Provided for non-commercial research and educational use only.
Not for reproduction or distribution or commercial use.

Volume 5, Issue 2 March 2007 ISSN 1570-8705

Ad Hoc

Networks

This article was originally published in a journal published by
Elsevier, and the attached copy is provided by Elsevier for the
author’s benefit and for the benefit of the author’s institution, for
non-commercial research and educational use including without
limitation use in instruction at your institution, sending it to specific
colleagues that you know, and providing a copy to your institution’s
administrator.

All other uses, reproduction and distribution, including without
limitation commercial reprints, selling or licensing copies or access,
or posting on open internet sites, your personal or institution’s
website or repository, are prohibited. For exceptions, permission
may be sought for such use through Elsevier’s permissions site at:

http://www.elsevier.com/locate/permissionusematerial


http://www.elsevier.com/locate/permissionusematerial

Available online at www.sciencedirect.com

ScienceDirect Lﬁ\d Hoc

etworks

ELSEVIER Ad Hoc Networks 5 (2007) 189-209

www.elsevier.com/locate/adhoc

Sociological orbit aware location approximation and
routing (SOLAR) in MANET

Joy Ghosh **, Sumesh J. Philip °, Chunming Qiao ?

4 Department of Computer Science and Engineering, The State University of New York at Buffalo, Buffalo, NY 14260, United States
b Department of Computer Science, Western Illinois University, Macomb, IL 61455, United States

Received 4 February 2005; received in revised form 31 August 2005; accepted 31 October 2005
Available online 28 November 2005

Abstract

Mobility affects routing protocol performance in a Mobile Ad Hoc NETwork (MANET). This paper introduces a novel
concept of “macro-mobility”’ information obtained from the sociological movement pattern of MANET users, and pro-
poses a routing protocol that can take advantage of the macro-mobility information. This macro-mobility information is
extracted from our observation that the movement of a mobile user exhibits a partially repetitive “orbital” pattern involv-
ing a set of “hubs”. This partially deterministic movement pattern is not only practical, but also useful for locating nodes
without the need for constant tracking and for routing packets to them without flooding.

More specifically, this paper makes the following two contributions. First, it proposes an ORBIT mobility framework to
achieve this macro-level abstraction of orbital movement. Second, to take advantage of this hub-based orbital pattern, it pro-
poses a Sociological Orbit aware Location Approximation and Routing (SOLAR) protocol. Extensive performance analysis
shows that SOLAR significantly outperforms conventional routing protocols like Dynamic Source Routing (DSR) and
Location Aided Routing (LAR) in terms of higher data throughput, lower control overhead, and lower end-to-end delay.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A Mobile Ad Hoc NETwork (MANET) is an
infrastructure less group of wireless mobile devices
that willfully cooperate to forward packets for one
another. Recently, node mobility was shown to have
a significant impact on the routing protocol perfor-
mance [1]. This led to numerous studies on the prac-
ticality of the different mobility models that are
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commonly used in mobile network research. The
Random Waypoint model [2] has been a favorite
for its simplicity and suitability for theoretical
study and analysis. In this model, a node chooses
destination points randomly within a terrain and
approaches it linearly with a velocity randomly
selected from a specified range. In reality however,
nodes (i.e., MANET users) move purposefully
(e.g., going from a conference room to a cafeteria)
while being subject to certain restrictions (e.g., geo-
graphical constraints), resulting in certain amount
of determinism in their motion.
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In light of growing need for more practical and
realistic mobility modeling, a new line of research
has emerged, focusing on several Entity based [3—
5], Group based [6-8], and Scenario based [9-11]
mobility models/frameworks. Entity based models
are driven by the individual node characteristics,
while Group based models concentrate on the collec-
tive movement of a group of nodes that deviate
marginally from the characteristics of a leader node.
Alternately, Scenario based models account for the
geographical constraints on real life movement.

Literature describes many routing protocols to
combat the adverse effect of mobility on MANET
users. These can be generally classified into two cat-
egories: Proactive and Reactive. Studies have shown
that the latter is more suitable for highly mobile ad
hoc networks due to its ability to withstand rapidly
changing network topologies. Additional optimiza-
tions for reactive protocols include caching of paths
[2] to reduce path request overhead, and caching of
node velocity [12] to approximate node locations.
Alternatively, others [13,14] have suggested the use
of virtual backbones to facilitate the adaptation of
the routing protocols to mobility. With the advent
of newer and affordable technology such as GPS
receivers [15], and other localization techniques,
location management schemes coupled with routing
strategies [16-19] have also shown to offer efficient
routing solutions for MANET.

While interference has been shown to signifi-
cantly affect the capacity of wireless networks in
[20-22], the work in [23] exploited node mobility
as a type of multi-user diversity, and showed that
node mobility may actually help increase the theo-
retical MANET capacity. In addition, research has
also been done [24-26] to explore the use of mobility
information obtained via continuous location track-
ing and ‘“‘micro-level” mobility prediction of indi-
vidual nodes, as a potential tool for facilitating
next hop selection or link break prediction.

Recent work on delay tolerant networks (DTN)
[27] has addressed issues related to routing among
nodes (such as satellites and buses) that have deter-
ministic mobility. In addition, routing in inter-
mittently connected MANETs has also been
addressed in [28] and most recently in [29]. In partic-
ular, the authors in [29] made the observation that a
node is likely to come back to a location that it had
frequently visited before, and proposed a probabi-
listic routing scheme whereby each node maintains
the so-called “delivery predictability” to each
known destination. However, to the best of our

knowledge, no prior work has studied the partially
deterministic, sociological orbit based macro-mobil-
ity pattern of MANET users, and its implications
on location management and routing protocols.

In this paper, we propose a macro-level mobility
framework called ORBIT, based on a partially
deterministic orbital movement pattern of mobile
users around some specific places of social interest
called hubs. The term “macro-level mobility” refers
to the fact that our abstraction does not depend on
the exact movement within a hub, or in between
hubs. Rather, our abstraction only specifies a set
of hubs where a node will visit and spend some
amount of time, without specifying any rigid sche-
dule or routes (i.e., a partially deterministic move-
ment pattern). We also propose an effective
routing scheme for MANET called the sociological
orbit aware location approximation and routing
(SOLAR) protocol to take advantage of the spa-
tial/temporal locality of the mobile users (nodes)
around these hubs. The proposed ORBIT frame-
work is not only general enough to be realistic,
but is also specific enough to be useful. In particu-
lar, the proposed SOLAR protocol can be practi-
cally implemented without a need for constant
location updates (or tracking) and flooding. Exten-
sive numerical results are presented to establish
the simplicity and superiority of SOLAR over other
conventional protocols, such as DSR and LAR in
terms of higher data throughput, lower control
overhead, and lower end-to-end delay.

The rest of the paper is outlined as follows. In
Section 2, we motivate our work by discussing the
sociological movement pattern of MANET users,
and describe the ORBIT framework. In Section 3,
we provide the details of the proposed sociological
orbit aware location approximation and routing
(SOLAR) protocol and illustrate its use in a com-
mon and realistic MANET scenario. In Section 4,
we evaluate the performance of SOLAR through
simulations, and show that it is superior to DSR
and LAR. In Section 5, we present a more detailed
description of other related work on both practical
mobility models, and mobility sensitive routing
protocols to highlight the novelty of our work. We
conclude this work in Section 6.

2. Sociological movement pattern
In the real world, users routinely spend a con-

siderable amount of time at a few specific place(s)
that we refer to as hub(s). For example, a graduate
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student in school may visit and spend some signifi-
cant amount of time in his/her laboratory, a semi-
nar room, or the cafeteria. Although it is hard (or
may be even against privacy policies) to keep track
of an individual at all times, one can still take
advantage of the fact that most users’ movements
are within and in between a list of hubs. These hubs
are usually visited by the individuals in some prob-
abilistic sequence, and constitute a part of the users’
mobility profiles. For example, even if we do not
know the exact location of the graduate student at
any given time, given his/her mobility profile we
can most probably find him/her in either the labora-
tory, or the seminar room, or the cafeteria, without
having to look all over the building/campus.

