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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 wir elessnodes. Although the pure random
nature of the Random Waypoint model lends itself 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 beenproposedin 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 can also
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 differ ent 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 protocols lik 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 wirelessmobile devices that forward
packetsfor oneanother. Themainchallengein evaluatingpro-
tocol performancefor suchnetworks is the appropriaterepre-
sentationof themobility patternof themobilenodes.Random
Waypoint [1] is the most liberally usedmobility model for
evaluating a large numberof MANET routing protocols.In
thismodel,anoderandomlychoosesadestinationpointwithin
theterrainandapproachesit linearly with a velocity randomly
selectedfrom a speci�ed range. On reaching the point, it
pausesfor a speci�ed time and then repeatsthe process.
Although such a randommovementis simple to implement
andmaybesuitablefor theoreticalstudyandanalysis,it is not
an appropriaterepresentationof real life mobility. In reality,
users(and their PDAs/Laptops,which serve as the nodesin
a MANET) move with somepurposein mind (e.g.,going to
work), andundercertainconstraints(e.g.,obeying traf�c laws)
resulting in certain amount of determinism.To accountfor
this, several mobility models/frameworks have beenproposed
that can be categorizedas either Entity based, Group based,

or Scenariobased. The Entity basedmodels are driven by
the individual nodecharacteristics.The Group basedmodels
concentrateon the collective movementof a group of nodes
that deviate marginally from the characteristicsof a leader
node.TheScenariobasedmodelsaccountfor thegeographical
constraintson real life movement.

In this paper, we proposea novel framework calledORBIT.
Our work is inspired by the fact that an `orbit' is the most
natural form of motion in both the microscopic world of
moleculesand in the planetaryuniverse.Suchan `orbit' can
alsobeobservedin thesociologicalmovementpatternof users
who move accordingto somedisciplinedroutine. In addition
to theorbitalmobility pattern,theproposedORBIT framework
can also integrate all other mobility models into a single
framework. As a result,ORBIT is not only practicalfor both
cellularandad hocnetworks,but alsoa generalframework to
modelboth short term and long term network mobility.

We alsostudytheopportunitiesin routingwithin a MANET
presentedby the proposedORBIT framework. Within the
two categories of routing protocols describedin literature:
Pro-activeand Reactive, the latter is more suited for highly
mobilead hocnetworksdueto its ability to copewith rapidly
changingnetwork topologies.DynamicSourceRouting(DSR)
[1] was among the earliest proposedreactive protocols, in
which a datapacket to a destinationwith an unknown route
causesthe source to �ood all the neighboringnodeswith
a query to discover the desired route. DSR is simple to
implement,but suffersfrom a high amountof link breakagein
the faceof mobility. The authorsof [2] suggesteda Location
Aided Routing (LAR) protocol, in which the sourcetries to
restrict the �ooding requiredby estimatingthe approximate
locationof thedestination.However, it mayhave to repeatedly
�ood a larger area until it either discovers a path to the
destination,or �oods the entire terrain. As a result, LAR
usuallysuffers from a high control overhead.

In this paper, we proposean Orbit BasedRouting (OBR)
protocolfor MANETs, which takesadvantageof thepractical
`orbital' mobility patternin determininga �x ed set of likely
regionscontainingany node.It differsfrom theotherprotocols
by uniquely integrating an acquaintancebased distributed
locationdatabasewith the mobility characteristicsof the pro-
posedORBIT framework. We performsimulationsto compare
OBR against DSR and LAR in Scheme1 (LAR1), and our
resultsshow OBR to have a higherdatathroughputthanboth
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DSR and LAR1, and a much lower control overheadthan
LAR1 signifyinghigherenergy ef�ciency in powerconstrained
MANETs.

Therestof thepaperis outlinedasfollows.In Section II, we
motivate our work by discussingthe sociologicalmovement
patternof humans,as well asother naturalorbits. In Section
III, we describethe detailsof the proposedORBIT mobility
framework, andin Section IV, we demonstrateORBIT's ver-
satility by generatingseveral examplemodelsto suit different
scenarios.In Section V, we analyzethe characteristicsof
our modelsusing some of the metrics suggestedin [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 establishthesuperiority
of OBR over DSR andLAR1 throughsimulations.In Section
IX, we presenta detaileddescriptionof otherrelatedmobility
modelsand frameworks, and contrastthem with ORBIT. We
concludethis work in Section X.

I I . SOCIOLOGICAL MOVEMENT PATTERN

In the real world, peoplelive within societies,wheretheir
movementis subjectto socialconstraints(e.g.,following traf-
�c regulations).Accordingly, althoughit is hard to determine
the exact route taken by an individual at every turn, from
a high level perspective, any person's movementexhibits a
certainpatternthat is repeatedin somesequence.For example,
an employee in an of�ce may not always take the samepath
from his seatto a sharedprinter, but he is likely to repeatthat
movementa numberof timesduring a day. Thus,even when
wecannotdeterminetheemployee's locationataspeci�c 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
pointsof interestfor this person.

This orbital movementpatternis also observed in a larger
context. 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 cannotpredict the exact time or routetaken by the person
from onepoint to anotheron any givenday, thereis a number
of �x ed points of interestthat are visited in someorder, day
afterday, forming a high level `orbit'. Similarly, theemployee
might stayin his hometown for a few weeksandvisit friends
and family in other cities over someweekend, forming yet
anotherhigher level nation-wide`orbit'.

In short, the sociologicalmovementpatternof humansis
observed to be a collection of orbits at different levels of
hierarchy, where each orbit 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 hierarchy, the mobility alongthe orbits differs in termsof
speedfrom one areato another, and the pausetime in each
area.

Interestingly, an `orbit' is one of the most natural form of
motion observed in the microscopicworld of molecules,and
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Fig. 1. The sociologicalorbit

in theplanetaryuniverseaswell. In fact,onemaymapcertain
characteristicsof the naturalorbits in thesetwo extremes,to
that of the sociologicalorbit describedabove.

A. Electron Mobility

Electronsof an atom orbit the atomic nucleusin different
energy levels. Eachatom is consideredstablewith a speci�c
number of electronsin them. If this number increasesor
decreases,it becomesreactive, in which caseelectronsare
exchangedin betweenoppositely charged atoms to attain
stability. In our society, job opportunitiesand inexpensive
accommodationmay causean in�ux of people into a city.
This may slowly saturatethe place, leading to a scarcity of
jobs or a high costof living which in turn promptspeopleto
move out to othercities that offer betteropportunities.In this
way, over a long periodof time, our societytries to maintain
somestability acrossits city basedsocialnuclei.

