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Abstract

In this paper, we present a novel mobility model which
is realistic in the sense that it captures the moving-in-
groups, conscious traveling and inertial behaviors of the
subscribers while respecting the non-pass-through feature
of some structures like households, and preserving the au-
tonomy of the subscribers. The mobility and call patterns
of the subscribers are determined according to the locus of
the subscriber over areal map. The model canwork on real
maps to simulate the mobility patternsin real life. We have
evaluated the proposed model against the well-known way
point mobility model.

1. Introduction

Evaluatinga schemeproposedfor cellular mobile net-
worksis acumbersom@rocessTheeffect of thousandsf
autonomousnobile stationsonthesystenperformancean
be examinedby either analyticalmethodsor simulations.
The analytical methodsare favorable since they provide
fastandtheoreticalresultswith possibleupperandlower
bounds. However, such methodsconsiderthe society as
a whole, disrggardingthe individual behaior of the sub-
scribers. Furthermoremary unrealisticassumptionsnust
be madein orderto simplify the underlyingmathematics.
On the otherhand, simulatorscanimplementthe individ-
ual subscriberst the costof long simulationruns. Thus,in
simulations,insteadof approachinghe problemasa bulk
of subscribersthesocietycanbe constructedrom theindi-
viduals.Implementatiorof theautonomyof the subscribers
is the crucial point of a mobility model. Eachsubscriber
mustchoosehis directionindividually, asin reallife. How-
ever, in real life, one can obsene that the direction of a
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subscriberis also dictatedby the terrain. Thus, although
thesubscribersrreautonomousthey drive or walk together
on the streetsand highways. This is calledthe moving-in-
groups behavior of the society A realisticmobility model
shouldalso capturethe conscious traveling featureof the
subscribersvherethe subscriberdendto keeptheir direc-
tions towardsa destination.However, this tendeng is still
subjectto the non-pass-through featureof somestructures
in theterrain,asexplainedin the previous paragraph.The
model should also force the subscribergo enterand exit
the highwaysonly at specificentranceandexit points. Fur-
thermore,eachsubscriberexhibits an inertial behaior to
presere the type of structureheis on. A subscribedriv-
ing on a streetis morelikely to keepdriving on the street
thanenteringa household.In additionto the mobility pat-
tern, the call patternof a subscribeiis alsoeffectedby the
structureon which the subscriberresides. Thus, the sub-
scribers call patterncanbe alteredwhenthe mobile leaves
homeandstartsdriving. Thedistribution of the subscribers
overtheserviceareais anothercrucialpointin cellularsys-
tems. Unrealisticassumptiondik e uniform distribution of
thesubscribersesultin evensharingof theloadamongthe
basestationswhich is contraryto reallife. Finally, the un-
derlyingair interfaceshouldalsobe consideredincesignal
propagatiorns determinecy the coordinate®f themobile.
Themobility andcall patternstogethemith the population
densityeffect signalpropagation.

In this paper we proposea novel mobility model that
captureghe moving-in-groupsconsciougraveling andin-
ertial behaviors of the subscribersvhile respectinghenon-
pass-througheaturesof the structuresin the terrain. The
mobility andcall patternsof the subscriberaredetermined
autonomouslyaccordingto the locus of the subscriberin
the terrain, wherethe terrainis definedby real mapsin-
cludinghot andblind spots.Reallife mobility patterndike
walking anddriving ontheroads enteringandexiting high-
ways, arriving and leaving home. We have evaluatedthe



proposedmodel againstthe well-known way point mobil-

ity model,and obtainedpromisingresults. The restof the
paperis organizedasfollows. In the next section,we dis-
cusstherelatedwork in theliterature. The proposednodel
is presentedn Sectionlll, followed by numericalresults
in SectionlV. We give the conclusionsandfuture work in

SectionV.

