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Abstract— A major hurdle in evaluating routing protocolsfor a
Mobile Ad Hoc NETwork (MANET) is the appropriate modeling
of the mobility of wirelessnodes. Although the pure random
nature of the Random Waypoint model lendsitself for theoretical
study of MANET protocols, it is not suitable for modeling the
movementsof mobile nodesin real scenarios.To this end, several
entity, group and scenariobasedmobility modelsand frameworks
have been proposedin literatur e for representingnode mobility.
Someof thesemodelscater to only short term applications of ad
hoc networks (e.g, disaster military), while others are basedon
complex scenario parameters (e.g, buildings, pathways).

In this paper, we proposea novel mobility framework called
ORBIT. In addition to generating a more practical mobility
pattern basedon sociologicalmovementof users,ORBIT canalso
integrate all the work mentioned above into a single framework.
The proposed ORBIT framework is applicable to all kinds of
wir elessnetworks (cellular, ad hoc etc.) and is also capable of
generating different models to suit either short term or long
term network mobility in various scenarios. We also propose
an Orbit Based Routing (OBR) protocol for MANETS, which
takes advantage of the ORBIT framework and outperforms
other routing protocolslik e Dynamic Source Routing (DSR) and
Location Aided Routing (LAR).

Index Terms— Mobility models, Routing protocol, Ad hoc
wir elessnetworks, Performance analysis

I. INTRODUCTION

A wirelessmobile ad hoc network (MANET) is an infras-
tructure less group of wireless mobile devices that forward
pacletsfor oneanother The mainchallengan evaluatingpro-
tocol performancedor suchnetworksis the appropriaterepre-
sentationof the mobility patternof the mobile nodes Random
Waypoint[1] is the most liberally used mobility model for
evaluating a large numberof MANET routing protocols.In
thismodel,anoderandomlychooses destinatiorpoint within
theterrainandapproached linearly with a velocity randomly
selectedfrom a speci ed range. On reachingthe point, it
pausesfor a specied time and then repeatsthe process.
Although sucha randommovementis simple to implement
andmaybesuitablefor theoreticalstudyandanalysisit is not
an appropriaterepresentatiorof real life mobility. In reality,
users(and their PDAs/Laptops,which sene as the nodesin
a MANET) move with somepurposein mind (e.g.,going to
work), andundercertainconstraintge.g.,o0bgying trafc laws)
resulting in certain amountof determinism.To accountfor
this, several mobility models/frameorks have beenproposed
that can be cateyorized as either Entity based Group based

or Scenariobased The Entity based models are driven by

the individual node characteristicsThe Group basedmodels
concentrateon the collectve movementof a group of nodes
that deviate mawginally from the characteristicof a leader
node.The Scenaricbasedmodelsaccountor the geographical
constraintson real life movement.

In this paper we proposea novel framework called ORBIT.
Our work is inspired by the fact that an “orbit' is the most
natural form of motion in both the microscopicworld of
moleculesandin the planetaryuniverse.Suchan “orbit' can
alsobe obsenredin the sociologicalmovementpatternof users
who move accordingto somedisciplinedroutine. In addition
to theorbital mobility patternthe proposedORBIT framewnork
can also integrate all other mobility modelsinto a single
framavork. As a result, ORBIT is not only practicalfor both
cellularandad hoc networks, but alsoa generalframewvork to
modelboth shortterm andlong term network mobility.

We alsostudythe opportunitiesn routingwithin a MANET
presentedby the proposedORBIT framevork. Within the
two categories of routing protocols describedin literature:
Pro-active and Reactive the latter is more suited for highly
mobile ad hoc networks dueto its ability to copewith rapidly
changingnetwork topologies DynamicSourceRouting(DSR)
[1] was amongthe earliest proposedreactie protocols,in
which a datapaclet to a destinationwith an unknavn route
causesthe sourceto ood all the neighboring nodes with
a query to discover the desiredroute. DSR is simple to
implement but suffers from a high amountof link breakagen
the faceof mobility. The authorsof [2] suggested Location
Aided Routing (LAR) protocol,in which the sourcetries to
restrict the ooding requiredby estimatingthe approximate
locationof the destinationHowever, it may have to repeatedly
ood a larger area until it either discovers a path to the
destination,or oods the entire terrain. As a result, LAR
usually suffers from a high control overhead.

In this paper we proposean Orbit BasedRouting (OBR)
protocolfor MANETS, which takesadwantageof the practical
“orbital' mobility patternin determininga x ed setof likely
regionscontainingary node.lt differsfrom the otherprotocols
by uniquely integrating an acquaintancebased distributed
location databasevith the mobility characteristic®f the pro-
posedORBIT framewvork. We performsimulationsto compare
OBR against DSR and LAR in Schemel (LAR1), and our
resultsshov OBR to have a higherdatathroughputthanboth
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DSR and LAR1, and a much lower control overheadthan
LAR1 signifying higherenegy ef ciency in power constrained
MANETS.

Therestof the paperis outlinedasfollows. In Sectionl, we
motivate our work by discussingthe sociologicalmovement
patternof humans,aswell asothernaturalorbits. In Section
lll, we describethe details of the proposedORBIT mobility
framework, andin Section IV, we demonstrat®©RBIT's ver
satility by generatingseveral examplemodelsto suit different
scenarios.In Section V, we analyzethe characteristicsof
our modelsusing some of the metrics suggestedn [3]. In
Section VI, we describethe proposedOrbit BasedRouting
(OBR) protocol, and in Section VII we study the effect of
our mobility modelson the performanceof OBR (alongwith
DSRandLAR1). In Section VIII, we establisithe superiority
of OBR over DSRandLAR1 throughsimulations.In Section
IX, we presenta detaileddescriptionof otherrelatedmobility
modelsand frameworks, and contrastthem with ORBIT. We
concludethis work in Section X.