B. PlanetaryMotion

All planetsalong with their satellitesdisplay a time and
spacebasedhierarchicalorbital model. The moon revolves
aroundthe earth in a small orbit, lasting a month.The earth
revolvesaroundthesunin a largerorbit, lastingayear. Thesun
itself revolvesaroundthemilky way in a hugeorbit of its own,
lastingaround226million years(a cosmicyear).Similarly, we
�nd peoplemoving 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 anotherlasts for daysor weeks.Over a period
of monthsor years,a personmay travel betweencities along
yet anotherhigher level orbit. To the bestof our knowledge,
thereexistsno mobility modelor framework thatcapturesthis
hierarchicalorbital movementpattern,despiteits practicality.

I I I . THE ORBIT MOBILITY FRAMEWORK

Keeping the sociological orbit in mind, we developed a
mobility framework calledORBIT thatincorporatestheorbital
movementpatternto easily generatepracticalmodelssuiting
variousscenarios.Thebasicbuilding blocksin ORBIT arethe
differentlevelsof orbit. Theversatilityof ORBIT is in thefact
that the mobility modelerin eachorbital level may be viewed
as a black box outputtingnodemobility traces,given inputs
for that speci�c level. We model the lowest level orbit (level
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0 in Figure 1) a bit differently than the higher level onesin
termsof theoutputgenerated.More speci�cally, our blackbox
for level 0 orbit takesasinput a smallestareaof interestanda
given duration,and generatesmobility 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 sequence,as well as the mobility trace from one
areato another. The exact natureof the tracesgeneratedby
the black boxes at any level dependon the mobility model
implementedwithin it, and henceis userde�ned. Figure 2
suggestsa few of theexistingmobility modelsthatcanbeused
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, apart from generatinga
sequenceof cities to visit, we could usethe Freeway model
to generateinter-city movement.This is anadditionalstrength
of the proposedORBIT framework, which can integrate all
othermodelsinto a singledomainproviding practicalmodels
that are not only highly detailed, but are also capableof
accommodatinggeographichierarchiesof cities and nations.
Moreover, by appropriately�xing theareaanddurationof the
lowestlevel 0 orbit, it is possibleto simulateboth small scale
and large scalenetworks within the sameframework.

Mobility trace in areas

1. Type of model
2. Model parameters
e.g.,

a. list of areas
b. frequency of change
c. traffic specification

e.g., Area Zone, 

Freeway,
NATMOD,

Higher level black boxes (level 1, level 2, ...) 

P2P Linear

e.g., City Area, INTMOD
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e.g.,
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METMOD,
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Random Waypoint
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c. duration of stay
b. obstacles, restrictions
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Fig. 2. The ORBIT framework (seeSectionIX for model references)

A. TheSimpli�ed ORBITFramework

To facilitateourdiscussion,weconsiderasimpli�ed ORBIT
with three hierarchicalorbital levels. It is worth noting that
given the generalityof the ORBIT framework as discussed
earlier (and in Figure 2), the following choicesandassump-
tions made,serve only to simplify our quantitative analysis.

At thelowestlevel, weassumearectangularareaof 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
minimumspeed,assuggestedin [4]. Wereferto themovement
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 insidethe new Hub andmoveslinearly towards
it from its currentlocation.We call this modelasP2PLinear,
and refer to this level of mobility as a Medium Area Orbit

(MAO). 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 framework, theMAOsmay
either overlap with a commonHub as shown in Figure 3, or
may alsoremaindisjoint as in Figure 1.

Hub A

Hub B

Hub C

Hub E

MAO 2: Hub C, Hub D, Hub E
MAO 1: Hub A, Hub B, Hub C

Hub D

GO: MAO 1, MAO 2GO (Periodic change of MAO)
MAO (P2P Linear)
LAO (Random Waypoint)

MAO 1 Area MAO 2 Area

Fig. 3. The simpli�ed ORBIT mobility framework

B. Simpli�ed ORBITParameters

Consideringthe simpli�ed ORBIT framework asan exam-
ple, the parametersrequiredto describethe framework could
be divided into 3 sections,asdepictedin Table I.

TABLE I

ORBIT PARAMETERS

Category Parameter
Global Total Hubs

Attributes Hub Size(min, max)
Hub Stay(min, max)

Global Pause(min, max)
MAO NodeHubs(min, max)

Speci�c NodeSpeed(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�c number(boundedby NodeHubs) of Hubsis assigned
to eachnodeaspartof its MAO. Nodestravel alongtheirMAO
from oneHub to anotherwith speedsboundedby NodeSpeed.
On reachinga Hub, a nodemoves accordingto the Random
Waypoint model with speedsboundedby Hub Speedand
pausesfor Hub Pauseamount.EachHub requiresa visiting
nodeto stay for a time boundedby Hub Stay, which is also
referredto astheLAO Timeout. Whenthis timeoutoccurs,the
node randomly selectsanotherHub from its list and moves
towards it along its MAO, and initiates a fresh LAO upon
reachingit. The MAO itself expiresafter a durationbounded
by GlobalPause, alsoreferredto astheMAO Timeout, whence
a fresh list of Hubs are assignedto the node to start a new
MAO. SuccessiveMAOsform theGO for thenode.Theactual
speedlimits in theLAO andtheMAO will dependon thetype
of scenariobeingmodeled.
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IV. ORBIT BASED MOBILITY MODELS

In this section, we demonstratethe applicability of the
modelsgeneratedby our framework. We show that common
mobility models like RandomWaypoint and RandomWalk
can be trivially producedby our simpli�ed framework by
appropriatelychoosingvaluesfor our ORBIT parameters.In
addition,we generateseveral new modelsasexamples,which
may be usedto simulaterealisticscenarios.

A. RandomWaypointand RandomWalk

If we let a single Hub cover the entire terrain,and set the
LAO Timeoutto thesimulationtime, all thenodeswill follow
RandomWaypoint in the single Hub. On the other hand,the
entireterraincanbe tiled into Hubsin sucha way thata node
cango from oneHub centerto any adjacentHub centerin a
single simulationstep.By setting the LAO Timeout to zero,
andselectingthevisiting sequenceto go throughonly adjacent
Hubs,a RandomWalk is generated.Figure 4 illustratesboth
these scenarios.Although these examples are trivial, they
serve to illustrate the capacityof ORBIT to emulateexisting
mobility models that are commonly chosenfor evaluating
MANET protocols.