2. Related Work

Most of the work in the literature on mobile networks
assumesandomwalk [2],[3],[4],[5], Brownian motion, or
cell changeprobability basedon the side of the hexagon
throughwhich the subscriberdeaves the cell [6],[7]. Al-
though thesemodels simplify analysis,they rely on un-
realistic assumptionsand the mobility patternsproduced
do not resemblethe humanbehaior in real life. In [8],
Su et al useway point mobility modelingfor ad hoc net-
works. In [9], Markoulidakiset al have proposeda model
with threelevels: city areamodel, areazone model and
streetunit model,thereforethe geographi@reaneedgo be
mouldedinto thesethreelevels. In [10], Leunghasmodeled
a highway with multiple entrancesndexits asa determin-
istic fluid model. Differentkinds of mobility modelshave
beerproposedn publicationsonadhocnetworks[11],[12].
However, sincesuchnetworks aredesignedor disasterar-
easandmilitary applicationswithout ary fixed cellularnet-
work, their mobility patterndiffer from thosein a cellular
system. In additionto the theoreticwork, simulatorslike
Opnet,NS2 and GloMo alsoimplementmobility models.
However, OpnetandNS2 have simplemobility modelsand
they don't supportCDMA air interface. GloMo hasbeen
developedfor ad hoc military systemsandit is not suitable
for cellularcivilian networks.

3. Proposed Mobility Model

Given a real map composedf differentstructuredike
houses streets,highways, lakes, the proposedmodel dis-
tributesautonomousubscriberover the servicearea,and
generatestochastienobility andcall patterndor thesesub-
scribers.The numberof differenttypesof structuresn the
terrainis not fixed, and dependson how detailedthe map
is. The discriminatingfeatureof the modelis thatmobility
and call patterngenerationstogetherwith the initial sub-
scriberdistribution arebasedon realmaps.In this manner
initial subscribedistribution reflectshot andblind spotsin
theterrain,andsubscribersn the sameregion of theterrain
exhibit similar mobility andcall patterns.For example,al-
thoughthe subscribersireautonomousall subscriber®na
roadhave to turn to theright if the roadhasa curve to the
right. Furthermore somestructuresn the terrain may be
setto be morelik ely placesfor the subscriberso turn their

handset®n. Oncea mobileterminalhasbeenturnedon, its
directionis determineduy the surroundingstructures.This
doesnot violatethefactthatsubscribersnake autonomous
decisions,sincein real life the movementof a humanis
also restrictedby the ervironment. A subscriberdecides
whetherhewill switchto adifferenttypeof structurebased
onamatrix of structureswitchingprobabilities.Thechange
in thetype of structurethe subscribeis residingon implies
achangdn themobility andcall patternsof the subscriber

It is possiblethatthe subscribereacheghe boundaryof
theterrainif heis moving on a roadthat terminatesat the
boundary Allowing the mobile to move out of the service
areawill resultin a decreasén the numberof subscribers,
which implies alsoa decreasén theload. In theliterature
reflectingboundarieswherea subscribewho is aboutto
leave theserviceareais reflectedbackto the serviceareaat
thesamepoint, areintroducedo preventthe decreasn the
numberof subscribers.However, this approachprolongs
the sojourntime of the subscribein the currentcell, which
causegheloadin thatboundarycell to beincreasedlIn the
proposednodel,we relocatethe subscribemwho hasexited
the serviceareaaccordingto theinitial subscribedistribu-
tion. Thus,themodelactsasif anew subscribecomesnto
play for eachsubscriberthat leaves the system. This ap-
proachhelpsdistribute the load dueto the subscribersvho
leave the systemaccordingto theinitial subscribedistribu-
tion insteadof accumulatinghe load at the boundarycells.
Signalpropagationin wirelesssystemsequiresspecialat-
tention. Sincethe detailsof signal propagationis beyond
the scopeof this work, we simply employ free spacesignal
propagatior{13] in our research.However, we still calcu-
late the actualouter cell interferenceinsteadof employing
Gilhousens approximation1] which is basedon assump-
tionswe have turneddown.

3.1. Features I mplemented by the Proposed M odel

The proposednobility modeldistributesthe subscribers
unevenly overthe servicearea,anddetermineshe mobility
andcall patternsof eachmobile accordingto the structure
the mobile is residingon. A real mapwith differenttypes
of structureqlike housesstreetsavenueshighways, sea)
definesheservicearea.For eachtypeof structuremobility
pattern(speeddistribution), call pattern(idle duration,call
duration)rateat which a subscribemayturn on his mobile
terminalonsuchastructure probabilitiesof switchingfrom
this typeof structureto all othertypesis defined.

By the help of the mobile turn on rate, the unrealistic
assumptiorof uniform distribution of the subscribersver
the serviceareais avoided. Somestructuresmay be setto
befavoredmorethanothersfor theinitial distribution.