Il. SOCIOLOGICAL MOVEMENT PATTERN

In the real world, peoplelive within societies,wheretheir
movementis subjectto socialconstraintge.g.,following traf-
¢ regulations).Accordingly althoughit is hardto determine
the exact route taken by an individual at every turn, from
a high level perspectie, ary person$ movementexhibits a
certainpatternthatis repeatedn somesequencer-or example,
an employeein an of ce may not alwaystake the samepath
from his seatto a sharedprinter, but heis likely to repeatthat
movementa numberof timesduring a day Thus, even when
we cannotdeterminghe employee’slocationataspeci ¢ time,
by studying his daily job routine, we can identify a list of
possibleplaces(e.g. cubicle, cafeteria)for locating him. In
other words, there is an “orbital' movement betweenthese
points of interestfor this person.

This orbital movementpatternis also obsened in a larger
contt. For example,on an averageweekday the employee
could leave home for of ce in the morning, visit the gym-
nasiumin the evening, and return home at night. Although
we cannotpredictthe exacttime or routetaken by the person
from onepoint to anotheron ary givenday; thereis a number
of x ed points of interestthat are visited in someorder day
afterday forming a high level “orbit'. Similarly, theemplo/ee
might stayin his hometown for a few weeksandvisit friends
and family in other cities over some weelend, forming yet
anotherhigherlevel nation-wide orbit'.

In short, the sociologicalmovementpatternof humansis
obsered to be a collection of orbits at different levels of
hierarcly, where eachorbit comprisesof a list of areasof
interestand the movementin betweenthem. Eachsucharea
along a high level orbit in turn containsa low level orbit
consistingof a movementamonga list of smaller areasof
interestandso on, asillustratedin Figure 1. At eachlevel of
the hierarcly, the mobility alongthe orbits differsin termsof
speedfrom one areato another and the pausetime in each
area.

Interestingly an “orbit' is one of the most naturalform of
motion obsered in the microscopicworld of molecules,and
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Fig. 1. The sociologicalorbit

in the planetaryuniverseaswell. In fact,onemay mapcertain
characteristic®f the naturalorbits in thesetwo extremes,to
that of the sociologicalorbit describedabove.

A. Electron Mobility

Electronsof an atom orbit the atomic nucleusin different
enepgy levels. Eachatomis consideredstablewith a speci c
number of electronsin them. If this number increasesor
decreasesit becomesreactie, in which caseelectronsare
exchangedin between oppositely chaged atoms to attain
stability. In our society job opportunitiesand inexpensve
accommodatiormay causean in ux of peopleinto a city.
This may slowly saturatethe place,leadingto a scarcity of
jobs or a high costof living which in turn promptspeopleto
move out to other cities that offer betteropportunitiesin this
way, over a long period of time, our societytries to maintain
somestability acrossits city basedsocial nuclei.

B. PlanetaryMotion

All planetsalong with their satellitesdisplay a time and
spacebasedhierarchical orbital model. The moon revolves
aroundthe earthin a small orbit, lasting a month. The earth
revolvesaroundthesunin alargerorbit, lastingayear Thesun
itself revolvesaroundthe milky way in a hugeorbit of its own,
lastingaround226 million years(a cosmicyear).Similarly, we

nd peoplemaving within a small area(at home,work, etc.)
for a few hours,forming small orbits at differentpartsof the
day A high level orbit, alongwhich a personmovesfrom one
suchareato anotherlastsfor daysor weeks.Over a period
of monthsor years,a personmay travel betweencities along
yet anotherhigher level orbit. To the bestof our knowledge,
thereexists no mobility modelor framevork that captureghis
hierarchicalorbital movementpattern,despiteits practicality

I11. THE ORBIT MOBILITY FRAMEWORK

Keeping the sociological orbit in mind, we developed a
mobility framework calledORBIT thatincorporateshe orbital
movementpatternto easily generatepractical modelssuiting
variousscenariosThe basicbuilding blocksin ORBIT arethe
differentlevels of orbit. The versatilityof ORBIT is in thefact
thatthe mobility modelerin eachorbital level may be viewed
as a black box outputtingnode mobility traces,given inputs
for that speci c level. We modelthe lowestlevel orbit (level
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0 in Figure 1) a bit differently thanthe higherlevel onesin
termsof the outputgeneratedMore speci cally, our blackbox
for level O orbit takesasinput a smallestareaof interestanda
given duration,and generatesnobility traceswithin the area
for that duration.In contrast,at the higher levels, the black
box takes as input a list of areasof interestand generates
a visiting sequenceas well as the mobility trace from one
areato another The exact natureof the tracesgeneratecby
the black boxes at ary level dependon the mobility model
implementedwithin it, and henceis userde ned. Figure 2
suggests few of the existing mobility modelsthatcanbe used
in our framework at different hierarchicallevels (references
for thesemodelsare in Section IX). For example,at level
0, we could use the Manhattanmodel to generatemobility
traceswithin a city, and at level 1, apartfrom generatinga
sequencef cities to visit, we could usethe Freavay model
to generateénter-city movement.This is an additionalstrength
of the proposedORBIT framavork, which can integrate all
othermodelsinto a single domainproviding practicalmodels
that are not only highly detailed, but are also capable of
accommodatingyeographichierarchiesof cities and nations.
Moreover, by appropriatelyxing the areaanddurationof the
lowestlevel 0 orbit, it is possibleto simulateboth small scale
and large scalenetworks within the sameframework.

1. Type of model ' - !
2. Model parameters ! e.g., City Area, INTMOD,
I

eg., e.g., Area Zone,

a. list of areas NATMOD,

b. frequency of chande Freeway,

c. traffic specification |~ |- - ~ B5P Cinear ™~~~ 4

1. Sequence of areas to visi
2. Mobility trace from one
area to another
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Street Unit,
METMOD,
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Random Waypoint
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for specified duration
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d. speed range Lowest level black box (level 0)

Fig. 2. The ORBIT framework (seeSectionIX for modelreferences)

A. The Simpli ed ORBIT Frameavork

To facilitateour discussionwe considerasimpli ed ORBIT
with three hierarchicalorbital levels. It is worth noting that
given the generality of the ORBIT framework as discussed
earlier (andin Figure 2), the following choicesand assump-
tions made,sene only to simplify our quantitatve analysis.