(ii)

Hub 0

LAO in Hub 0

MAO :  Hub 0 Hub 0

Hub 3

Hub 6

Hub 9 Hub 11

Hub 5

Hub 8

MAO :  Hub 0, Hub 1, ... Hub 11

MAO inbetween Hubs

(i)

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

B. RandomOrbit

Among all the new models to be described,this is the
most general.Figure 5 illustratesthis RandomOrbit model,
wherewe assumeeachHub to be a rectangularregion with
varyingsizes.In eachHub, nodesmove in anLAO with LAO
Speci�c Parameters,and use the MAO Speci�c Parameters
to travel from one Hub to anotherin the sameMAO. On an
MAO Timeout,a new set of Hubsarechosento form a new
MAO. While in an MAO, nodesvisit their Hubsin a random
sequence.This model is useful for representingregular city
traf�c. EachHub representsanof�ce or residentialarea,where
peoplemove aroundin their sociologicalorbits. We observe
pedestriantraf�c inside Hubs, and fastervehicular traf�c in
betweenHubs.The speedrangesfor the LAO and the MAO
arechosenaccordingto real life speedssummarizedin Table
II.

C. Uniform Orbit

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

MAO 2: Hub 2, Hub 3, Hub 5

Hub 1
Hub 2

Hub 4

Hub 5

Hub 3

LAOs in Hubs
MAOs inbetween Hubs
MAO 1: Hub 1, Hub 2, Hub 3, Hub 4

Fig. 5. RandomOrbit: City Model

Hubsoverlappingwith any otherasseenin Figure6(i). Such
a model may be used to simulate smaller scenarioslike a
Schoolbuilding, which is dividedinto a setof nonoverlapping
classrooms.Studentskeep moving from one classroomto
anotheralong an MAO, and spendsometime in eachroom
along an LAO. The MAO might changeafter weeks/months
alonga GO.

MAO :  Single HubsMAO 2 :  Hub 0, Hub 1, Hub 3

(i)

Hub 2 Hub 3

Hub 0 Hub 1

MAO 1 :  Hub 0, Hub 2

LAO in Hubs
MAO inbetween Hubs

LAO in Hubs

(ii)

Hub 0

Hub 3Hub 2

Hub 1

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

D. RestrictedOrbit

This model is similar to Uniform Orbit, except that in this
model,eachMAO consistsof a singleHub. In effect,anMAO
is identical to an LAO, and there is no inter-Hub movement
as shown in Figure 6(ii). This model is useful in simulating
an of�ce building scenario,that is madeup of several non
overlappingdepartments(or Hubs). Employeesbelongingto
a particulardepartmentgenerallyrestrict themselvesto a par-
ticular of�ce space,therebyhaving no inter-Hub movements
along the sameMAO. Over time, their work might require
themto shift to a differentdepartment,causingtheir MAO to
changealong their GO.

E. OverlayOrbit

In this model, we have the samesetupas the Restricted
Orbit. However, we overlayanextra Hub on top of thegrid of
Hubs,that spansthe entire terrain.Movementin this model's
MAO is also restricted to 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.
Such a model is useful for simulating exhibition/convention
scenarioswhere a �x ed numberof organizers/presentersset
their stallsup in smallnon-overlappingsections,while general
people/attendeesmove acrossfrom onestall to another.
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LAO in Hub 5

MAO : Single Hubs Only

Hub 1 Hub 2

Hub 3 Hub 4

Hub 5

LAOs in Hubs 1,2,3,4

Fig. 7. Overlay Orbit: Exhibition/Convention Area

V. ANALYSIS OF MODEL CHARACTERISTICS

In this section,we analyzethe models generatedby the
proposedORBIT framework using a few of the protocol
independentmetrics de�ned in [3], which were shown to
affect the basicbuilding blocksof differentrouting protocols,
thusaccountingfor the effect of mobility modelson protocol
performance.Our motivation for this analysisis to illustrate
that our modelsgeneratedasexamples,differ with respectto
thesemetricswhenany ORBIT parameteris varied,providing
multiple choicesfor modelingmobility in differentscenarios.
We chooseto vary thenumberof Hubsin our study, sincethis
alsocausestheHub sizesto vary in all our grid basedmodels
(i.e.all exceptRandomOrbit). Althoughourmodi�ed Random
Waypoint model has a single Hub and yields a constant
result when the numberof Hubs varies, it is included as a
referencepoint in oursimulations.Weperformoursimulations
in GloMoSim [5] with 100 nodesin a 1000x 1000sq.meter
areafor 1000seconds.Eachnodeis assumedto have a Radio
Rangeof 250 meters.ORBIT parametersareusedasfollows.

� Hub Size(min/max)= (150/250)m(RandomOrbit)
� Hub Stay(min/max)= (50/100)s
� Global Pause(min/max)= (250/500)s
� NodeHubs(min/max)= (1/Total Hubs)
� NodeSpeed(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

spatialandtemporaldependency asthe mobility metrics,and
the averagenumberof link changesand link durationas the
connectivity graphmetrics.For a detaileddescriptionof the
metrics,the readeris referredto [3]. No singlemetric serves
asthedeterminingfactorin choosingonemodelover another.

