ =

Let the distribution of Z according to the node activation case
be given by Znode_activation and the distribution according to
the link activation case be given by ZLink_activation. Both dis-
tributions can be found in [1]. The expected values for each of
these distributions can be expressed as follows:

(b i)+ e +m) ©

n

2The equivalent random mobility vector characterizes the relative movement of one node
with respect to the other over an arbitrary interval of time.
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Cormelation-Enhanced Link Avallability Model
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Figure 1: Enhanced Link Availability Metric: A7, , (t).

8R
E[ZNode _Activation] = 3:; ()
4R
E[ZLink_Actiuation] Teq (7)

Assuming a homogeneous scenario in which A\, = A\, = A,
Un = m = i, and 02 = 02, = o2, the MTTF for each case is
expressed in terms of the mobility parameters as follows:

MTTF - = e ®
Node_Activation — 97('3 0,2 +/"2
16RZ, A
MTT Fyink_Activation Teq o2 + #2 ©®

Figure-1 illustrates results from the enhanced link availabil-
ity model, Aﬂm(t), for values of P; ranging from 0.0 to 1.0.

In the example two identical nodes moved with the same mo-
bility profiles at a mean speed of 10 kilometers-per-hour (kph)
with distance threshold R.; = 1.0 kilometers (km). Figure-
1(a) compares the results when the initial condition was node
activation, and Figure-1(b) when the initial condition was link
activation. The results are compared to an example of the ABR
model in which it is assumed that ¢, & MTTF. The figure
shows that AL _(¢) reduces to A, () when P; = 1.0, and
to A'ry n(t) when P; = 0.0. It also shows how the ABR re-
sult shifts its view of link stability abruptly from one extreme to
the other based on the value of t;5,.. Depending on the value of
tinr, the strategy used in ABR will do better when the nodes are
actually highly correlated; however, the cost may be high when
the nodes are not actually correlated because there is no way to
limit the probability of an incorrect decision.

The region in both figures which lies to the left of MTTF
defines Independent Mode operation; whereas, the region to the
right of MTTF defines Associated Mode operation. Prior to
reaching MTTF, the curves for AL _ (t) are identical regard-
less of the value of P;. However, if the link survives beyond
MTTPF,itbecomes less risky to assert that two nodes are mov-
ing together. Consequently, the figures demonstrate a gradual
increase in confidence that a link is more stable than if its end-
points truly moved independently. The parameter P; places an
upper limit on how this effects the resulting availability metric,
since it reflects an application and environmental based proba-
bility that a given node exhibits group mobility.

In contrast to the random-independent model in which link
availability decreases with time, using the proximity model link
availability increases beyond MTTF. Aa,n(t) effectively rep-
resents a conditional probability that reflects increasing confi-
dence in the stability of a link. If P; = 0.0, AT, (1) - 1, as
t — oo, which approaches the ABR model over time; whereas,
if P, = 1.0, A,I;,,n(t) — 0, which is the independent result.
These results agree with the design objectives of the model.

With proper specification of P;, AT | (t) can achieve benefits
through the detection of associated movement patterns; how-
ever, it is not possible to detect negative correlation without a-
priori information. Consequently, a third mode, referred to as
Transit Mode, is proposed to reduce the cost associated with
routing over potentially short-lived links. A link witha MTTF
that is significantly less than the mean MTTF of the remain-
ing links incident to the same node, will effectively be removed
from the routing process by setting A%n (t) = O forall ¢. Thus,
only the strongest links will be used for routing.

IV. Conclusions

In this paper a node proximity model was developed that is de-
signed to efficiently compute a metric that reflects future link
stability based on minimum information. The model combines
the features of the probabilistic approach of the random inde-
pendent model proposed earlier, with a stability threshold based
approach similar to ABR; however, the strategy proposed here
adaptively selects the threshold and utilizes an exponential fad-
ing approach to minimize the cost associated with incorrectly
determining that a link is stable.
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The strategy proposed in this paper is a component of work
focusing on mobility-adaptive dynamic clustering in ad-hoc net-
works. The purpose of the metric is to define a low-overhead
technique for improving the stability characteristics of our clus-
tering algorithm that work well under a range of mobility sce-
narios. Our on-going work includes a simulation based perfor-
mance analysis to assess the quality of this new metric relative to
the original random-independent metric and to the step-function
approach.
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