At thelowestlevel, we assumea rectangulaareaof interest,
referredto as a Hub. For simplicity, we choosethe Random
Waypoint model within this area, but modify it slightly to
X the averagespeeddecayproblemby settingonly non-zero
minimumspeedassuggestedh [4]. We referto the movement
inside the Hub as a Local Area Orbit (LAO). For the next
higher level, we considera randomselectionprocessfrom a
list of given Hubs. To move from one Hub to another we
chooseto implementa simple model where a node picks a
randompoint inside the new Hub and moveslinearly towards
it from its currentlocation.We call this modelasP2P Linear,
and refer to this level of mobility as a Medium Area Orbit

(MAQ). For the highestorbital level called the Global Orbit
(GO), we just considera changein the list of Hubs given to
the lower MAO. In this simpli ed framavork, the MAOs may
either overlap with a commonHub as shavn in Figure 3, or
may alsoremaindisjoint asin Figure 1.

MAO 1 Area

MAO 2 Area

‘== -- - GO (Periodic change of MAO) GO: MAO 1, MAO 2
~— MAO (P2P Linear) MAO 1: Hub A, Hub B, Hub C
***** = LAO (Random Waypoint) MAO 2: Hub C, Hub D, Hub E

Fig. 3. The simplied ORBIT mobility framevork

B. Simpli ed ORBIT Parametes

Consideringthe simpli ed ORBIT framewvork asan exam-
ple, the parametersequiredto describethe frameavork could
be divided into 3 sectionsas depictedin Tablel.

TABLE |
ORBIT PARAMETERS
Catgory Parameter
Global Total Hubs
Attributes| Hub Size (min, max)
Hub Stay (min, max)
Global Pause(min, max)
MAO Node Hubs (min, max)
Specic | Node Speed(min, max)
LAO Hub Pause
Speci c Hub Speed(min, max)

A Hub is assumedto be a rectangulararea within the
simulationterrain,with sidesboundedby Hub Size Initially, a
speci ¢ number(boundedby NodeHubg of Hubsis assigned
to eachnodeaspartof its MAO. Nodestravel alongtheir MAO
from oneHub to anothemwith speeddoundedby NodeSpeed
On reachinga Hub, a node moves accordingto the Random
Waypoint model with speedsboundedby Hub Speedand
pausesor Hub Pauseamount.EachHub requiresa visiting
nodeto stay for a time boundedby Hub Stay which is also
referredto asthe LAO Timeout Whenthis timeoutoccurs,the
node randomly selectsanotherHub from its list and moves
towardsit along its MAO, and initiates a fresh LAO upon
reachingit. The MAO itself expires after a durationbounded
by Global Pause alsoreferredto asthe MAO Timeout whence
a fresh list of Hubs are assignedo the nodeto starta new
MAO. Successie MAOsform the GO for thenode.Theactual
speedimits in the LAO andthe MAO will dependonthetype
of scenariobeingmodeled.
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V. ORBIT BASED MOBILITY MODELS

In this section, we demonstratethe applicability of the
modelsgeneratedy our framewnork. We shav that common
mobility modelslike RandomWaypoint and RandomWalk
can be trivially producedby our simplied framewvork by
appropriatelychoosingvaluesfor our ORBIT parametersin
addition,we generateseveral nev modelsasexampleswhich
may be usedto simulaterealistic scenarios.

A. RandomWaypointand RandomWalk

If we let a single Hub cover the entire terrain, and setthe
LAO Timeoutto the simulationtime, all the nodeswill follow
RandomWaypointin the single Hub. On the otherhand,the
entireterraincanbe tiled into Hubsin sucha way thata node
cango from one Hub centerto ary adjacentHub centerin a
single simulation step. By settingthe LAO Timeoutto zero,
andselectingthevisiting sequencéo go throughonly adjacent
Hubs,a RandomWalk is generatedFigure 4 illustratesboth
these scenarios.Although these examples are trivial, they
sene to illustrate the capacityof ORBIT to emulateexisting
mobility models that are commonly chosenfor evaluating
MANET protocols.

HUbO e Hub 11

Hub 8

Hub 5

——= MAO intfetween Hubs

{0 : Hub 0, Hlib 1, ... Hub 1]

" === LAOIN Hub O
MAO : Hub 0

0] (ii)

Fig. 4. (i) RandomWaypoint (i) RandomWalk

B. RandomOrbit

Among all the new modelsto be described,this is the
most general.Figure 5 illustratesthis RandomOrbit model,
wherewe assumeeachHub to be a rectangularregion with
varyingsizes.In eachHub, nodesmove in an LAO with LAO
Speci ¢ Parametersand use the MAO Speci ¢ Parameters
to travel from one Hub to anotherin the sameMAO. On an
MAO Timeout,a new setof Hubs are chosento form a nen
MAO. While in an MAO, nodesvisit their Hubsin a random
sequenceThis modelis useful for representingegular city
traf c. EachHubrepresentanof ce or residentiareawhere
peoplemove aroundin their sociologicalorbits. We obsere
pedestriantraf c inside Hubs, and fastervehiculartrafc in
betweenHubs. The speedrangesfor the LAO andthe MAO
are chosenaccordingto real life speedssummarizedn Table
Il.

C. Uniform Orbit

This modelis similar to RandomOrbit, exceptfor the setup
of the Hubs. More speci cally, unlike in the previous model,
the entire terrain is divided into a grid of Hubs, with no

ffffff = LAOSs in Hubs

— MAOs inbetween Hubs
MAO 1: Hub 1, Hub 2, Hub 3, Hub 4
MAO 2: Hub 2, Hub 3, Hub 5

Fig. 5. RandomOrbit: City Model

Hubsoverlappingwith ary otherasseenin Figure 6(i). Such

a model may be usedto simulate smaller scenarioslike a

Schoolbuilding, whichis dividedinto a setof nonoverlapping
classrooms.Studentskeep moving from one classroomto

anotheralong an MAO, and spendsometime in eachroom

alongan LAO. The MAO might changeafter weeks/months
alonga GO.