A. Mobility Metrics

1) Average Degreeof SpatialDependence:SpatialDepen-
denceindicatesthe similarity in the velocitiesof 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 inter-Hub
movements,nodes in the sameHub follow the sameHub
parametersfor a long time, resultingin a high spatialdepen-
denceasseenin Figure 8. RandomOrbit andUniform Orbit
supportinter-Hub movementsand hencehave a lower value
for this metric, while our modi�ed RandomWaypointhasan
intermediatevalue.
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Fig. 8. SpatialDependencevs. Numberof Hubs

2) Average Degree of Temporal Dependence:Temporal
Dependenceindicatesthesimilarity in thevelocitiesof a node
within a speci�c time interval, which was taken to be ���

secondsin our simulations.In RandomOrbit, the Hub sizes
are not affectedby the numberof Hubs, unlike in the other
models, but the amount of overlap among Hubs increases
sharply. Due to this overlapping, the inter-Hub movements
end up being short (a node quickly reachesone Hub from
another),similar to the intra-Hubmovementscausingfrequent
changesin mobility andleadingto a low temporaldependence
asseenin Figure9. In our modi�ed RandomWaypoint,nodes
have a single LAO where a slower speedchangeresults in
a high value for this metric. For the remaining models, a
larger numberof Hubs meansa larger numberof different
Hub parametersthat a nodeis subjectto, leadingto a steady
decreasein the temporaldependencewith an increasein the
numberof Hubs.
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Fig. 9. TemporalDependencevs. Numberof Hubs

B. ConnectivityGraph Metrics

1) Average Numberof Link Changes: This is the average
numberof timesa link betweentwo nodes(that ever existed
duringtheentiresimulation)comesupfrom beingdown. Since
in RestrictedOrbit and Overlay Orbit nodesare con�ned to
particularHubs,theprobabilityof a link betweentwo nodesin
thesameHub breaking(andthencomingup later) is small. In
our modi�ed RandomWaypoint,links that would breakwhen
two nodesmove away, have a low probability of coming up
later as nodesmove 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
when they meetlater in the commonHub. In RandomOrbit,
thesenodesmay re-form the link even if they are in different
but overlappingHubs,thusshowing the highestvaluefor this
metric in Figure10.
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Fig. 10. Link Changesvs. Numberof Hubs

2) Average Link Duration: This is the average time a
link betweentwo nodesstaysup. The restricting natureof
RestrictedOrbit and Overlay Orbit proves bene�cial to link
stability. Moreover, with an increasein the numberof Hubs,
theHubsizesdecreasecausingthenodesto huddleevencloser,
increasinglink durationas seenin Figure 11. The inter-Hub
movementssupportedby RandomOrbit and Uniform Orbit
causeslink breaksto happenmore often, while our modi�ed
RandomWaypointshows an intermediatevalue.
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VI. ORBIT BASED ROUTING (OBR) PROTOCOL

So far, we have describedthe realisticmodelingcapability
of the proposedORBIT framework. The orbital movement
pattern also provides new opportunitiesto design ef�cient
routingprotocols.In this section,we describeour Orbit Based
Routing (OBR) routing protocol that is amongthe �rst of its
kind to the bestof our knowledge,to make useof mobility
informationat the network layer.

Routing in MANET is a challengingproblem,andthe task
of locating a node and maintaining a path to it becomes
increasinglydif�cult in the faceof nodemobility. Literature
hasproposedseveralroutingprotocolsfor MANET, but dueto
the adoptionof RandomWaypointmodel in the performance
study of these protocols, no useful assumptionsabout the
underlying mobility were made in the protocol design. In

contrast,OBR tries to make useof theorbital mobility pattern
in determininga setof likely regionscontaininga destination,
as is describedin detail below.

A. Protocol Overview

In continuationwith our simpli�ed analysis,we focuson a
Hublevel routingin thesimpli�ed ORBIT. Severalmotivations
and advantagesof peer collaboration were discussedby the
authorsin [6]. Accordingly, oneof thebasicconceptsof OBR
is to form a distributed location databaseamongall nodes,
whereeachnodemakessomeacquaintances,andkeepstrack
of their Hub lists within itself. This facilitateseasydiscovery
of a destinationwith an unknown Hub list by a node via a
network of its acquaintances,the acquaintancesof each of
its acquaintance,and so on. This conceptis similar to that
describedin one of our earlier work [7], except that in OBR
we take advantageof the underlying mobility information
available through the ORBIT framework. This allows nodes
to maintain Hub lists (that remain valid for a long time) of
their acquaintancesinsteadof their exact position, thereby
reducingthe overheadin location updatesin the faceof node
mobility. More speci�cally, it is assumedthat eachnodehas
a speci�c knowledge of the terrain in terms of the Hubs
and their correspondingcoordinates.It is also assumedthat
the mobile nodesare aware of their own location via the
use of a GPS receiver [8], or other localization schemes.
Each node periodically broadcastsits own coordinatesand
Hub list, and listens to the broadcastsmadeby other nodes,
therebylearningof its neighbors.Eachnew neighborbecomes
a new acquaintanceand its correspondingHub list is cached.
Dependingon thegeneralvalueof theMAO Timeoutobserved
in the scenariobeing modeled,an appropriatecachetimeout
value is chosen.The detailsof routing a packet in OBR is as
follows.

B. InformationQueryPropagation 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
source's cache,thedatapacket is forwardedtowardsthatHub
list, asdescribedin Section VI-C. If no informationaboutthe
destination's Hub list is available,a queryis sentout towards
theHub lists of a subsetof acquaintances,chosenasdescribed
in Section VI-D. Such a transmissionfrom a node to its
acquaintanceis 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
destination's location than itself. An acquaintanceresponds
to this query packet if it knows of a valid Hub list for
the destination.If not, it forwards the query to a subsetof
its own acquaintances,carefully chosenas before.However,
if the packet's logical hops exceeda speci�ed threshold,it
is droppedby the acquaintanceinsteadof being forwarded
to its own acquaintances.As an optimization, intermediate
nodesareallowed to snoopinto querypacketsandrespondto
them if possible.On receiving a response, the sourcecaches



UNIVERSITY AT BUFFALO: CSETECHNICAL REPORT 7

the information and sendsthe data packet out towards the
destination's Hub list.

C. Packet Transmissionto a Hub List

In OBR, all packets (query, response, data, update) are
sentfrom one node(source)towardsthe Hub list of another
node(destination)that is containedin the packet header. The
source tries to forward the packet towards a Hub in the
list which is geographicallynearestto its own Hub. From
then on, eachintermediatenodeperformsgreedygeographic
forwarding to push the packet to the neighboringnode that
is closestto the intendedHub's centercoordinatesthanitself.
Whena local maximaoccurs,thepacket is redirectedtowards
the next unvisited Hub in the destination's Hub list. If the
noderesponsiblefor this redirectionwaswithin thepreviously
intendedHub, that Hub is marked insidethe packet headeras
visitedby thepacket. This processis now repeatedto forward
the packet towards the centerof the new Hub. In this way,
a packet traversesfrom one Hub to anotherin the list, until
either the destinationis found, or all the Hubs in the list are
visited.