Subjectto the structureswitching probabilitiesmatrix,
thesubscribersnove overthemap. Thetrajectoryfollowed



by a subscribeiis the concatenatiorof multiple line sey-
ments.In otherwords,onceasubscribehaschoseradirec-
tion, he will move in thatdirectionfor a definite duration,
calledthe step duration, until he choosesa new direction.
As the stepdurationgetsshorter the trajectoryof the sub-
scriberapproaches curve, at the expenseof longersimu-
lations. The stepdurationcanbe dravn from a distribution
sothatthetime betweenwo directionupdatesvaries. The
speedof the subscribeiis alsoupdatedevery time the sub-
scriberupdatesdts direction. If thetype of structurethe sub-
scriberis on haschangedthe speedjdle durationandcall
durationdistributionsof thatsubscribealsochange.Thus,
the subscribemwill changehis speedandcall patternwhen
he switchesfrom one structureto another For example,
whenthe subscribeleaveshomeand startsdriving on the
streetspoth his speedandcall patternwill change.

Figure 1. Map of Asian side of Istanb ul

Thesstructureswitchingprobabilitiesarealsousedin de-
termining the direction of the subscriber Whenit is time
to updatethe direction, the subscribemill look at his sur
roundingat a distancehe cancoverin onestep,dictatedby
the stepduration,andchoosehis new direction. The prob-
ability of moving in ary directionis determinedaccording
to the structureswitching probabilities. For example,de-
pendingon the structureswitching probabilitiesmatrix, a
subscribermoving a streetmay rathergoing to an avenue
thanhome.Thus,mostof the subscriber®nthe streetawill
getonthe avenuesvhereadewer subscribergio home.By
utilizing the structureswitchingprobabilities,it is alsopos-
sible to implementthe non-pass-through featureof some
structuresandthe specialentry andexit pointsto the high-
ways. By settingthe switchingprobabilityto a structureto
zero, the structurewill gain the non-pass-througFfeature.
Similarly, by settingthe switchingprobabilitiesto/from the
highway structure gxceptthe connectiorroads,the special
entry and exit points to the highwaysthroughthe connec-
tion roadsareimplemented.

Theinertia behavior of the subscriberss implemented
by settingthe switchingprobabilityfrom atypeof structure
to the sametype to a value higherthanotherprobabilities.
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Figure 2. Effect of mobility pattern on diff erent
schemes (CDP)

Thus,a subscribewill preferkeepingthetype of structure
heis on. The inertia behaior helpsavoiding subscribers
who changetheir mindsvery frequently Without the iner
tia behavior, subscribersill visit every houseon a street,
like a postman. If the new direction of the subscriberis
determinedby just consideringthe structurechangeprob-
abilities, a subscribeigoing on a streetmay suddenlyturn
180° backwards,go in thatdirectionfor onestep,andturn
backagain. Sincehumansawill not make suchunconscious
moves,a subscribein our modelfavors directionscloseto
his currentdirection. After theprobabilitiesof moving in all
directionshave beencalculatedrom thestructureswitching
probabilitiesmatrix, theseprobabilitiesareupdatedo favor
directionscloserto the currentdirection of the subscriber
Thus,althoughit is possiblethatthe mobilemayturn 180°,
it is lesslikely. We call this kind of behaior asconscious
traveling.
Althoughsubscriberareautonomougntities,eachsub-
scriberis subjectto the mobility patterndeterminecdby the
terrain. Therefore,most of the subscriberson the same
structurewill tendto exhibit, not the samebut, similar mo-
bility andcall patterns.Thus,the moving-in-groups behar-
ior of the societyis implemented. For example,not only
will mostof the subscriberson a streetprefer stayingon
thestreetthey will alsohave closespeedsndcall patterns.
In orderto avoid misleadingstatisticsdue to low load in
the beginning of the simulation,a warm up periodis in-
troducedso that the systemtakesits load beforewe start
gatheringhestatistics All subscribersnusthaveturnedon
their mobileequipmentsvell beforetheendof thewarmup
period. Oncethewarm up periodhasexpired, the statistics
aregatheredill the endof the simulationduration. When
the simulationdurationexpires, no more statisticsis gath-
eredexceptfor the on-goingcalls. On-goingcalls are not



terminatedimmediatelyat the end of the simulationdura-
tion so that the statisticsrepresentvhetherthesecalls are
really successfullycompletedor dropped. Furthermoreto
avoid ary decreasen the systemload while statisticsare
still beinggatherednew call generationgreallowedwith-
outcontributing to the statistics.