K

7" ====| LAOin Hubs ~*
——= | MAO inbetween Hubs
Hub 0, Hub 2

--& LAO in Hubs
MAO : Single Hubs

Hub 0, Hub 1, Hub 3
(0] (i)

Fig. 6. (i) Uniform Orbit: School(ii) RestrictedOrbit: Of ce

D. RestrictedOrbit

This modelis similar to Uniform Orbit, exceptthatin this
model,eachMAO consistsof a singleHub. In effect,anMAO
is identicalto an LAO, and thereis no interHub movement
as shavn in Figure 6(ii). This modelis usefulin simulating
an of ce building scenario,that is made up of several non
overlappingdepartmentgor Hubs). Employeesbelongingto
a particulardepartmengenerallyrestrictthemselesto a par
ticular of ce space therebyhaving no interHub movements
along the sameMAO. Over time, their work might require
themto shift to a differentdepartmentcausingtheir MAO to
changealongtheir GO.

E. Overlay Orbit

In this model, we have the samesetup as the Restricted
Orbit. However, we overlay an extra Hub on top of the grid of
Hubs,that spansthe entireterrain. Movementin this model's
MAO is also restrictedto a single Hub. However, due to
the overlaying nature of the extra Hub, nodesin this Hub
move through all other smaller Hubs as seenin Figure 7.
Sucha modelis useful for simulating exhibition/corvention
scenarioswherea x ed numberof organizers/presenterset
their stallsup in smallnon-overlappingsectionswhile general
people/attendeemove acrossfrom one stall to another
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/ ----= LAOsinHubs 1,2,3,4
/! — LAOin Hub 5
4 MAO : Single Hup€ Only

Hub 5

Fig. 7. Overlay Orbit: Exhibition/Cowvention Area

V. ANALYSIS OF MODEL CHARACTERISTICS

In this section,we analyzethe models generatecby the
proposedORBIT framevork using a few of the protocol
independentmetrics de ned in [3], which were shovn to
affect the basichbuilding blocksof differentrouting protocols,
thusaccountingfor the effect of mobility modelson protocol
performance Our motivation for this analysisis to illustrate
that our modelsgeneratedis examples,differ with respectto
thesemetricswhenarny ORBIT parameters varied,providing

multiple choicesfor modelingmobility in differentscenarios.

We chooseto vary the numberof Hubsin our study sincethis
alsocauseghe Hub sizesto vary in all our grid basednodels
(i.e.all exceptRandomOrbit). Althoughour modi ed Random
Waypoint model has a single Hub and yields a constant
result when the numberof Hubs varies, it is included as a
referencepointin our simulationsWe performour simulations
in GloMoSim [5] with 100 nodesin a 1000x 1000sg. meter
areafor 1000secondsEachnodeis assumedo have a Radio
Rangeof 250 meters.ORBIT parametersre usedasfollows.

Hub Size (min/max) = (150/250)m(RandomOrhit)

Hub Stay (min/max) = (50/100)s

Global Pause(min/max) = (250/500)s

Node Hubs (min/max) = (1/Total Hubs)

Node Speed(min/max)= (10/30)m/s

Hub Speed(min/max); Pause= (1/10)m/s;1s

To analyze our models, we use the average degrees of

spatialand temporaldependeng asthe mobility metrics,and
the averagenumberof link changesand link durationasthe
connectvity graph metrics. For a detaileddescriptionof the
metrics,the readeris referredto [3]. No single metric senes
asthe determiningfactorin choosingonemodelover another

A. Mobility Metrics

1) Average Degree of Spatial Dependence SpatialDepen-
denceindicatesthe similarity in the velocities of two nodes
that are within a speci c range from each other which is
chosento be in our simulations.Since
RestrictedOrbit and Overlay Orbit do not allow interHub
movements,nodesin the sameHub follow the sameHub
parameterdor a long time, resultingin a high spatialdepen-
denceasseenin Figure 8. RandomOrbit and Uniform Orbit
supportinterHub movementsand hencehave a lower value
for this metric, while our modi ed RandomWaypointhasan
intermediatevalue.

el e S e
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verlay Orbit ---x-—

Modified Random Waypoint ---%---
Uniform Orbit &

Average Degree of Spatial Dependency

Random Orbit —-=-—
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Number of Hubs
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Fig. 8. SpatialDependences. Numberof Hubs

2) Average Degree of Temporml Dependence: Temporal
Dependencéndicatesthe similarity in the velocitiesof a node
within a specic time interval, which was taken to be
secondsn our simulations.In RandomOrbit, the Hub sizes
are not affected by the numberof Hubs, unlike in the other
models, but the amount of overlap among Hubs increases
sharply Due to this overlapping, the interHub movements
end up being short (a node quickly reachesone Hub from
another) similar to the intra-Hubmovementscausingfrequent
changesn mobility andleadingto alow temporaldependence
asseenin Figure9. In our modi ed RandomWaypoint,nodes
have a single LAO where a slower speedchangeresultsin
a high value for this metric. For the remaining models, a
larger number of Hubs meansa larger number of different
Hub parameterghat a nodeis subjectto, leadingto a steady
decreasén the temporaldependencavith anincreasein the
numberof Hubs.