To improvedataaccessibility, datapacketsarecooperatively
cached at all intermediatenodes that forward the packet
within a Hub to which it is intended.In this way, if the
destinationreachesa Hub after the packet hasalreadyleft it,
it canstill retrieve the cachedpacket from its new neighbors.
This is inspired by the work done in [10]. To allow for
the identi�cation of duplicatedatapackets, the sourcemarks
the data packets with a unique sequencenumber, and the
destinationkeepstrack of all the datapacketsseen.

D. Queryinga Subsetof Acquaintances

A node makes a lot of acquaintancesover its life time.
Hence,to reducethe control overheadit needsto limit the
number of acquaintancesit will query at any given time.
However, a subsetof its acquaintanceshas to be carefully
chosen to cover all the Hubs it learned of from all its
acquaintances.

Let � bea collectionof subsets������ !�"�� $#%#&#% !�'�)( of Hubs
coveredby theHub lists of theacquaintances.Let * betheset
of all theHubsthata nodelearnsof from all its acquaintances.
Hence, *,+,-.�/�0�� !�"�� $#%#&#% !�'�)( . Our problem is to �nd a
minimum subset,�21435� 6�# 78# :

94:<;

*
 >=��?


;

�

1

 >6�# 78#

:<;

�?


This is a minimum Set Cover problem and is known to be
NP Complete[11]. To �nd an approximatesolution,we have
adoptedthe Quine-McCluskey optimization technique[12],
[13] used widely in Boolean Algebra for minimization of
booleanexpressions.To describethis method,we de�ne a few
terms.

1) Prime Acquaintance: This acquaintanceis not com-
pletely consumedby any other. That means, there is no
other single acquaintancewhose Hub list covers all of the
Hubs in this node's Hub list. However, more than one other
acquaintancesmay togethercover all the Hubs in this node's

Hub list. Formally, a node A with Hub list �A@ would be a
Prime acquaintanceiff :

B

�?
C >6�# 78#

:<;

�A@ED

:<;

�?
C 

9F:G;

��@

2) EssentialPrimeAcquaintance:This is a Primeacquain-
tancethat coversat leastoneHub that is not coveredby any
other Prime acquaintance.Let H be the set of all the Prime
acquaintances.Then, a Prime acquaintanceA with Hub list

�A@ would be an EssentialPrime acquaintanceiff :

=

:<;

�A@I >6�# 78#

:�J ;

�'
! 

9

�'


;

HK�L
NM +O@P�

For example, if QR+S���� 8��(� <TU+V�W�� 8X� !YP(� <	��4�Z*[+

���� 8X�( , thenB or C alonecannotcover all the Hubsof A. So
A is a Prime acquaintance.However, A doesnot cover any
Hub that is not alreadycovered by either B or C. So A is
not an EssentialPrime acquaintance.On the other hand,no
single nodecovers all Hubs of B, and B covers Hub 4 that
is not coveredby anyoneelse.Thus,B is an EssentialPrime
acquaintance.

To query the optimal subset of acquaintances,a node
�rst determinesits Prime andEssentialPrime acquaintances.
All the Essential Prime acquaintancesare chosen,and all
the Hubs in * that they cover are marked. If any Hub is
left unmarked, the non-essentialPrime acquaintancecovering
the maximum numberof unmarked Hubs is chosenand the
correspondingHubs are marked. This procedureis repeated
with the remainingnon-essentialPrime acquaintances,until
all the Hubs in * get marked.

E. ConnectionMaintenance

A sessionbetweenasourceandadestinationbecomesactive
when the �rst data packet is sentout from the sourceto the
destination.This sessionexpireswhenthe inter-arrival time of
any datapacket in thesamesessionexceedsa given threshold
at the source.Oncean active sessionis in place,the source
puts its current Hub information along with its Hub list in
each data packet. The destinationreciprocateswith similar
informationongettingthe�rst datapacket.Fromthenonward,
the sourceforwards datapackets of the samesessionto the
speci�edcurrentHubof thedestination�rst, in orderto reduce
delay. Similarly, if the destinationsuffers an LAO or MAO
Timeout, it noti�es the sourceof the changeby sendingan
update packet towards the current Hub of the source�rst.
Such updatepackets are restrictedbetweenthe two endsof
an active sessiononly.

VI I . MOBILITY IMPACT ON PROTOCOL PERFORMANCE

To studytheeffect of mobility on theperformanceof OBR,
DSRandLAR1 (LAR in Scheme1) we simulatedeachof the
protocolswith respectto all the mobility modelssuggested
asexamplesin this paper, andcomparedthe data throughput.
For both DSR and LAR1, we borrowed the implementation
available in GloMoSim. In our simulation of OBR, we �x
the thresholdfor logical hopsof query packets to 1. In this
way, if the acquaintanceof a source fails to provide the
required information, it does not forward the query to its
own acquaintances.As 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 restriction in movementimposedupon the
mobile nodesthat doesnot favor our acquaintanceformation.
In our modi�ed RandomWaypoint, all nodeshave a single
Hub aspart of their LAO. So all the packetsmake their way
to the center of the terrain irrespective of the destinations
location,resultingin theworstperformance.DSRon theother
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Fig. 12. OBR: DataThroughputvs. Numberof Hubs

hand is seenin Figure 13 to perform the bestwith respect
to the modi�ed RandomWaypoint where its �ooding nature
complementsthe fact that the nodesareevenly spreadout all
over the terrain.With respectto the othermodelsit performs
well with respectto the RandomOrbit andUniform 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 nodes,therebyensuringevennodedistribution.
LAR1 (LAR in Scheme1) as seen in Figure 14 is not
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Fig. 13. DSR: DataThroughputvs. Numberof Hubs

much affected by the difference in mobility and performs
consistentlyacrossall our examplemodels.

VI I I . NUMERICAL STUDY

In this section,we compareour proposedOBR protocol
againstDSRandLAR in Scheme1 (LAR1). Accordingto the
discussionin the previous section,the overall datathroughput
of DSR was lower than OBR and LAR1, and reacheda
maximumwhenweconsideredaround10Hubsin theRandom
Orbit model. Accordingly, we chooseRandomOrbit model
with �/� Hubs to compareOBR against DSR and LAR1. We
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Fig. 14. LAR1: DataThroughputvs. Numberof Hubs

setup ��\�� randomCBR connections,eachsendingtenpackets
with a \P��� byte datapayload.To assumerealistic speedswe
refer to the work done in [14], [15], [16], as summarized
in Table II. Accordingly, we �x our LAO parameters(i.e.
Hub Speed(min, max)) to �
]

J

6 and �/�^]

J

6 , andthe MAO
parameters(i.e. Node Speed(min, max)) to fasterspeedsof

�/��]

J

6<�_�IX�]^`

:

� and XW�<]

J

6G�_aIb.]E`

:

� . 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-enddelayof OBR, DSR andLAR1. We
usesevensimulationrunswith varying randomseedvaluesto
plot eachpoint in our results,which areas follows.