This orbital movement pattern is also observed in
a time and space based hierarchy. For example, on a
typical weekday, the graduate student could leave
home for school in the morning, visit the gymna-
sium in the evening, and return home at night. Sim-
ilarly, the student may stay in his home town for a
few weeks and visit friends and family in other cities
over some weekends, forming yet another higher
level nation-wide orbit. This hierarchical concept
is illustrated in Fig. 1.

Interestingly, an orbit is one of the most natural
forms of motion observed in the microscopic world
of molecules, as well as in the planetary universe.
However, such natural orbits are mostly determinis-
tic, and their continuous motion does not have the
notion of special places like hubs.

Note that our orbital movement pattern differs
from existing mobility patterns studied in the litera-
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Fig. 1. A hierarchical view of sociological orbits.

ture in that it neither models the motion of the users
at a micro-level (i.e., on small time scales or within
small distances), nor simply predicts user locations
via historical/statistical tracking information [24—
26]. It also differs from the deterministic mobility
patterns assumed within DTN, where either exact
locations of a node can be predicted with an appro-
priate “oracle”, or no location information is avail-
able. To the best of our knowledge, no prior work
has explored the implication of such a macro-level
partially deterministic sociological mobility pattern
and its application to location approximation and
routing in MANET, despite its practicality.

2.1. Our ORBIT framework

In this section, we describe a simple yet practical
macro-level mobility framework, and refer to it
simply as ORBIT. As mentioned in Section 2, socio-
logical movement pattern associates an individual
node’s movement with several special regions, or
hubs within a terrain that the individual node visits.
The ORBIT framework allows for the creation of a
certain number of hubs within the simulation ter-
rain for all the nodes, as specified by the parameter
Total Hubs. Each node can visit a subset of hubs
assigned to it, thereby creating its orbit. The list of
hubs a node visits is bounded by Hub List Size,
and the time it spends in each hub is specified by
Hub Stay Time. The actual hub list assigned to a
node along with the corresponding Hub Stay Times
define an Orbit. ORBIT also allows for an occa-
sional change in the specific list of hubs assigned
to a node in its Orbit by defining an Orbit Timeout,
upon which a node is assigned a fresh list of hubs to
visit.

Without loss of generality, each hub may be con-
sidered to be a rectangle, with the length on each
side bounded by Hub Size. The mobility pattern
of individual nodes shall comprise of two parts:
movement inside a hub, and movement in between
hubs. The point to be noted here is that for each
of the two parts, any known practical mobility mod-
els may be chosen, as suggested in Table 1. For
detailed reference to these models, the reader is
referred to Section 5.

In the following discussion, the movement inside
each hub, which shall also be referred to as the
intra-hub movement (IHM), is assumed to follow
the Random Waypoint mobility model, whose
speed range is denoted by Intra-Hub Speed, and
whose pause time is denoted by Intra-Hub Pause.
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Table 1
Example mobility models for ORBIT framework
Inside Hub Between Hubs Ref.
LMM GMM 9]
Area zone City area [10]
METMOD NATMOD [11]
Manhattan Freeway 1]
Table 2
ORBIT parameters
Category Parameter
General Total Hubs
Hub List Size (min, max)
Hub Size (min, max)
Hub Stay Time (min, max)
Orbit Timeout (min, max)
Inter-Hub Inter-Hub Speed (min, max)
Intra-Hub Intra-Hub Pause

(Random Waypoint) Intra-Hub Speed (min, max)

Note that a non-zero minimum for the hub speed
should be chosen to overcome the decaying average
speed problem associated with Random Waypoint,
as suggested in [30]. For Orbit movement (i.e., in
between hubs), one may use a point-to-point linear
(P2P Linear) model. In this model, when a node
wants to move from one hub to another, it ran-
domly selects a point within the destination hub
and moves towards it linearly from its current posi-
tion with a velocity defined by the range Inter-Hub
Speed. Table 2 summarizes all of the Orbit parame-
ters mentioned. Note that, our Orbit framework
does not simply integrate two common mobility
models (e.g., Random Waypoint, and P2P Linear),
but most importantly, it also introduces the practi-
cal orbital movement in between hubs.

2.2. Example orbital models

By varying the placement of the different hubs
within the terrain, and the hub-visit pattern of each
node, we can use the ORBIT framework to generate
some practically useful mobility models that suit
different realistic scenarios. Note that, the following
models only form an exemplary subset of mobility
models that are capable of being generated by our
ORBIT framework, while other models may also
be obtained by varying the mobility models inte-
grated within the framework (i.e., Random Way-
point and P2P Linear).

Random Orbit: By randomly placing hubs within
the terrain, assigning randomly selected list of hubs
to each node, and allowing each node to move ran-
domly between the hubs assigned to it, a random
orbit is formed for each node (as illustrated in
Fig. 2). This model is general enough to be realistic,
and specific enough to be useful. More specifically,
it is suitable for modeling wireless devices carried
by mobile users (e.g., graduate students, office
employees) around a university/corporate campus,
or attending technical conventions. As users move
around, their wireless devices may record the hubs
visited most often, and share the hub-based orbital
mobility profile with trusted “acquaintances’ either
automatically, or with the user’s permission/assis-
tance. Such mobility profile can then help improve
routing as described in Section 3.

Uniform Orbit: This model is similar to Random
Orbit, except for the setup of the hubs. Unlike the
previous model, the entire terrain is divided into a
grid of hubs, without any hub overlapping another,
as seen in Fig. 3(a). Such a model may be used to
simulate scenarios like a school building, which
may be completely divided into a set of non-over-
lapping classrooms, cafeterias, libraries, laborato-
ries, etc., such that each unit may be considered as
a hub. Students move along their Orbit between
different rooms, and may change their Orbits upon
Orbit Timeout every few weeks or months.

Restricted Orbit: This model is similar to Uni-
form Orbit, except for the hub-visit pattern of each
node. In this model, each Orbit consists of a single
hub, thereby restricting the movement of each node
within a particular hub as illustrated in Fig. 3(b).
The only time an Inter hub movement occurs is
when an Orbit Timeout occurs, and a new hub is

~<—— [Inter-Hub (P2P Linear)  Orbit 1: Hubs 1,2,3
***** - IHM (Random Waypoint) Orbit 2: Hubs 3,4,5

Fig. 2. The Random ORBIT model.
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Fig. 3. Example orbital mobility models generated by ORBIT framework using Random Waypoint and P2P Linear. (a) Uniform orbit.

(b) Restricted orbit. (c) Overlaid orbit.

assigned to the node. This model is useful in simu-
lating office building scenarios, where not only is
the entire terrain divided into several non-overlap-
ping departments, but the movement of employees
are also restricted within their respective depart-
ments. Over time, their work might require them
to be reassigned to a different department, which
can be modeled by the Orbit Timeout.

Overlaid Orbit: This model is identical to the
Restricted Orbit, except for the addition of a special
larger hub that is overlaid over all other smaller
hubs, as illustrated in Fig. 3(c). Such a model may
be useful when modeling an exhibition scenario
where the entire terrain is divided into separate exhi-
bition areas/booths, and nodes (presenters) in each
booth are commonly restricted to their respective
booth. In contrast, the mobility of attendees/viewers
may span several such booths, thereby creating a
larger overlaid hub. A more general variation is to
have a larger hub that overlays several (but not
all) smaller hubs that can be classified as belonging
to some common group.