0.85 -
3 Modified Random Waypoint —+—
Uniform Orbit —-x-—-
08 F i, Restricted Orbit —&
LA Random Orbit —-m—
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Fig. 9. TemporalDependence's. Numberof Hubs

B. ConnectivityGraph Metrics

1) Average Numberof Link Changes: This is the average
numberof timesa link betweentwo nodes(that ever existed
duringtheentiresimulation)comesup from beingdown. Since
in RestrictedOrbit and Overlay Orbit nodesare con ned to
particularHubs,the probability of alink betweertwo nodesin
the sameHub breaking(andthencomingup later)is small. In
our modi ed RandomWaypoint,links thatwould breakwhen
two nodesmove away, have a low probability of coming up
later as nodesmave slowly in the entire terrain. In Random
Orbit and Uniform Orbit, a link that is formed when two
nodesvisit a common Hub may break when one of them
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moves away, but hasa high probability of coming up again
whenthey meetlaterin the commonHub. In RandomOrbit,
thesenodesmay re-formthe link evenif they arein different
but overlappingHubs,thus shaving the highestvalue for this
metricin Figure 10.

,,,,,,,,,,

,,,,,,,,,,,,,,,,,,

Average Number of Link Changes
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Overlay Orbit —&
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L L L L L 1 i 1 L L
8 16 24 32 40 48 56 64 72 80 8 96
Number of Hubs

Fig. 10. Link Changesss. Numberof Hubs

2) Average Link Duration: This is the averagetime a
link betweentwo nodesstaysup. The restricting nature of
RestrictedOrbit and Overlay Orbit proves bene cial to link
stability. Moreover, with an increasein the numberof Hubs,
theHub sizesdecreaseausinghenodego huddleevencloser
increasinglink durationas seenin Figure 11. The inter-Hub
movementssupportedby RandomOrbit and Uniform Orbit
causedink breaksto happenmore often, while our modi ed
RandomWaypointshavs an intermediatevalue.
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Fig. 11. Link Durationvs. Numberof Hubs

VI. ORBIT BASED ROUTING (OBR) PrROTOCOL

So far, we have describedhe realistic modeling capability
of the proposedORBIT framewvork. The orbital movement
pattern also provides new opportunitiesto design ef cient
routing protocols.In this section,we describeour Orbit Based
Routing (OBR) routing protocolthatis amongthe rst of its
kind to the bestof our knowledge,to make use of mobility
information at the network layer.

Routingin MANET is a challengingproblem,andthe task
of locating a node and maintaining a path to it becomes
increasinglydif cult in the face of node mobility. Literature
hasproposedseveralrouting protocolsfor MANET, but dueto
the adoptionof RandomWaypointmodelin the performance
study of these protocols, no useful assumptionsabout the
underlying mobility were made in the protocol design. In

contrastOBR triesto make useof the orbital mobility pattern
in determininga setof likely regionscontaininga destination,
asis describedn detail below.

A. Protocol Overviav

In continuationwith our simpli ed analysis,we focuson a
Hublevel routingin the simpli ed ORBIT. Severalmotivations
and adwvantagesof peer collaboration were discussedy the
authorsin [6]. Accordingly oneof the basicconceptof OBR
is to form a distributed location databaseamongall nodes,
whereeachnode makes someacquaintancesgsnd keepstrack
of their Hub lists within itself. This facilitateseasydiscovery
of a destinationwith an unknavn Hub list by a nodevia a
network of its acquaintancesthe acquaintance®f each of
its acquaintanceand so on. This conceptis similar to that
describedn one of our earlierwork [7], exceptthatin OBR
we take adwantageof the underlying mobility information
available throughthe ORBIT framework. This allows nodes
to maintain Hub lists (that remainvalid for a long time) of
their acquaintancesnsteadof their exact position, thereby
reducingthe overheadin location updatesin the faceof node
mobility. More speci cally, it is assumedhat eachnode has
a speci c knowledge of the terrain in terms of the Hubs
and their correspondingcoordinateslt is also assumedhat
the mobile nodes are aware of their own location via the
use of a GPS recever [8], or other localization schemes.
Each node periodically broadcaststs own coordinatesand
Hub list, and listensto the broadcastsnadeby other nodes,
therebylearningof its neighborsEachnew neighborbecomes
a new acquaintancendits correspondingHub list is cached.
Dependingonthe generalvalueof the MAO Timeoutobsered
in the scenariobeing modeled,an appropriatecachetimeout
valueis chosen.The detailsof routing a pacletin OBR is as
follows.

B. Information Query Propagation and Response

When a sourcehasdata to send,it is directly transmitted
to the destinationif it is a neighbor However, if it is not a
neighbor but an acquaintancewith a valid Hub list in the
sources cache the data paclet is forwardedtowardsthat Hub
list, asdescribedn Section VI-C. If noinformationaboutthe
destinations Hub list is available,a queryis sentout towards
the Hub lists of a subsebf acquaintanceshosemasdescribed
in Section VI-D. Such a transmissionfrom a node to its
acquaintancés referredto asa logical hop, which comprises
of multiple physical hopsdeterminedby “greedygeographic
forwarding' [9], where each intermediatenode choosesits
next hop from amongstits neighborswho is closestto the
destinatiors location than itself. An acquaintanceesponds
to this query paclet if it knows of a valid Hub list for
the destination.If not, it forwardsthe query to a subsetof
its own acquaintances;arefully chosenas before. However,
if the paclet's logical hops exceeda speci ed threshold, it
is droppedby the acquaintancensteadof being forwarded
to its own acquaintancesAs an optimization, intermediate
nodesare allowed to snoopinto query pacletsandrespondo
themif possible.On receving a responsgthe sourcecaches
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the information and sendsthe data paclet out towards the
destinations Hub list.

C. Padket Transmissiorto a Hub List

In OBR, all paclets (query, responsg data updat§ are
sentfrom one node (source)towardsthe Hub list of another
node (destination)}thatis containedin the paclet headerThe
source tries to forward the paclet towards a Hub in the
list which is geographicallynearestto its own Hub. From
then on, eachintermediatenode performsgreedygeographic
forwarding to pushthe paclet to the neighboringnode that
is closestto the intendedHub's centercoordinateghanitself.
Whena local maximaoccurs,the paclet is redirectectowards
the next urvisited Hub in the destinatiors Hub list. If the
noderesponsibldor this redirectionwaswithin the previously
intendedHub, that Hub is marked inside the paclet headeras
visited by the paclet. This processs now repeatedo forward
the paclet towardsthe centerof the nev Hub. In this way,
a paclet traversesfrom one Hub to anotherin the list, until
eitherthe destinationis found, or all the Hubsin the list are
visited.