TABLE II

REAL L IFE SPEED

Category Type Range
Walking Average +c��#dX�Ye]

J

6

Olympic Record fgY�#h�I�i]

J

6

Running Average +jY�# �I�.]

J

6

Olympic Record kl�$�P#h�I�i]

J

6

Cycling Average +nm�#do�Ye]

J

6

Olympic Record kl�/X�#dmIoE]

J

6

A. Variation in Hub Size

The Hub size is signi�cant on threefronts in the Random
Orbit model.First, for a �x edradiorange,a largerHub means
lesscoverageof eachnodein aHub. Second,for 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
consideredto be squareregionswith the commonsizeof the
sidesbeingvaried.

1) Data Throughput: The data throughputis measuredin
terms of the fraction of the total number of data packets
generatedthat were received successfully. In OBR, a source
learns of a destinationby �rst making acquaintanceswith
nodes that are within its radio range, and then using the
distributed location databaseformed by the network of these
acquaintances.Thus, the Hub size does not affect the data
throughputof OBR, which is seento be higher than that of
both DSR and LAR1 in Figure 15. The repeated�ooding of
LAR1 aggressively locatesthedestination,but with increasing
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Hub size the accuracy of the location estimationdecreases,
leading to decreasingdata throughput. DSR suffers from
loss of packets due to congestionat the MAC layer, as it
tries to �ood within small Hubs containing a lot of nodes
(broadcaststormproblem). With an increasein the Hub size,
the performanceof DSR steadilyimproves.
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Fig. 15. DataThroughputvs. Hub Size

2) Control Overhead: The control overheadis measured
in termsof the numberof hello, query, responseand update
(if any) packets that are sent.LAR1 has the highestcontrol
overheadin Figure16 by virtue of its repeated�ooding nature,
which becomesmore acute with increasingHub size that
affectsthelocationestimationaccuracy, resultingin increasing
overhead.In OBR,nodesperiodicallycheckfor new neighbors
to form new acquaintances.But, once an acquaintanceis
made, its information usually stays valid for a long time
(due to a relatively large MAO value), leading to a much
lower control overheadthan LAR1 signifying higher energy
ef�ciency. However, with increasingHub size,the numberof
new neighborsincrease,resultingin increasingoverhead.DSR
makesuseof routecacheandmay endup �ooding only once
for a datapacket 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 interval betweenthe generationof a datapacket
at the source,and the receptionof that data packet at the
destination(includingqueryandresponsedelays,if they were
required).As seenin Figure 17, DSR and LAR1 were not
muchaffectedby the changein the numberof Hubsshowing
a delayto the orderof �P#db�\p]<
rqLqs
t6/��uv���4� , while OBR showed
marginally higher delay. More speci�cally, with increasing
Hub size, when a packet entersa Hub it may have to take

more hops towards the Hub center, resulting in the delay in
OBR increasingfrom �W#d\ to �E]<
rqLqw
x6���uv���4�P6 .
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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 speeds.On the otherhand,higherLAO Timeout
signi�es lesser nodes in transition betweenHubs, thereby
increasingthe averagenodepopulationin Hubs.

1) Data Throughput: Since nodes in OBR learn of a
destinationthroughthe network of acquaintances,as long as
there exists any mobility that expandsthis network and the
distributedlocationdatabaseassociatedwith it, OBR performs
consistently well in terms of data throughput as seen in
Figure 18. An increasein the LAO Timeout favors LAR1
by increasingits location estimationaccuracy along with its
data throughput.DSR suffers from congestionat the MAC
layer as it tries to �ood in a Hub with high nodepopulation.
Thus, its datathroughputsteadilydecreaseswith an increase
in the LAO Timeout.Due to the randomCBR traf�c usedby
our simulations,DSR cannoteffectively usecachedroutesto
overcomethis problem.
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Fig. 18. DataThroughputvs. LAO Timeout

2) Control Overhead: The relative difference in control
overhead shown in Figure 19 is similar to that seen in
Figure 16 where LAR1 performsthe worst, OBR performs
muchbetter, andDSRperformsthebest.However, in the face
of decreasingmobility, LAR1 is able to make betterlocation
estimatesresultingin decreasingoverhead.Similarly in OBR,
lower mobility reducesthe numberof new neighborsa node
interactswith leadingto marginally lower control overhead.
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Fig. 19. Control Overheadvs. LAO Timeout

3) End-to-EndDelay: As seenbefore in Figure 17, the
delay in DSR andLAR1 is alsoseenin Figure 20 to remain
unaffected at the order of �P#db�\y]<
rqLqs
t6/��uv���4� , while OBR
showedmarginally higherdelay. More speci�cally, anincrease
in the LAO Timeout increasesthe probability of �nding a
destinationin its last known currentHub, wherea datapacket
is sent�rst (asdescribedin SectionVI-E), causingthe delay
to decreasefrom � to ��#d\i]<
rqLqs
t6/��uv���4��6 .
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Fig. 20. End-to-EndDelay vs. LAO Timeout

AlthoughOBRseemedto havemarginally 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 deemedacceptableby most ad
hocnetwork applications.Nevertheless,in futurewe intendto
studythe effect of eithersimulcastingpacketsto all the Hubs
in a list, or multicastingthemto a treeformedof the Hubsin
the list, insteadof sendingto themsequentiallyin thehopeof
overcomingthis excessdelay.

IX. COMPARISON WITH RELATED WORK

RandomWaypointis themostpopularEntitybasedmobility
modelin literature.In [4], theauthorsstudiedanaveragespeed
decayproblemin RandomWaypointandin [17], theauthoren-
hancedthe modelby usingaccelerationto smoothenchanges
in speedand direction.To accountfor obstacles,the authors
in [18] proposeda mobility model basedon voronoi graphs.
In [19], the authorsintegratedthreesub-models:perception,
behavioral and movement,to simulate the mobility of each
nodeindividually as a closeinteractionof simple behavioral
traits. In [20], the authorsusedrenewal theory to guarantee

a steadystatein nodemovementdistributions,while thosein
[21] introducedstochasticcorrelation in their VUM (variable
usermobility) model for cellular systems.However, all these
modelsfocuson the mobility in a �at network.