2.3. Analysis of orbital model characteristics

In this section, we analyze the models generated
by the proposed ORBIT framework using a few of
the protocol independent metrics defined in [1].
These metrics were shown to characterize the basic
features of mobility models and their effect on proto-
col performance. Our motivation for this analysis is

to illustrate that our example models provide multi-
ple choices for modeling mobility under different sce-
narios described in the previous sub-section. We
choose to vary the number of hubs in our study,
since this also causes the hub sizes to vary simulta-
neously in all our grid based models except Random
Orbit. We use a modified Random Waypoint model
(which is modified to have a non-zero minimum as
suggested in [30]) and the entire terrain (i.e., in a
non-orbital movement) as a reference point in our
simulations. We perform our simulations in GloMo-
Sim [31] with 100 nodes in a 1000 x 1000 m? area for
1000 s. Each node is assumed to have a radio range
of 250 m. Note that, for a protocol independent
analysis of mobility models, no data traffic, routing
protocol, or MAC layer needs to be considered.
Values used for the ORBIT parameters are as
follows:

e Total Hubs = Vary

e Hub List Size = 1 to Total Hubs

e Hub Size = 150-250 m (Random Orbit)
e Hub Stay Time = 50-100 s

e Orbit Timeout = 250-500 s

e Inter-Hub Speed = 10-30 m/s

o Intra-Hub Pause =1s

e Intra-Hub Speed = 1-10 m/s

To analyze our models, we use average degrees of
spatial and temporal dependence as the mobility
metrics, and the average number of link changes
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and link duration as the connectivity graph metrics.
For a detailed description of the metrics, the reader
is referred to [1]. No single metric serves as the
determining factor in choosing one model over
another.

2.3.1. Mobility metrics

The following metrics study the mobility charac-
teristics of nodes within the same spatial locality,
and that of each individual node within a small time
interval.

Average degree of spatial dependence: Spatial
dependence indicates the similarity in the velocities
of two nodes that are within a specific range from
each other, which is chosen to be 2 * (Radio Range)
in our simulations. Since Restricted Orbit and Over-
laid Orbit do not allow Orbit of nodes, nodes in the
same hub follow the same hub parameters for a long
time, resulting in a high spatial dependence as seen
in Fig. 4(a). Random Orbit and Uniform Orbit sup-
port Orbit and hence have a lower value for this
metric, while the modified Random Waypoint has
an intermediate value.

Average degree of temporal dependence: Temporal
dependence indicates the similarity in the velocities
of a node within a specific time interval, which
was taken to be 20 s in our simulations. In Random
Orbit, the hub sizes are not affected by the number
of hubs, unlike in the other models, but the amount
of overlap among hubs increases sharply. Due to
this overlapping, the path from one hub to another
along an Orbit is short, causing quick changes in
IHM leading to a low temporal dependence as seen
in Fig. 4(b). In the modified Random Waypoint,
nodes have a single IHM where a slower speed
change results in a higher temporal dependency.
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For the remaining models, a larger number of hubs
leads to a steady decrease in the temporal depen-
dence with the number of hubs.

2.3.2. Connectivity graph metrics

The following metrics study the effect of mobility
on the graph formed by the nodes and the radio
links among them.

Average number of link changes: This is the aver-
age number of times a link between two nodes (that
ever existed during the entire simulation) comes up
from being down. Since in Restricted Orbit and
Overlaid Orbit, nodes are confined to particular
hubs, the probability that a link between two nodes
in the same hub breaks (and then comes up later) is
small. In the modified Random Waypoint, links
that would break when two nodes move away have
a low probability of coming up later as nodes move
slowly in the entire terrain. In Random Orbit and
Uniform Orbit, a link that is formed when two
nodes visit a common hub may break when one of
them moves away, but has a high probability of
coming up again when they meet later in the com-
mon hub. In Random Orbit, these nodes may re-
establish the link even if they are in different but
overlapping hubs, thus showing the highest number
of link changes in Fig. 5(a).

Average link duration: This is the average amount
of time a link between two nodes stays up. The
restricting nature of Restricted Orbit and Overlaid
Orbit proves beneficial to link stability. Moreover,
with an increase in the number of hubs, the hub
sizes decrease causing the nodes to huddle even clo-
ser, increasing link duration as seen in Fig. 5(b). The
Orbit supported by Random Orbit and Uniform
Orbit causes link breaks to happen more often,
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Fig. 4. Performance of mobility metrics vs. number of hubs. (a) Spatial, (b) Temporal dependence.



J. Ghosh et al. | Ad Hoc Networks 5 (2007) 189-209 195

»>
o
T

N
T
x

mmeXmmmmm el Nemel
Hmmmmnmnes T T
X

Random Orbit ——
Uniform Orbit ---%---
Restricted Orbit ----%:---

=]

u-

LK, Overlay Orbit
Modified Random Waypoint - - m---

Average Number of Link Changes
w
w (S}
— T

1 1 1 1 1 1 1 1 1 1 1
8 16 24 32 40 48 56 64 72 80 88 96

(a) Number of Hubs

Restricted Orbit —+—

- Overlay Orbit ---

Modified Random Waypoint ----
Random Orbit

Uniform Orbit --m-

FD%X

Average Link Duration (secs)
©

L]
@
[:]
!

4 1 1 1 1 1 1 1
8 16 24 32 40 48 56 64 72 80 88 96

(b) Number of Hubs

Fig. 5. Performance of connectivity graph metrics vs. number of hubs. (a) Link changes, (b) Link duration.

while the modified Random Waypoint shows an
intermediate value.

The above study confirms that by integrating a
macro-level orbital movement and other conven-
tional micro-level mobility models (e.g., Random
Waypoint, P2P Linear) our ORBIT framework is
able to generate practical mobility models, that dif-
fer in terms of protocol independent metrics. Thus,
such models can not only suit different practical
scenarios, but also potentially affect routing proto-
col performances differently. For the remainder of
this paper, we shall focus on the Random Orbit
model when studying routing protocol performance.

3. Sociological orbit aware location approximation
and routing (SOLAR)

In this section, we describe our sociological orbit
aware location approximation and routing
(SOLAR) protocol, which to the best of our knowl-
edge, is among the first to make use of macro-level
sociological mobility profiles of MANET users in
obtaining approximate location information of
mobile users as well as in improving routing. In the
following discussion, nodes in SOLAR are assumed
to be equipped with either GPS, or other localization
devices' to facilitate greedy geographic forwarding
as to be explained in detail in the following sections.

3.1. Protocol overview

Several motivations for peer collaboration
(among acquaintances) were discussed by the

! Note that this assumption is common to most location aided
MANET routing protocols suggested in literature.

authors in [32]. In one of our earlier work [33], we
proposed an acquaintance based soft location man-
agement (ABSoLoM) scheme, and also showed the
advantages of using acquaintances to form a distrib-
uted location database. Although one of the basic
concepts in SOLAR is also the use of acquaintances,
it differs from ABSoLoM in at least two significant
ways. First, nodes in ABSoLoM use a formal
acquaintanceship request and response among a
few selected nodes that ensure the acquaintanceship
to be mutual. Second, acquaintances not only
cached each other’s exact location coordinates, but
also kept each other informed of their current coor-
dinates through frequent location updates. In
SOLAR however, acquaintanceship need not be
mutual. As soon as one node gets to know of
another node’s hub list, it will treat that other node
as an acquaintance and will cache its hub list infor-
mation. This knowledge may be gained either by
exchanging hub list information with that node
directly when they are within radio range of each
other, or through a trusted third party (e.g., com-
mon acquaintance).

Since the orbital mobility profile or, the hub list
information stays valid for a much longer time when
compared to the exact location coordinates,
SOLAR can significantly reduce overhead in terms
of location updates in the face of node mobility.
More specifically, in SOLAR, each node only needs
to know the terrain in terms of the hubs (i.e., their
coordinates) in addition to its own location. Each
node periodically sends its own coordinates and
hub list in a Hello message to its immediate neigh-
bors within radio range to facilitate both neighbor
discovery (required for Inter-Hub geographic rout-
ing of packets) and hub list sharing (for forming
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new acquaintances). Only the acquaintances with an
active data connection in between them need to
notify each other by “location updates” when there
is a change in any of their hub lists (as a result of an
occasional Orbit Timeout). A more detailed descrip-
tion of SOLAR is as follows.