To improve dataaccessibilitydatapacletsarecooperatiely
cachedat all intermediatenodes that forward the paclet
within a Hub to which it is intended.In this way, if the
destinationreachesa Hub after the paclet hasalreadyleft it,
it canstill retrieve the cachedpaclet from its new neighbors.
This is inspired by the work done in [10]. To allow for
the identi cation of duplicatedatapaclets, the sourcemarks
the data paclets with a unique sequencenumber and the
destinationkeepstrack of all the datapacletsseen.

D. Queryinga Subsebf Acquaintances

A node makes a lot of acquaintancesver its life time.
Hence,to reducethe control overheadit needsto limit the
number of acquaintancest will query at ary given time.
However, a subsetof its acquaintance$ias to be carefully
chosento cover all the Hubs it learned of from all its
acquaintances.

Let beacollectionof subsets of Hubs
coveredby theHub lists of theacquaintanced.et betheset
of all the Hubsthata nodelearnsof from all its acquaintances.
Hence, . Our problemis to nd a
minimum subset,

This is a minimum Set Cover problemand is known to be
NP Complete[11]. To nd an approximatesolution,we have
adoptedthe Quine-McClusky optimization technique[12],
[13] usedwidely in Boolean Algebra for minimization of
booleanexpressionsTo describethis method,we de ne afew
terms.

1) Prime Acquaintance: This acquaintancds not com-
pletely consumedby ary other That means,there is no
other single acquaintancevhose Hub list covers all of the
Hubsin this nodes Hub list. However, more than one other
acquaintancemay togethercover all the Hubsin this nodes

Hub list. Formally, a node A with Hub list would be a

Prime acquaintancéf:

2) EssentialPrime Acquaintance:Thisis a Prime acquain-
tancethat coversat leastone Hub thatis not coveredby ary
other Prime acquaintancelet be the setof all the Prime
acquaintancesThen, a Prime acquaintanceA with Hub list

would be an EssentialPrime acquaintancéf:

For example, if
, thenB or C alonecannotcover all the Hubsof A. So

A is a Prime acquaintanceHowever, A doesnot cover ary
Hub that is not already covered by eitherB or C. S0 A is
not an EssentialPrime acquaintanceOn the other hand, no
single node covers all Hubs of B, and B covers Hub 4 that
is not coveredby anyoneelse.Thus,B is an EssentialPrime
acquaintance.

To query the optimal subsetof acquaintancesa node
rst determinedts Prime and EssentialPrime acquaintances.
All the Essential Prime acquaintancesre chosen,and all
the Hubs in that they cover are marked. If any Hub is
left unmarled, the non-essentiaPrime acquaintanceovering
the maximum numberof unmarled Hubs is chosenand the
correspondingHubs are marked. This procedureis repeated
with the remaining non-essentiaPrime acquaintances,ntil
all the Hubsin  getmarked.

E. ConnectionMaintenance

A sessiorbetweera sourceanda destinatiorbecomesctive
whenthe rst data paclet is sentout from the sourceto the
destinationThis sessiorexpireswhenthe inter-arrival time of
ary datapacletin the samesessiorexceedsa given threshold
at the source.Once an active sessionis in place,the source
puts its current Hub information along with its Hub list in
each data paclet. The destinationreciprocateswith similar
informationon gettingthe rst datapaclet. Fromthenonward,
the sourceforwards data paclets of the samesessionto the
speci ed currentHub of thedestinationrst, in orderto reduce
delay Similarly, if the destinationsuffers an LAO or MAO
Timeout, it noti es the sourceof the changeby sendingan
update paclet towards the current Hub of the source rst.
Such update paclets are restrictedbetweenthe two endsof
an active sessioronly.

VIlI. MOBILITY IMPACT ON PROTOCOL PERFORMANCE

To studythe effect of mobility on the performanceof OBR,
DSRandLAR1 (LAR in Schemel) we simulatedeachof the
protocolswith respectto all the mobility models suggested
asexamplesin this paper and comparedhe data throughput
For both DSR and LAR1, we borroved the implementation
available in GloMoSim. In our simulation of OBR, we X
the thresholdfor logical hopsof query pacletsto 1. In this
way, if the acquaintanceof a sourcefails to provide the
required information, it does not forward the query to its
own acquaintancedAs in Figure 12, OBR performsbestfor
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RandomOrbit and Uniform Orbit modelsas expectedsince
the protocol was formed keepingthe most generalmodel in
mind. The resultsfor RestrictedOrbit and Overlay Orbit are
lower due to the restrictionin movementimposedupon the
mobile nodesthat doesnot favor our acquaintancéormation.
In our modi ed RandomWaypoint, all nodeshave a single
Hub as part of their LAO. So all the paclets make their way
to the centerof the terrain irrespectve of the destinations
location,resultingin the worstperformanceDSR on the other
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Fig. 12. OBR: DataThroughputvs. Numberof Hubs

handis seenin Figure 13 to performthe bestwith respect
to the modi ed RandomWaypointwhereits ooding nature
complementghe fact that the nodesare evenly spreadout all
over the terrain. With respectto the othermodelsit performs
well with respecto the RandomOrbit and Uniform Orbit for
smallnumberof HubswheneachHub containsa fair shareof
the nodes,and doesbetter for RestrictedOrbit and Overlay
Orbit when the number of Hubs increases,creating small
Hubswith few nodestherebyensuringeven nodedistribution.
LAR1 (LAR in Schemel) as seenin Figure 14 is not
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much affected by the differencein mobility and performs
consistentlyacrossall our examplemodels.

VIII.