In [22], [23], the authors �rst proposeda Group based
mobility modelcalledReferencePointGroupMobility, where
anexisting groupleaderdeterminesa group's collective move-
ment, while other membersmove independentlywithin a
small speedandangledeviation from that of the leader. Later
they extendedthe mobility vector model into a framework,
smootheningchangesin speedand direction. In [24], the
authorssurveyed several Entity based(e.g.,BoundlessArea,
Gauss-Markov) and Group based (e.g., Column, Nomadic,
Pursue)mobility models for ad hoc networks. In [3], the
authorsproposeda framework for analyzingmobility models
in termsof protocolindependentmetrics.They alsosuggested
the ManhattanandFreeway modelsto suit city traf�c. These
modelscanall be incorporatedwithin the ORBIT framework
at different levels (seeFigure 2) to generatemore realistic
models.

In [25], the authorssuggestedtwo hierarchicallayers for
a wireless ATM network: a deterministic Global Mobility
Model to describeinter-cell movements,andastochasticLocal
Mobility Model to describeintra-cell movements.In [26], the
authorsapplied transportationtheory to model: City Area,
Area Zone, and Street Unit, at three hierarchical levels of
detail.Similarly, theauthorsin [27] proposedtheMetropolitan
(METMOD), National (NATMOD) and International (INT-
MOD) mobility modelsto respectively suit movementswithin
metropolitanareas,in betweenthemandin betweencountries.
Although the proposedORBIT hierarchy closely resembles
thesehierarchies,our maincontribution lies in therecognition
of the `orbital' patternthat exists aroundthesehierarchies.

The authorsin [28] proposeda framework for graphbased
modelingof mobility andtraf�c in largescaleMANETs, while
in [29], the authorsdevelopeda tool for modelingscenarios
like Airport, Highway, and Conferenceusing visualizeduser
interface.ORBIT differsfrom theseframeworksin its general-
ity, by which it canintegratesuchtoolswithin its blackboxes
at different levels to generatemore practicalmodelsfor real
life scenarios.

In [30], [31], theauthorsanalyzedexisting MANET routing
protocolsbasedon suggestedmobility modelsand scenarios,
but did not proposeany speci�c protocolto suit them.In [32],
[33], thesetupof a connectedvirtual backbonewassuggested
within MANETs to help routing protocols adapt to node
mobility, while in [34], the authorsapplied link expiration
predictionbasedon neighborvelocity information to several
existing routing protocols.On the samenote, the authorsin
[35] usedan adaptive algorithm to predict mobility to help
locationtrackingof mobilenodes.However, no prior work has
beendoneto designroutingschemesthattakedirectadvantage
of the overall underlying mobility, like our proposedOBR
protocol,which leveragesthe ORBIT mobility framework to
outperformother routing protocolslike DSR andLAR1.
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X. CONCLUSION

Appropriatemodelingof nodemobility in a MANET poses
as the main challengein evaluating protocol performance.
To this end, literaturehasproposedseveral entity, group and
scenariobasedmobility models.While someof them cater
to short term networks (disasters,military, etc.),othersmodel
detailedscenarios.However, there is no model that captures
the realisticorbital movementpatternfound in our society.

In this work, we have proposeda novel framework called
ORBIT that is practical,generalanduseful.More speci�cally,
it identi�es with sociologicalorbits, and is also able to inte-
gratedifferent mobility modelsinto a single framework. We
have analyzedmodelsgeneratedby ORBIT to exhibit wildly
varyingprotocolindependentmetrics,proving its versatility in
suitingdifferentscenariosin bothcellularandadhocwireless
networks.

We have also designedan example Orbit BasedRouting
(OBR) protocol that is amongthe �rst to effectively leverage
mobility information for routing packets in a MANET. OBR
uses the underlying orbital mobility to determinea set of
likely regionscontainingany node,andthusoutperformsother
protocolslikeDSRandLAR1. In short,ourORBIT framework
is oneof the mostattractive candidatesfor modelingrealistic
mobility in variousscenarios,and the principle of designing
routing protocolsbasedon mobility information is useful for
many applicationsin wirelessmobile networks.

REFERENCES

[1] J. Broch, D. B. Johnson,and D. A. Maltz, “Dynamic SourceRouting
in ad hoc wireless networks,” Mobile Computing, Kluwer Academic
Publishers, pp. 153–181,1996.

[2] Y. B. Ko andN. H. Vaidya,“Location-AidedRouting(LAR) in mobile
Ad-Hoc networks,” Proceedingsof IEEE INFOCOM '98, pp. 66–75,
October1998.

[3] F. Bai, N. Sadagopan,and A. Helmy, “Important: a framework to
systematicallyanalyzetheimpactof mobility on performanceof routing
protocols for adhocnetworks,” Proceedingsof IEEE INFOCOM '03,
vol. 2, pp. 825–835,March 2003.

[4] J. Yoon, M. Liu, andB. Noble, “RandomWaypointConsideredHarm-
ful,” Proceedingsof IEEEINFOCOM'03, vol. 2, pp.1312–1321,March
2003.

[5] X. Zeng,R. Bagrodia,andM. Gerla,“Glomosim: a library for parallel
simulation of large-scalewirelessnetworks,” Proceedingsof the 12th
Workshopon Parallel andDistributedSimulations(PADS)'98, pp.154–
161, May 1998.

[6] S. Banerjeeand P. Chrysanthis,“Peer support in a mobile world,”
Proceedingsof NSF Workshop on Context-Aware Mobile Database
Management, January2002.

[7] J. Ghosh,S. Philip, and C. Qiao, “AcquaintanceBasedSoft Location
Management(ABSLM) in MANET,” Proceedingsof IEEE Wireless
CommunicationsandNetworkingConference(WCNC)'04, March2004.

[8] P. Enge and P. Misra, “Special Issueon Global PositioningSystem,”
Proceedingsof the IEEE, vol. 87, no. 1, pp. 3–15,January1999.