3.2. Information query propagation and response

In SOLAR, when a source has data to send and
the destination is a neighbor within radio range,
the data is directly transmitted. However, if the
destination is not a neighbor, but is an acquaintance
whose hub list is cached by the source, the data
packet is sent towards the (center point of) hub(s)
in that hub list (see Section 3.3 for more details).
This packet transmission is based on “greedy geo-
graphic forwarding” [16], where each intermediate
node chooses its next hop from amongst its neigh-
bors who is closest to the destination than itself
(see Section 3.4 for more details).

If no information about the destination’s hub list
is available, the source first selects a subset of its
acquaintances in a way to be described in Section
3.5. For each chosen acquaintance, a separate query
is sent to the hubs in that acquaintance’s hub list.
Such a transmission from a node to its acquaintance
will be referred to as a logical hop here after, which
often consists of multiple physical hops. An
acquaintance responds to this query packet if it
knows of a valid hub list of the destination. As an
optimization, intermediate nodes (that are not
acquaintances of the source) are also allowed to
snoop into query packets and respond to them if
possible.

If the acquaintance does not know the destina-
tion’s hub list, it may forward the query to a subset
of its own acquaintances, chosen appropriately as
before. However, if the number of logical hops
exceeds a specified threshold, the query packet is
dropped by the acquaintance. If all the query pack-
ets are similarly dropped, the source will time out
and may either drop the data packet, or retry send-
ing new query packets to a different subset of its
acquaintances, or resort to simple flooding of query
packets.

If the query reaches the destination itself, it not
only responds (with a response packet) with its
own hub list, but also indicates its current hub.
The current hub information is cached by the source
and used for subsequent delivery of data in the same
session. The cache timeout value for this current

hub information will be based on the average Hub
Stay Time of a node. Similarly, the hub list informa-
tion itself will be cached at the source for a time pro-
portional to the average Orbit Timeout.

3.3. Packet transmission to a hub list

Once the source of any packet (query, response,
or data, as well as update as to be described later)
knows the hub list information for that packet’s des-
tination, it first checks to see if the current hub
information for that destination is available. If that
information is unavailable, one copy of the packet is
geographically forwarded towards (the center of)
each of the hubs (i.e., simulcast) in the hub list of
the destination. However, if the information is
available, a single packet is geographically for-
warded to (the center of) that current hub. In either
case, the source inserts its own hub list and current
hub information into the packet header to help the
destination of that packet respond back to the
source.

As mentioned earlier, location is updated only
within nodes that have an active “data session”
between themselves. More specifically, for data
packets, when the first data packet is sent, a data
session is considered active, which expires when no
data is generated/sent within a specified interval.
Throughout that active data session, the source
keeps inserting its current hub and hub list informa-
tion into each data packet to keep its location infor-
mation updated at the destination. The destination
of that active data session reciprocates with its cur-
rent hub and hub list information in an wupdate
packet (which can double as an ACK) on getting
the first data packet. From then on, whenever the
destination moves out of its current hub, or starts
to orbit a different hub list (on an Orbit Timeout),
it notifies the source of the change by sending a
update packet towards the current hub of the
source. Since such wupdate packets are restricted
between the two ends of an active session only, they
are sent out infrequently and incur little overhead.

Note that sending to the current hub is just an
optimization attempt. If the destination is not in
that current hub when the data arrives, the data
can be cached by nodes in that hub for a limited
amount of time. This will allow the destination to
retrieve it later, if it visits that hub as part of its orbi-
tal movement. Just before the cached data is to be
purged, the node that is closest to the center of
the hub may simulcast copies of that data to the
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other hubs in the list of the destination. Of course,
the source may also time out and decide to take
an appropriate action (as discussed above).

3.4. Use of geographic forwarding for packet
delivery

When the source of any packet wishes to send
that packet to a hub (possibly containing the desti-
nation of that packet), it uses greedy geographic for-
warding as mentioned before. As each intermediate
node performs greedy geographic forwarding to
push the packet closer to the intended hub’s center
coordinates, if there is no neighbor closer to the
hub than the node itself (also called a local maxima
or ‘“‘geographic hole”), this node broadcasts the
packet to all its neighbors. A neighbor in turn
checks if any of its neighbors is closer to the hub
than the intermediate node which started this
broadcast. If it finds any such neighbor, it forwards
the packet to it. Otherwise, it may either drop the
data packet, or employ techniques to route around
geographic holes as suggested in [17].

If the Hub Size is fairly large compared to the
Radio Transmission Range of the nodes, once any
packet reaches (i.e., enters) a hub before reaching
the destination, an Intra-Hub flooding (of the packet
by the nodes within the hub) is performed (as the
exact coordinates of the destination may not be
available). This is also done if the source itself lies
in one of the hubs in the destination’s hub list, in
which case the source itself initiates the Intra-Hub
flooding in an attempt to reach the destination.
Such Intra-Hub flooding is not required when the
Hub Size is comparable (or smaller) to the radio
range since a packet can be overheard by all the
nodes in the hub as it is geographically forwarded
to the center of the hub.

In addition, an Intra-Hub flooding (if required)
will introduce marginal overhead since a packet will
only require to be flooded across a couple of radio
hops to effectively cover the entire hub. To support
such limited flooding, all packets are uniquely iden-
tified by a tuple (source, destination, sequence id),
which enables nodes to identify and drop duplicate
packets.

3.5. Querying a subset of acquaintances
A node may make a lot of acquaintances over its

life time. Hence, to reduce the overhead due to the
querylresponse packets, it needs to minimize the num-

ber of acquaintances it will query at any given time.
On the other hand, since each acquaintance A; covers
(i.e., visits) a list of hubs H,, this minimum subset of
acquaintances need to be carefully chosen to maxi-
mize the coverage of hubs, thereby increasing the
chances of obtaining the destination’s information.

Let the hub list of an acquaintance A4; be denoted
by H;= {hy,hs,. .., h,}, where each A; is a particular
hub. Let H be the set of hub lists {H;,H>,..., H,}
covered by a node’s acquaintances Ai, A,,...,A4,.
Let C be the set of hubs covered by all its acquain-
tances. That is, C= H,U H, U --- U H,. Our prob-
lem is to find a minimum subset, H' C H s.t.

\V/]’l,' € C, ElH] EH,, S.t. h,‘ GHJ

This is a minimum Set Cover problem, which is
known to be NP-Complete [34]. To find an heuristic
solution, we have adopted the Quine—McCluskey
technique [35,36] used widely in Boolean Algebra
for minimization of Boolean expressions. To de-
scribe this method, we first define a few terms as
follows.

Prime acquaintance: An acquaintance A; with
hub list H; is a Prime acquaintance if there is no
other single acquaintance A4; whose hub list H;
includes H; (ie., AA4;, s.t. H; 2 H;). Formally, 4,
(with H,) is a Prime acquaintance iff:

AA;(with H;), st.Vh,e€H;, h.€eH; = h.€H,.

Let us consider an example (1) where, H, = {1,2},
H,=1{2,3,4}, H3;={1,4}, and H, = {3,4}, be the
hub lists of acquaintances A4, 4>, 43, and A4. Since
none of A,, A5 or A4 alone covers all the hubs of 4,
Ay is a Prime acquaintance. Following the same
principle, both A, and A; are also Prime acquain-
tances, whereas A4 is not (since H, 2 Hy).