The implementationof all thesefeaturesin a mobility
modelis a novel approachFurthermorethe ability to sup-
portastochastienobility modelwith arealmapaddspower
to the proposedmodel. The integration of the real map
enablessxaminingsubscribemobility on differentservice
areaslike sulurbsandrural areas. The validation of the
proposednodelis a difficult tasksinceit employs features
basedn subjectve measuresAlthoughit cannotsubstitute
aformal proof, the bestvalidationfor sucha modelis visu-
alization. We have implementeda graphicalinterfacefor
the validation by usingthe EZD tool developedby DEC.
By the help of the graphicalinterface, we have validated
thatthe proposednodelprovidesthefeaturesclaimed.
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Figure 3. Effect of mobility pattern on diff erent
schemes (CBP)

4. Numerical Results

We have testedthe proposedmodel againstthe well-
known way point method. A real map of 6.4 km x
4.8 km with 4 m resolution(Fig. 1) anda handmadeure
Manhattan-stylenap have beenusedin the experiments.
The mapscontainseven differenttypesof structureswith
the speedof eachsubscribedravn from a normaldistribu-
tion with the meanrangingfrom 1 km/h to 90 km/h, de-
pendingon the structurehe is on. The direction of each
subscribeis updatedavery 5 seconds.

Thesubscribesearchehisernvironmentatincrementof
21° at eachstepto determinehis new direction. Sincethe
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Figure 4. Effect of map type on proposed mo-
bility model (CDP)

way point modeldoesnot utilize the map, andtreatseach
subscribein the sameway, a singledistribution with mean
35 km/h,whichis theaverageof the obsenedspeedsf the
subscribersn the proposednodel. Both for the mapbased
andthe way point models,a CDMA air interface(subject
to 1S-95 specificationshasbeenconsidered.Every point
in the graphsis the averageof multiple runswith different
randomseeds.

The comparisorof the proposecandthe way point mo-
bility modelsis presentedn Fig. 2-3in termsof call drop-
ping and call blocking probabilities. The effect of the mo-
bility model on three call admissionschemeg(the plain
schemewithout any guardchannelsthe classicalscheme
with 3 guardchanneldn every cell, and a mobility-aware
schemewhich adjuststhe numberof guardchannelsased
on resenations)is analyzed. The figure pointsout to two
major differencedetweerthe proposedaindway point mo-
bility models.Thefirst pointto noteis thatthe call dropping
and blocking probabilitiesvary vastly althoughthe mean
speedsarethe same.This resultsfrom thefactthatthereis
only onetypeof subscribein theway point modelwhereas
theproposednodelallows subscribersvith differentmobil-
ity patterns.The secondpointis thatthe proposedscheme
resultsin a monotonicincreasein the call droppingand
blocking rates,as expected,whereashe way point model
resultsin a jumpy behaior. Thereasorfor this jumpy be-
havior is the completerandomnes# the mobility patterns
of the subscribersvhich doesnot occurin reallife.

Theeffectof themaptypehasbeensketchedn Fig. 4-5.
Themobility-awarecall admissiorscheméiasbeenusedin
the experiments.Sincethe streetsarestraightlinesandthe
cornersareat 90°, the moving directionof the subscribers
can be estimated,resultingin a lower call droppingrate
without increasingthe costin termsof call blocking rate.
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However, sucha mapis not realisticalthoughit is easierto
produce.

5. Conclusions and Future Work

In this paperwe proposeanovel mobility modelfor cel-
lular networks. The mobility and call patternsof the sub-
scriberstogetherwith their initial distribution arebasedon
agivenrealmap.Ourmodelcaptureghemoving-in-groups,
conscioustraveling andinertial behaiorsof thesubscribers
in real life, and respectshe non-pass-through feature of
structuredik e householdswhile preservingthe autonomy
of the subscribersCDMA technologyhasbeenconsidered
for the air interface,and actualouter cell interferencehas
beenpropagatednsteadof the approximationccommonly
usedin theliterature.We have comparecur modelagainst
the well-known way point model, and shavn that the call
droppingandblocking probabilitiesmay be effectedby the
choiceof themobility modelsignificantly

Sincea flat mapof only two dimensionss used bridges
running over other roadscannotbe specifiedin the map.
Therefore,such bridges are representedas two crossing
roads. Thus, the proposedmnodelallows subscribersiriv-
ing in oneroadto passto the otherone. However, in real
life, thisimpliesthatthesubscribehassuddenljjumpedon
to the bridge. As afuturework, the third dimensiorwill be
supportedor the bridges.
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