In this section,we compareour proposedOBR protocol
agpinstDSRandLAR in Schemel (LAR1). Accordingto the
discussiorin the previous section the overall datathroughput
of DSR was lower than OBR and LAR1, and reacheda
maximumwhenwe considereagroundl10 Hubsin the Random
Orbit model. Accordingly, we chooseRandomOrbit model
with Hubsto compareOBR aginstDSR and LAR1. We
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Fig. 14. LAR1: Data Throughputvs. Numberof Hubs

setup randomCBR connectionseachsendingten paclets
with a byte datapayload.To assumerealistic speedsve
refer to the work donein [14], [15], [16], as summarized
in Table 1. Accordingly we x our LAO parametergi.e.
Hub Speed(min, max)) to and , andthe MAO
parametergi.e. Node Speed(min, max)) to fasterspeedsof

and . We vary the two
global attributes of our framework (i.e., Hub Sizeand Hub
Stay to study their effect on the data throughput control
overheadandend-to-enddelay of OBR, DSRandLAR1. We
useseven simulationrunswith varying randomseedvaluesto
plot eachpoint in our results,which are asfollows.

TABLE I
REAL LIFE SPEED
Type
Average
Olympic Record
Average
Olympic Record
Average
Olympic Record

Category
Walking

Range

Running

Cycling

A. Variation in Hub Size

The Hub sizeis signi cant on threefronts in the Random
Orbit model.First, for a x edradiorange,alargerHub means
lesscoverageof eachnodein aHub. Secondfor a x edterrain
size,a changein the Hub size affects the amountof terrain
covered by these Hubs. Third, it meansincreasedoverlap
amongthe Hubs.In the following simulations the Hubswere
consideredo be squareregionswith the commonsize of the
sidesbeingvaried.

1) Data Throughput: The datathroughputis measuredn
terms of the fraction of the total number of data paclets
generatedhat were received successfullyln OBR, a source
learns of a destinationby rst making acquaintancesith
nodesthat are within its radio range, and then using the
distributed location databasdormed by the network of these
acquaintancesThus, the Hub size doesnot affect the data
throughputof OBR, which is seento be higher than that of
both DSR and LAR1 in Figure 15. The repeatedooding of
LAR1 aggressiely locatesthe destinationput with increasing
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Hub size the accurag of the location estimationdecreases,

leading to decreasingdata throughput. DSR suffers from
loss of paclets due to congestionat the MAC layer, as it
tries to ood within small Hubs containinga lot of nodes
(broadcaststorm problen). With anincreasen the Hub size,
the performanceof DSR steadilyimproves.
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Fig. 15. DataThroughputvs. Hub Size

2) Contol Overhead: The control overheadis measured
in termsof the numberof hello, query responseand update
(if arny) pacletsthat are sent.LAR1 hasthe highestcontrol
overheadn Figure16 by virtue of its repeatedooding nature,
which becomesmore acute with increasingHub size that
affectsthelocationestimationaccurag, resultingin increasing
overheadln OBR, nodesperiodicallycheckfor new neighbors
to form new acquaintancesBut, once an acquaintanceis
made, its information usually stays valid for a long time
(due to a relatively large MAO value), leadingto a much
lower control overheadthan LAR1 signifying higher enegy
efciency. However, with increasingHub size,the numberof
new neighborsncreaseresultingin increasingoverhead DSR
makesuseof route cacheandmay endup ooding only once
for a datapaclet with no cachedroute, therebyincurring the
lowestcontrol overhead.
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Fig. 16. Control Overheadvs. Hub Size

3) End-to-EndDelay: The end-to-enddelay is de ned to
be the time intenal betweenthe generationof a datapaclet
at the source,and the receptionof that data paclet at the
destination(including queryandresponsealelays,if they were
required).As seenin Figure 17, DSR and LAR1 were not
much affectedby the changein the numberof Hubs shaving
a delayto the orderof , While OBR showved
maiginally higher delay More speci cally, with increasing
Hub size, when a paclet entersa Hub it may have to take

more hopstowardsthe Hub center resultingin the delay in
OBR increasingfrom to
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Fig. 17. End-to-EndDelay vs. Hub Size

B. Variation in Hub Stay(LAO Timeout)

This parameterhas a direct impact on the averagenode
velocity. Lower LAO Timeoutmeansshortertime spentby a
nodein a Hub, increasingthe overall time spentin motion at
higherMAO speedsOn the otherhand,higherLAO Timeout
signi es lessernodesin transition betweenHubs, thereby
increasingthe averagenode populationin Hubs.

1) Data Throughput: Since nodesin OBR learn of a
destinationthroughthe network of acquaintancesaslong as
there exists ary mobility that expandsthis network and the
distributedlocationdatabaseassociatedvith it, OBR performs
consistentlywell in terms of data throughputas seenin
Figure 18. An increasein the LAO Timeout favors LAR1
by increasingits location estimationaccurag along with its
data throughput.DSR suffers from congestionat the MAC
layer asit triesto ood in a Hub with high nodepopulation.
Thus, its datathroughputsteadily decreasesvith anincrease
in the LAO Timeout. Due to therandomCBR trafc usedby
our simulations,DSR cannoteffectively usecachedroutesto
overcomethis problem.
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Fig. 18. DataThroughputvs. LAO Timeout

2) Control Overhead: The relative differencein control
overhead shovn in Figure 19 is similar to that seenin
Figure 16 where LAR1 performsthe worst, OBR performs
muchbetter and DSR performsthe best.However, in the face
of decreasingnobility, LAR1 is ableto male betterlocation
estimategesultingin decreasingverhead Similarly in OBR,
lower mobility reducesthe numberof nev neighborsa node
interactswith leadingto mauginally lower control overhead.
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Fig. 19. Control Overheadvs. LAO Timeout