Essential Prime acquaintance: This is a Prime
acquaintance that covers at least one hub that is
not covered by any other Prime acquaintance. Let
P={H, ,H,,...} be the set of all the hub lists of
Prime acquaintances {4, ,4,,,...}. Then, a Prime
acquaintance 4, with hub list H, would be an
Essential Prime acquaintance iff:

EithHpi, s.t. VHpj eP (]751), hy ngj.

Continuing with the previous example 1, even
though A, is a Prime acquaintance, it does not cover
any hub that is not already covered by either A4, or
Asz. So A is not an Essential Prime acquaintance.
Following the same principle, A3 is not an Essential
Prime acquaintance either. However, 4, covers hub
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3 that is not covered by any other Prime acquain-
tance (i.e., 4; and A3). Although, 44 covered hub
3, A4 is not a Prime acquaintance, and hence ig-
nored. Thus, A, is the only Essential Prime acquain-
tance in our example.

To query the optimal subset of acquaintances, a
node first examines the hub lists of its acquaintances
and determines its Prime and Essential Prime
acquaintances. All the Essential Prime acquain-
tances are then chosen, and all the hubs in C that
they cover are marked. If any hub in C is left
unmarked, a non-essential Prime acquaintance
covering the maximum number of unmarked hubs
is chosen next, and the corresponding hubs are
marked. This procedure is repeated by adding one
more non-essential Prime acquaintance at a time,
until all the hubs in C get marked.

Once the optimal subset of acquaintances is deter-
mined, each acquaintance in that subset is queried as
explained in detail in Section 3.2. Referring to the
previous example 1, first A, (being an Essential
Prime acquaintance) will be chosen, following which
any one of the other Prime acquaintances (4, or A5)
will be chosen to cover hub 1 (which is not covered
by A,). Moreover, to minimize the number of
responses generated for a particular query, the
source may “‘anycast” (send to any one of a list of
destinations) query packets to hubs that are com-
mon to the list of multiple acquaintances. Thus, in
our example if eventually 4; and 4, get selected,
separate query packets will be sent to hub 1 for 4,
and to hubs 3 and 4 for A,, but a single anycast

packet destined for any of A; or A, will be sent to
their common hub 2. In addition to reducing
responses, this will also minimize the number of
query packets generated, leading to a lower control
overhead.

3.6. An example scenario

Continuing our previous example involving
mobile users attending a large technical symposium,
let us assume that three graduate students are at the
same conference. The mobile wireless devices car-
ried by them along with those carried by other
convention attendees form the MANET shown in
Fig. 6, where the Random Orbit model may be
assumed for the sake of our discussion here. The dif-
ferent rooms shown in the figure are assumed to
hold different conference tracks, a poster session,
and an exhibition area that are held concurrently.
In addition, there is a registration area, a lounge
and a cafeteria. Suppose Student 1 frequents the
rooms hosting the Conference Track 1, Conference
Track 3, and Posters (which constitute Student 1’s
Orbit), while Student 2 frequents the Lounge and
the room for Conference Track 4 (which constitute
Student 2’s Orbit), and Student 3 frequents the
rooms for Exhibits and Conference Track 4 (which
constitutes Student 3’s Orbit). When Student 1 is
in the Posters section and Student 2 is in the Lounge
(note that these 2 Hubs/Rooms overlap), they came
within each other’s radio range and shared their
own hub lists. Later, say Students 2 and 3 meet at
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Fig. 6. Use of sociological mobility profiles of MANET users for location approximation and routing. (a) Student 3 queries acquaintance
(Student 2) for Student 1. (b) Student 3 sends data to Student 1’s hub list.
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Conference Track 4 and also share their own hub
lists. Later, if Student 3 wishes to locate Student 1
(whom he/she has not met yet), he/she can query
his/her acquaintance (Student 2) for information
related to Student 1’s possible locations (as shown
in Fig. 6(a)). Once Student 3 learns of Student 1’s
hub list, he/she can then simulcast messages geo-
graphically towards the hub list of Student 1 (as
seen in Fig. 6(b)).

4. Performance analysis

In this section, to show that existing routing pro-
tocols under comparable assumptions (such as DSR
and LAR) cannot be effectively used to deal with
such practical orbital mobility pattern, we run
extensive simulations to compare the performance
of the SOLAR protocol with that of DSR and
LAR scheme 1 (LAR1) using GloMoSim [31]. Note
that it is neither possible, nor our intention to com-
pare our protocol with every other existing MANET
routing protocols. Rather, the purpose of this exercise
is to show that new routing protocols such as SOLAR
is needed to take advantage of the orbital mobility
pattern for efficient routing within MANET. Accord-
ingly, other routing protocols such as [37,17] that
require the use of a separate location service above
the routing layer are not considered here.

We implement two versions of the SOLAR pro-
tocol, SOLAR-1 and SOLAR-2. In SOLAR-1, a
node sends Hello packets containing its own hub list
to its 1-hop neighbors (i.e., nodes within its radio
range), and only caches the hub lists of those neigh-
bors. In SOLAR-2, each Hello packet also contains
the hub lists of the 1-hop neighbors in addition
to the node’s own hub list. This allows nodes to
cache the hub lists of the nodes that are either one
or two radio hops away. In both versions of
SOLAR, we use a threshold value of two for the
number of logical hops any query packet may take
before it is dropped. In this way, the query packets
will only be sent to source’s acquaintances, and their
acquaintances. For comparison, we borrow the
DSR and LAR1 implementations already available
in the GloMoSim distribution.

For the simulation scenario, we consider a
MANET built within a corporate campus consisting
of several buildings (hubs). Corporate employees
spend most of their time within the hubs and inter-
mittently move in between hubs. To model realistic
speeds of mobile users within such a MANET, we
considered the work in [38—40]. We summarize real

life speed values for various activities in Table 3 and
fix the ORBIT Inter-Hub and Intra-Hub speed
parameters accordingly, along with the other major
simulation parameters as shown in Table 4. We
chose three metrics to evaluate the performance of
each protocol as described below.

Data throughput: This metric is defined as the
ratio of the total number of data packets received
correctly by all destinations, to the total number
of data packets generated by all sources.

Relative control overhead: This metric is defined
as the amount of control information (measured
in bytes) that each node sends for each successfully
received data packet in the network. For both LAR
and DSR, we consider the Route Request, Route
Reply, and Route Error packets as the control pack-
ets. In SOLAR, the control packets are Hello, Hub
List Query, Hub List Response, and Location Update
packets. Although, in SOLAR, the control packets

Table 3
Real life speed

Category Type Range (m/s)
Walking Average =1.34
Olympic record ~4.02
Running Average =4.00
Olympic record ~10.00
Cycling Average =8.94
Olympic record ~13.89
Table 4

Simulation parameters

General parameters

Simulation duration (each run) 1000 s

Terrain size 1000m x 1000 m

Number of nodes (users) Vary (default = 100)

Radio range Vary (default = 250 m)

MAC protocol IEEE 802.11

Mobility model Random Orbit (RWP + P2P)

Orbit parameters
Total Hubs (rooms)
Hub Size

Hub Stay Time
Orbit Timeout

Hub List Size 2 to Total Hubs
Inter-Hub Speed Vary (default = 10-30 m/s)
Intra-Hub Pause Is

Intra-Hub Speed 1-10 m/s

Vary (default = 15)

Vary (default = 200-300 m)
50-100 s

250-500 s

Traffic parameters
CBR connections 200 (five packets each)
Random

Data payload 512 bytes per packet
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have larger size (in bytes) due to the mobility infor-
mation contained in them, we show via simulations
that both the overhead and delay are lower than
those in DSR and LAR.