[9] J. Li, J. Janotti,D. S.J.D. Couto,D. R. Karger, andR. Morris, “A Scal-
ableLocationServicefor GeographicAd Hoc Routing,” Proceedingsof
ACM/IEEE MobiCom'00, pp. 120–130,August2000.

[10] G. Cao, L. Yin, and C. Das, “A cooperative cachebaseddata access
framework for ad hoc networks,” IEEE Computer, pp. 32–39,February
2004.

[11] M. Garey andD. Johnson,“Computersandintractability:A guideto the
theoryof np-completeness,” W.H. Freemanand Company, June1979.

[12] W. V. Quine,“A way to simplify truth functions,” AmericanMathemat-
ical Monthly, vol. 62, no. 9, pp. 627–631,1955.

[13] E. J. McCluskey, “Minimization of booleanfunctions,” Bell Systems
Technical Journal, vol. 35, no. 5, pp. 1417–1444,1956.

[14] R. L. Knoblauch,M. T. Pietrucha,and M. Nitzburg, “Field Studiesof
PedestrianWalking SpeedandStart-UpTime,” TransportationResearch
Board Records, no. 1538,1996.

[15] R. M. Queen,H.-Y. Lin, andM. T. Gross,“StandardizedRunningSpeed
versusSelf-selectedRunningSpeed:A Between-Trial andBetween-Day
Reliability Study,” The Center for Human MovementScience- UNC
ChapelHill .

[16] A. Williams, “Cycling Speed,” Article in Peak PerformanceOnline
(http://www.pponline.co.uk/encyc/0065.htm), no. 65.

[17] C. Bettstetter, “Smooth is better than sharp:a randommobility model
for simulation of wireless networks,” Proceedingsof the 4th ACM
internationalworkshoponModeling, analysisandsimulationof wireless
and mobilesystems, pp. 19–27,2001.

[18] A. Jardosh,E. M. Belding-Royer, K. C. Almeroth,andS.Suri, “Towards
RealisticMobility Models for Mobile Ad hoc Networks,” Proceedings
of ACM/IEEE MobiCom'03, September2003.

[19] D. Tan, S. Zhou, J. Ho, J. Mehta, and H. Tanabe,“Design and eval-
uation of an individually simulatedmobility model in wirelessad hoc
networks,” CommunicationNetworksandDistributedSystemsModeling
and SimulationConference(CNDSMSC), SanAntonio, TX 2002.

[20] G. Lin, G. Noubir, and R. Rajaraman,“Mobility Models for Ad hoc
Network Simulation,” Proceedingsof IEEE INFOCOM '04, March
2004.

[21] K. Lee and S. Kim, “Modeling variableusermobility with stochastic
correlationconcept,” ComputerNetworks:TheInternationalJournal of
ComputerandTelecommunicationsNetworking, vol. 38, no. 5, pp. 603–
612, April 2002.

[22] X. Hong,M. Gerla,G. Pei,andC.-C.Chiang,“A GroupMobility Model
for Ad hocWirelessNetworks,” Proceedingsof ACM/IEEEMSWIM'99,
August1999.

[23] X. Hong,T. Kwon,M. Gerla,D. Gu,andG. Pei,“A mobility framework
for adhocwirelessnetworks,” In ACM 2ndInternationalConferenceon
Mobile Data Management(MDM), January2001.

[24] T. Camp, J. Boleng, and V. Davies, “A Survey of Mobility Models
for Ad Hoc Network Research,” WirelessCommunicationsand Mobile
Computing (WCMC): Special issue on Mobile Ad Hoc Networking:
Research, Trendsand Applications, vol. 2, no. 5, pp. 483–502,2002.

[25] T. Liu, P. Bahl, andI. Chlamtac,“Mobility modeling,locationtracking,
and trajectoryprediction in wirelessatm networks,” IEEE Journal on
SelectedAreasin Communications, vol. 16, no. 6, pp. 922–936,August
1998.

[26] J. Markoulidakis,G. Lyberopoulos,D. Tsirkas,andE. Sykas,“Mobility
Modeling in Third-GenerationMobile TelecommunicationsSystems,”
IEEE PersonalCommunications, vol. 4, no. 4, pp. 41–56,August1997.

[27] D. Lam, D. Cox, and J. Widom, “Teletraf�c Modeling for Personal
CommunicationsServices,” IEEE CommunicationsMagazine, pp. 79–
87, February1997.

[28] C. Barrett,M. Marathe,J. Smith, and S. Ravi, “A mobility and traf�c
generationframework for modeling and simulating ad hoc communi-
cation networks,” Proceedingsof 2002 ACM Symposiumon Applied
Computing(SAC), pp. 122–126,2002.

[29] S. Shah,E. Hernandez,and A. Helal, “Cad-hoc: A cad like tool for
generatingmobility benchmarksin ad-hocnetworks,” Proceedingsof
2nd IEEE/IPSJSymposiumon Applicationsand the Internet, vol. 11,
no. 1, pp. 3–30,February2001.

[30] G. Ravikiran andS. Singh,“In�uence of mobility modelson theperfor-
manceof routing protocolsin ad-hocwirelessnetworks,” Proceedings
of IEEE Vehicular Technology Conference'04, May 2004.

[31] P. Johansson,T. Larsson,N. Hedman,B. Mielczarek,andM. Degermark,
“Scenario-basedperformanceanalysisof routing protocolsfor mobile
ad-hocnetworks,” Proceedingsof the 5th annual ACM/IEEE Interna-
tional Conferenceon Mobile Computingand Networking, pp. 195–206,
1999.

[32] S. Basagni,D. Turgut, and S. Das, “Mobility-adaptive protocols for
managinglarge ad hoc networks,” Proceedingsof IEEE International
Conferenceon Communications(ICC), pp. 1539–1543,June2001.

[33] S. Butenko, X. Cheng,D.-Z. Du, andP. Pardalos,“On the construction
of virtual backbonefor adhocwirelessnetworks,” CooperativeControl:
Models,Applicationsand Algorithms, pp. 43–54,2003.

[34] W. Su, S.-J.Lee, andM. Gerla,“Mobility predictionandrouting in ad
hoc wirelessnetworks,” InternationalJournal of NetworkManagement,
vol. 11, no. 1, pp. 3–30,February2001.

[35] W. Wang and I. F. Akyildiz, “On the estimation of user mobility
patternfor locationtrackingin wirelessnetworks,” Proceedingsof IEEE
Globecom'02, pp. 619–623,November2002.