3) End-to-EndDelay: As seenbeforein Figure 17, the
delayin DSR andLARL1 is alsoseenin Figure 20 to remain
unafected at the order of , while OBR
shavedmaminally higherdelay More speci cally, anincrease
in the LAO Timeout increasesthe probability of nding a
destinationin its lastknown currentHub, wherea datapaclet
is sent rst (asdescribedn SectionVI-E), causingthe delay
to decreasdrom to

End-to-end Delay (msecs)
N
«

L L L L ,
100 125 150 175 200
LAO Timeout (secs)

s =
Fig. 20. End-to-EndDelay vs. LAO Timeout

Although OBR seemedo have mamginally higherdelaythan
both DSR and LAR under the variation of both the global
attributes, it is worth noting that this higher delay in OBR
in the order of a few milliseconds,is far less signi cant
as comparedto the gains in data throughput (and control
overhead)and hencemay be deemedacceptableoy mostad
hoc network applicationsNeverthelessin future we intendto
studythe effect of eithersimulcastingpacletsto all the Hubs
in alist, or multicastingthemto a treeformedof the Hubsin
thelist, insteadof sendingto themsequentiallyin the hopeof
overcomingthis excessdelay

IX. COMPARISON WITH RELATED WORK

RandomWaypointis themostpopularEntity basedmobility
modelin literature.In [4], theauthorsstudiedanaveragespeed
decayproblemin RandomWaypointandin [17], theauthoren-
hancedthe modelby usingacceleratiorto smoothenchanges
in speedand direction. To accountfor obstaclesthe authors
in [18] proposeda mobility model basedon voronoi graphs.
In [19], the authorsintegratedthree sub-modelsperception,
behaioral and movement,to simulatethe mobility of each
nodeindividually as a closeinteractionof simple behaioral
traits. In [20], the authorsusedrenaval theory to guarantee
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a steadystatein node movementdistributions, while thosein
[21] introducedstodhastic correlationin their VUM (variable
usermobility) modelfor cellular systemsHowever, all these
modelsfocus on the mobility in a at network.

In [22], [23], the authors rst proposeda Group based
mobility modelcalled Reference?oint GroupMobility, where
anexisting groupleaderdeterminesa group’s collective move-
ment, while other membersmove independentlywithin a
small speedand angledeviation from that of the leader Later
they extendedthe mobility vector model into a framework,
smootheningchangesin speedand direction. In [24], the
authorssuneyed several Entity based(e.g., BoundlessArea,
Gauss-Markv) and Group based (e.g., Column, Nomadic,
Pursue) mobility models for ad hoc networks. In [3], the
authorsproposeda framework for analyzingmobility models
in termsof protocolindependentnetrics.They alsosuggested
the Manhattanand Freevay modelsto suit city trafc. These
modelscanall be incorporatedwithin the ORBIT framework
at different levels (seeFigure 2) to generatemore realistic
models.

In [25], the authorssuggestedwo hierarchicallayers for
a wireless ATM network: a deterministic Global Mobility
Modelto describenter-cell movementsanda stochastid_ocal
Mobility Model to describeintra-cellmovementsin [26], the
authorsapplied transportationtheory to model: City Area,
Area Zone and Street Unit, at three hierarchicallevels of
detail. Similarly, the authorsin [27] proposedhe Metropolitan
(METMOD), National (NATMOD) and International (INT-
MOD) mobility modelsto respectiely suit movementswithin
metropolitanareasjn betweernthemandin betweercountries.
Although the proposedORBIT hierarcly closely resembles
thesehierarchiespur main contrikution lies in the recognition
of the “orbital' patternthat exists aroundthesehierarchies.

The authorsin [28] proposeda framenork for graphbased
modelingof mobility andtraf ¢ in large scaleMANETS, while
in [29], the authorsdevelopeda tool for modeling scenarios
like Airport, Highway and Confeenceusing visualizeduser
interface.ORBIT differsfrom theseframeawvorksin its general-
ity, by which it canintegratesuchtoolswithin its black boxes
at differentlevels to generatemore practicalmodelsfor real
life scenarios.

In [30], [31], theauthorsanalyzedexisting MANET routing
protocolsbasedon suggestednobility modelsand scenarios,
but did not proposeary speci ¢ protocolto suitthem.In [32],
[33], the setupof a connectediirtual backbonewvassuggested
within MANETSs to help routing protocols adapt to node
mobility, while in [34], the authorsapplied link expiration
predictionbasedon neighborvelocity informationto several
existing routing protocols.On the samenote, the authorsin
[35] usedan adaptve algorithm to predict mobility to help
locationtrackingof mobile nodes However, no prior work has
beendoneto designroutingschemeshattake directadvantage
of the overall underlying mobility, like our proposedOBR
protocol, which leveragesthe ORBIT mobility framework to
outperformotherrouting protocolslike DSR and LARL.
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X. CONCLUSION

Appropriatemodelingof nodemobility in a MANET poses
as the main challengein evaluating protocol performance.
To this end, literature has proposedsereral entity, group and
scenariobasedmobility models. While some of them cater
to shortterm networks (disastersmilitary, etc.), othersmodel
detailedscenariosHowever, thereis no model that captures
the realistic orbital movementpatternfound in our society

In this work, we have proposeda novel framework called
ORBIT thatis practical,generalanduseful.More speci cally,
it identi es with sociologicalorbits, andis also able to inte-
grate different mobility modelsinto a single framevork. We
have analyzedmodelsgeneratecby ORBIT to exhibit wildly
varying protocolindependeninetrics,proving its versatilityin
suiting differentscenariosn both cellularandad hoc wireless
networks.

We have also designedan example Orbit Based Routing
(OBR) protocolthatis amongthe rst to effectively leverage
mobility information for routing pacletsin a MANET. OBR
usesthe underlying orbital mobility to determinea set of
likely regionscontainingary node,andthusoutperformsother
protocolsike DSRandLARZ1. In short,our ORBIT framework
is one of the mostattractive candidategor modelingrealistic
mobility in various scenariosand the principle of designing
routing protocolsbasedon mobility informationis useful for
mary applicationsin wirelessmobile networks.
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