Approximation factor for end-to-end delay: The
end-to-end delay measures the time from when a
data packet is generated at the source, to the time
when it is correctly received by the destination.
Thus, this delay includes the discovery delay, which
is the time taken to discover a path to the destina-
tion (in DSR and LAR), or the time taken to dis-
cover the destination’s hub list (in SOLAR).
Packets not delivered by any protocol are excluded
from the calculation for that protocol, which may
raise ‘“fairness” concerns as to be discussed later.
To compare different protocols as fairly as possible,
we calculate the ratio of the delay observed in sim-
ulation and the minimum possible delay for a data
packet in an ideal case, and call it the approximation
factor for end-to-end delay. The minimum possible
delay is the time taken by a packet, right after being
generated, to make its way to the destination via
minimum number of radio hops without any
MAC contention, network queuing delay, etc. We
use the same minimum possible delay while calculat-
ing the approximation factor for each of the three
protocols.

The main reason for dividing the observed delay
of each packet by the minimum possible delay of
that packet is to account for the fact that different
protocols can successfully deliver different data
packets, and thus may incur different end-to-end
delays. To further illustrate this point, we have
run a few simulations with the default parameters
mentioned in Table 4 and classified the data packets
delivered successfully, in terms of the radio hop dis-
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Protocol performance at various source—destination radio hop distances. (a) Data delivered. (b) End-to-end delay (ms).
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tances between their respective sources and the
destinations. Fig. 7(a) shows the results of our
simulation for a given set of packets generated with
different source—destination radio hop distances
(note that the number of packets generated with a
distance of four hops is very small in this case).
The number of data packets delivered by DSR drop
significantly once the destination is more than two
radio hops away from the source (whereas LARI,
SOLAR-1 and SOLAR-2 deliver a high percentage
of packets consistently across all hops). On the
other hand, the end-to-end delay in DSR increases
with the hop distance (and may be considered to
reach oo when the hop distance is 4 as zero packets
are delivered in this case) as shown in Fig. 7(b).?
Thus, a simple comparison of the average end-to-
end delay, excluding these undelivered packets in
particular protocols, would not be fair. More specif-
ically, DSR would enjoy a lower average delay when
compared to LAR1 just because DSR is unable to
send the 4-hop packets which would otherwise incur
a higher delay over a longer path. To introduce a
sense of fairness in the delay performance compari-
sons, we choose to compare the approximation fac-
tor, which measures the end-to-end delay relative
to the ‘“optimum”™ delay (after the notion of
“approximation factor” in algorithms that measure
the closeness of an heuristic solution to the opti-
mum solution).

In what follows, we will examine how different
parameters such as total number of hubs (given a
fixed terrain), Hub Size, Inter-Hub Speed, radio

2 Whereas in LAR1 and SOLAR, this may not be the case due
to the fact that the discovery delay (which is a part of the end-to-
end delay) does not necessarily increase with the hop distance.
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range, and the total number of nodes affect the pro-
tocol performance. To that end, we vary one of
these five factors while fixing all others parameters.

4.1. Variation in total number of hubs

The number of hubs in the terrain affects proto-
col performance due to its direct impact on the
expected node density within hubs, and the hub list
sizes of each node, thereby affecting the protocol
performance as described below.

Data throughput: Fig. 8(a) shows the data
throughput of all the protocols with varying number
of hubs. SOLAR-2 and SOLAR-1 perform the best
with LAR1 showing comparable results. DSR has
the lowest values for this metric.

The number of hubs seems to have little impact
on SOLAR-2, SOLAR-1 and LARI1 but has an
interesting impact on DSR. With a very few hubs,
the number of nodes that happen to stay within
each hub at any given time can be very large. This
elevates the broadcast storm problem [41] (increased
MAC layer contention) in DSR when flooding of
discovery packets is attempted by any node, leading
to unsuccessful route discovery and poor through-
put. The performance of DSR improves with the
number of hubs, but after a point, it deteriorates
once again. This is because the hub list sizes of
nodes also increases with the number of hubs, and
as a result, the nodes enjoy greater freedom of
movement within the terrain, adversely affecting
DSR by increasing the chances of route failures.

LART1 employs the caching of velocity and loca-
tion information that helps in limiting the amount
of flooding required, thereby resulting in much bet-
ter performance. In the SOLAR protocols, as long
as there is Inter-Hub movement whence the hub list
information is shared amongst nodes, there is suffi-
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cient means to locate nodes and route packets to
them, irrespective of the number of hubs.

Relative control overhead: From Fig. 8(b), we
note that LAR1 has the highest overhead, followed
by SOLAR-1, DSR and SOLAR-2, respectively.
The majority of the overhead in flooding based pro-
tocols such as LAR1 and DSR is due to the route
discovery process. Specifically, in LARI, routes
are discovered iteratively by increasing the size of
the region where a destination is expected to be
found. When the number of hubs is very low, they
may be located far apart, requiring nodes to travel
long distances as part of their Orbit. This leads to
nodes moving out of LARI’s estimated region,
causing repeated flooding and consequently
increases the control overhead. On the other hand,
if the number of hubs (and the hub list size along
with it) is very large, nodes enjoy greater freedom
of movement within the terrain. This too is not
favorable for LARI for a similar reason as above.
This is why a moderate number of hubs seems to
result in a lower control overhead in LARI.

DSR adopts a less aggressive flooding scheme
and is shown to have a lower overhead than
LARI. In the case of SOLAR protocols, the peri-
odic HELLO beacon in SOLAR-2 contains more
information than that of SOLAR-1. Thus, the over-
head in SOLAR-2 is more than that of SOLAR-I.
More specifically, in SOLAR, hub lists stay valid
for a longer time (than location coordinates, or
routes), minimizing the number of query/response
packets. In addition, the location update packets
are also limited and infrequent. Thus, SOLAR pro-
tocols are able to maintain the lowest overhead
among its competitors.

Approximation factor for end-to-end delay: The
reasons given above also explain the approximation
factor for delay of all the protocols as seen in
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Fig. 8(c). LAR1 has the highest delay due to its iter-
ative estimation of node location, and increased
control overhead. In SOLAR-1, as the hub list size
grows with the number of hubs, it takes a longer
time to get the hub list of a destination with the
assistance of only I-hop neighbor information.
Thus, the delay in SOLAR-1 increases marginally
with increasing number of hubs. SOLAR-2, with
more information, does considerably better than
SOLAR-1, and is comparable to DSR. However,
a point to note is that this delay in DSR is only aver-
aged over the data packets it successfully received,
which is far less than any other protocol. Overall,
all protocols seem to perform the best with a mod-
erate number of hubs for the default simulation ter-
rain, hub size, and number of nodes. Accordingly,
we set the default value of the number of hubs to
15 (see Table 4).

Note that the results on the relative performances
of the three protocols shown in Fig. 8 are generally
applicable to all other four cases to be described
below where the hub size is fixed but one of the
other four parameters varies, although the explana-
tions may be slightly different in those four cases.

4.2. Variation in hub size

We study the effects of the hub size on the proto-
col performance in this section. In the following
simulations, the hubs were considered to be square
regions with equal sizes.

Data throughput: Fig. 9(a) shows that SOLAR-2,
SOLAR-1, and LARI perform consistently well
across all hub sizes, with the SOLAR protocols
doing the best. On the other hand, since small hubs
force nodes to stay very close to one another within
a hub, DSR is adversely affected by the broadcast
storm problem mentioned before, and hence does
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not perform well with small hub sizes. On the other
hand, hub size has minimal effect on the throughput
performance of SOLAR and LAR.

Relative control overhead. Once again, LAR has
the highest control overhead, followed by DSR,
SOLAR-2 and SOLAR-1, as seen in Fig. 9(b). The
reasons are similar to those given in Section 4.1
for Fig. 8(b).

Approximation factor for end-to-end delay:
Fig. 9(c) shows LAR1 to have the highest approxi-
mation factor for the end-to-end delay, with DSR
and SOLAR-2 at a comparable minimum. When
the hubs are small, there is hardly any overlap
amongst them. Thus, if a node moves out of a
hub, it most likely has to move a relatively long dis-
tance before reaching another hub. This has a neg-
ative impact on the location estimation of LARI.
On other hand, when the hubs are larger, there is
a greater chance for hubs to overlap. Thus, even if
a node moves to a new hub, its locality with respect
to the terrain remains the same. This aids LAR1 in
estimating node locations more accurately, and
leads to a lower discovery delay with increasing
hub size.

DSR’s delay can also be negatively affected by
MAC layer contention with a very small hub sizes,
while SOLAR protocols enjoy a low hub list discov-
ery latency as before, due to the use of the distrib-
uted location database within a network of
acquaintances.

4.3. Variation in Inter-Hub Speed

By varying the Inter-Hub Speed we varied the
amount of time nodes spend on average transiting
in between hubs, with respect to their average
Hub Stay Time. For the default Inter-Hub Speed
range given in Table 4, the ratio of the Inter-Hub
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Transit Time to Hub Stay Time is in between 0.3
and 0.15. We varied this speed from 2m/s to
30 m/s so as to the change the value of this ratio
from 2 to 0.15.

Data throughput: Fig. 10(a), shows that SOLAR-
2, SOLAR-1, and LAR1 do consistently well for the
entire range, while DSR performance fluctuates at
several points. LAR1 manages to maintain a high
throughput only at the cost of higher overhead
and higher delay as confirmed by our earlier obser-
vations. In the SOLAR protocols, high values of the
ratio (i.e., nodes spending a large amount of time
traveling in between hubs) does not have a signifi-
cant impact on the throughput performance. This
1s because in SOLAR, intermediate nodes also
respond to queries, and cache data packets at each
hub in the destination’s hub list, in addition to being
able to reach the destination outside a hub during
geographic forwarding. On the other hand, lower
values of the ratio (i.e., nodes spend considerable
amount of time within hubs) only substantiates
the practicality of the hub list information. DSR
seems to be doing relative well for three different
cases. First, when nodes spend more time outside
hubs than inside, they have a low Inter-Hub Speed,
in addition to the default low Intra-Hub Speed. This
overall reduction in node velocity increases route
stability in DSR, leading to good throughput. Sec-
ond, when nodes spend most of their time within
hubs, they move with low (default) Intra-Hub Speed
leading once again to increased route stability.
Third, DSR also seems to be doing well when nodes
spend an equal amount of time inside and outside
hubs, which leads to a more uniform node distribu-
tion that ultimately increases the chances of route
discovery via flooding.

Relative control overhead: The relative perfor-
mances of LAR1, SOLAR-2, and SOLAR-1 in

Fig. 10(b) are similar to that observed in Fig. 9(b),
and for similar reasons.

Approximation factor for end-to-end delay: In
terms of this metric, LAR1 has the highest values
while both SOLAR-2 and DSR show comparable
minimum results in Fig. 10(c). DSR however,
achieves this average approximation factor over a
much smaller set of successfully delivered data
packets when compared to the other three proto-
cols. SOLAR-2 does better than SOLAR-1 as
expected due to a higher amount of hub list caching.
As node speed increases however, and they stay in
hubs more often and travel very quickly in between
hubs (i.e., lower ratio values), LAR may cache the
lower Intra-Hub Speed and estimate a region
around the last known hub. Thus, anytime a node
moves out of a hub, LAR1 may fail to estimate
the location correctly, thereby incurring higher
delay with decreasing values of the ratio of Inter-
Hub time to Hub Stay Time. This is also supported
by marginal increase in LAR1 overhead, and mar-
ginal decrease in LAR1 throughput for smaller ratio
values.

4.4. Variation in number of nodes (and data
connections)

In this section, we study the effect of network
load on our routing protocols by varying the num-
ber of nodes while keeping the number of connec-
tions per user constant, resulting in a varying total
number of connections.

Data throughput: With a small number of nodes
(and connections), LARI1 performs the best as
shown in Fig. 11(a). In this case, DSR also benefits
considerably and in fact, performs as well as
SOLAR protocols. As for the SOLAR protocols,
a very small number of nodes increases the chances
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Fig. 11. Protocol performance vs. number of nodes (data connections = 2 x number of nodes). (a) Data throughput (%). (b) Relative

control overhead. (c) Approximation factor for E2E delay.

of encountering a local maxima (or routing hole)
while performing geographic forwarding. Addition-
ally, with a fewer connections, SOLAR protocols
can no longer benefit much by allowing nodes to
learn other node’s hub lists as they forward data
packets for other nodes. Nonetheless, as the number
of nodes (and data connections) increases beyond
40, SOLAR achieves highest throughput while
DSR begins to get increasingly affected by the
broadcast storm problem as discussed earlier.

Relative control overhead: As shown in Fig. 11(b),
for all the protocols, the relative overhead reduces
with increased number of nodes as they can make
better use of the different information (path, loca-
tion, velocity, hub list) cached in the intermediate
nodes. The relative performance of the three proto-
cols remains unchanged.

Approximation  factor for end-to-end delay:
Fig. 11(c) shows that both LAR1 and DSR have a
significantly higher delays with a small number of
nodes. This is because flooding becomes ineffective
when there is a only small number of nodes that
are restricted to move and stay within fixed hubs.
On the other hand, in SOLAR protocols, the orbital
mobility information of the nodes is still effective

enough to keep the node discovery latency to a con-
sistently low value.

4.5. Variation in radio range (and Hub Size)

The effect of a fixed radio range on varying hub
sizes has already been discussed in Section 4.2. As
a final study, in this section we scale the terrain up
by varying the hub size and the radio range simulta-
neously, while retaining the default number of
nodes and data connections.

Data throughput: As seen in Fig. 12(a), all proto-
cols perform poorly with a smaller radio range. This
can be explained as follows. In general, the average
path length (in radio hops) between a source—desti-
nation pair increases with a smaller radio range. For
LARI and DSR, the main impact of this effect is to
increase the probability of a link failure, and
ultimately leading to route failures. In the SOLAR
protocols, a reduced radio range implies a lower
number of radio neighbors who can continue greedy
forwarding. This in turn increases the probability of
failure due to the occurrence of local maxima in
greedy forwarding. With larger radio ranges, all
protocols perform much better as expected and
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the relative performances of these three protocols
are consistent with the findings so far.

Relative control overhead: Due to an increased
average path length caused by a shorter radio range,
flooding based protocols will incur higher overhead
and delays. This is confirmed in Fig. 12(b), which
shows that both LAR1 and DSR have significant
amount of control overhead for smaller radio range
values. However, in the SOLAR protocols this effect
is not as significant as in DSR or LAR1. More spe-
cifically, with shorter radio ranges, nodes in
SOLAR have fewer neighbors that implies fewer
acquaintances and a lower protocol maintenance
overhead on average. On the other hand, for longer
radio ranges, nodes get to know of many other
nodes’ hub lists, leading to reduced overhead in
terms of request/response packets. Thus, the over-
head in SOLAR is seen to be consistent across vary-
ing radio ranges.

Approximation factor for end-to-end delay:
Fig. 12(c) shows that the delays for both LARI
and DSR are significantly higher for small radio
range values. This is because longer paths in source
routing schemes tend to break more often, causing
retransmissions, and in turn higher delays. In the
SOLAR protocols, since nodes move along an orbit,
they are able to continue to share hub lists with
other nodes, and thus the delay remains consistently
lower than that in DSR and LARI.

An interesting point worth mentioning here is the
relationship between the route/hub discovery
latency in each protocol with the distance (in radio
hops) from the source to the destination. In both
LARI and DSR, the discovery latency for a previ-
ously unknown node is directly proportional to
the distance. This is because, even with the caches
at intermediate nodes, longer routes have a higher
probability of link breaks, resulting in route errors
and leading to higher discovery delay. However, in
SOLAR protocols, this relation is not that intuitive.
For example, in SOLAR-1, a source node may need
to learn about a destination two hops away by que-
rying an acquaintance that is say four hops away,
thereby increasing the approximation factor for
the end-to-end delay (i.e., the observed delay with
respect to the ideal delay based on the distance
between the source and the destination). On the
other hand, it is equally likely that a source node
may learn about a destination that is four hops
away by simply querying a 1-hop neighbor that hap-
pens to be an acquaintance of the destination. More
specifically, since the hub lists stay valid much

longer than route caches, longer source-destination
distances may still have end-to-end delays close to
the ideal case due to reduced discovery latency.
Thus, in SOLAR the discovery latency is tightly
coupled with the knowledge of each node about
other nodes’ hub lists, and not as much dependent
on the radio hop distance between the source and
the destination as in LAR1 and DSR.

4.6. Effect of lossy links and gray zones

Wireless networks are seldom attributed with
100% link reliability due to varying channel condi-
tions. As such, it is common to find asymmetric
links and “‘gray zones” [42] within the network.
Unlike a geographic hole, a gray zone may occur
due to the presence of a radio neighbor during
neighbor discovery, but failure during the actual
transmission of ““unicast’ data to that neighbor.

Although the presence of specific gray zones
affect only a fraction of links in the network, we
decided to study the effect of uniform link loss prob-
ability across the network. Thus, the effect of link
loss is quite significant even at very low loss proba-
bilities as any link is subject to the probabilistic fail-
ure at any time.

Fig. 13(a) shows a steady decline in data
throughput of all the protocols, with SOLAR proto-
cols doing much better than DSR and LAR1. LAR1
seems to be affected the most. It is possible that due
to the orbital movement of nodes, the cached infor-
mation of LAR1 expires quickly, and causes nodes
to restart the query process. As all links have a
probability of failure, queries may be lost in gray
zones more often leading to reduced throughput.
On the other hand, SOLAR enjoys longer lifetime
of cached hub list information and require less
amount of query packets to be forwarded. This is
also reflected in Fig. 13(b), where LARI is seen to
have the highest relative overhead, and SOLAR
the least.

The approximation factor for end-to-end delay in
SOLAR is seen to increase in Fig. 13(c), while that
in DSR and LARI is seen to decrease. This may be
explained by the fact that nodes in SOLAR are able
to deliver more packets than any of the other proto-
cols, at the cost of additional delay incurred when
data is cached at different nodes.

Thus, even though SOLAR is affected by increas-
ing link loss probabilities, it still outperforms DSR
and LARI in terms of data throughput and rela-
tive control overhead, while the increase in the
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approximation factor for delay is justifiable. Note
that the techniques suggested in [42] may be adopted
within SOLAR to reduce the occurrence of gray
zones.

To summarize, based on the above study, we can
firmly claim that while DSR and LAR make trade-
offs between throughput, control overhead and
delay, SOLAR is far superior to any one of these
protocols in terms of higher data throughput, lower
control overhead, and shorter end-to-end delay.

5. Comparison with related work

As discussed earlier in Section 1, the growing
awareness of the effect of node mobility on protocol
performance has led to research on practical mobil-
ity models and mobility adaptive routing schemes. A
popular mobility model which is used exhaustively in
mobile network research, Random Waypoint, is
clearly not very realistic and has practical limitations
as pointed out in [30]. In [43], the authors suggested
enhancements to the model itself, including the use
of acceleration to smoothen changes in speed and
direction. While the authors in [3] focused on the
application of voronoi graphs to model mobility in
face of obstacles, those in [4], integrated three sub-
models: perception, behavioral and movement, to
simulate the mobility of each individual node as a
close interaction of simple behavioral traits. To
guarantee a steady state in node movement distribu-
tions, the authors in [5] used renewal theory, while
authors in [44] introduced the concept of stochastic
correlation in their VUM (variable user mobility)
model for cellular systems.

Although, the previously described models could
simulate the mobility of individual nodes, they
could not capture the motion of entire groups in sce-
narios such as military drills, disaster recovery,
search party etc. Accordingly, the authors in [6,7]

proposed a mobility model called Reference Point
Group Mobility, where an existing group leader
determines a group’s collective movement, while
other members move independently within a small
speed and angle deviation from that of the leader.
Their work was later extended to include a mobility
vector model, which smoothened the sudden
changes in speed and direction. In [8], the authors
surveyed several such Entity based (e.g., Boundless
area, Gauss—Markov) and Group based (e.g.,
Column, Nomadic, Pursue) mobility models for ad
hoc networks. In [1], the authors formalized a
framework for analyzing mobility models in terms
of protocol independent metrics, and also proposed
the Manhattan and Freeway models to suit city-wide
traffic.

Literature also describes several proposals that
model mobility as a hierarchy. In [9], the authors sug-
gested two hierarchical layers for a wireless ATM
network: a deterministic global mobility model
(GMM) to describe inter-cell movements, and a sto-
chastic local mobility model (LMM) to describe
intra-cell movements. In [10], the authors applied
transportation theory to model: City Area, Area
Zone, and Street Unit, at three hierarchical levels.
On the same note, the authors in [11] proposed the
Metropolitan (METMOD), National (NATMOD)
and International (INTMOD) mobility models to
model movements within metropolitan areas, in
between them, and in between countries respectively.
Despite this wide range of study on practical mobil-
ity, no prior work has studied the mobility of
MANET users in between certain geographic regions
of some social significance (which we call hubs).

Meanwhile, work has also been done on routing
protocols to counter the adverse effects of node
mobility. For instance, flooding based source rout-
ing schemes [2,45] employ aggressive route caching
techniques to reduce the route discovery delay.
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The proposed protocol in [12] also cached the node
velocity to restrict the flooding of node discovery
packets to a smaller geographic region containing
the destination node. Observing that node locations
could similarly aid in routing, several location
management schemes [16,46,18,19] coupled with
geographic routing were proposed for stateless rout-
ing in ad hoc networks. However, these schemes
require accurate knowledge of locations (via the
use of a GPS receiver, for instance), and the distrib-
uted management of accurate locations result in fre-
quent location updates and protocol maintenance
packets.

While the researchers in [47,48] studied the effects
of various realistic scenarios on the existing MANET
routing protocols, the authors in [13,14] suggested
methods like a connected virtual backbone to help
routing protocols adapt to node mobility. Moving
one step further, researchers in [25,26,24] started to
focus on mobility pattern/information awareness in
routing protocols. Their method was to use such
mobility pattern information obtained either via con-
tinuous location tracking, or micro-level mobility
prediction to help make low level routing decisions
such as the best choice of next hop to take. On the
other hand, our work focusses on the macro-level
mobility information for location approximation
and routing at the hub level.

The authors in [29] acknowledged the higher
probability of a node visiting a location which it
has frequented the most in the past. They developed
a delivery predictability metric to perform probabi-
listic routing for intermittently connected networks
like the delay tolerant networks (DTN). However,
unlike us, they did not attempt to profile the user
mobility based on a collection of regions frequented
by mobile users in some periodic (but partially
deterministic) sequence. To the best of our knowl-
edge, we are the first to both model such a sociolog-
ical mobility framework for a MANET user, and
exploit the hub level mobility pattern in making
location approximation and routing decisions.

6. Conclusion

In this work, we have exploited a partially deter-
ministic and hub-based orbital mobility information
by observing the social influence on the macro-
mobility pattern of each MANET user. Specifically,
we have proposed an ORBIT framework to capture
the orbital movement pattern for MANET users
based on a list of places or hubs that they frequently

visit. ORBIT is useful in capturing realistic mobility
by integrating micro-level mobility models with a
macro-level inter-hub orbit. We have also used this
simple yet practical mobility information to perform
intelligent routing. In particular, we have proposed
a sociological orbit aware location approximation
and routing (SOLAR) protocol for MANET and
established the advantages of SOLAR over conven-
tional MANET routing protocols such as LAR and
DSR in terms of higher data throughput, lower con-
trol overhead, and lower end-to-end delay.
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