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Abstract Siniulation of niobile ad Iioc networh requires mobility inod- 
PIS to calculate the rnovenieiit 01 tlie iiiobile iiodes being siinulated. Due 
to their siniplicity and ease 01 instantiation, raiidoni iiiobility niodels are 
very popular in tlie researcli coniiiiuiiily. However. these models cannot 
easily be used to realistically iiiodel t lie nioveiiieiit of nodes in an urbnn 
sceiiririo (i.e., terniinals carried by pedpstrians or iii cars). hlany of the 
exivtiug niobility inodels lor urban eiiviroiinieiits are Iwised oii extensive 
nnpiririll dain mllwlinn and. Iimcr, nrp rliiiir rr>iiiplrr nncl inflexible. We 
adapted existing random iuobility iiiodels to model nioveriient witliiii a 
city iiiore realistically, wliile keeping the virtue and simplicity 01 raudoiii 
iiiodels. Oiir new nmdels are graph-bad, where tlie grapli represents tlie 
streets 01 a city. k a l i t i c  s p d s  are assigned to tlie iiodes, and, as in 
real life, nodes can travel togetlier in a p u p .  Thus, the work presented 
in tliis paper enables tlie iise of siniple aiid realistic randoiii niobility 
inodels in a city mnario. Additionally, 01x1 iiiodels nre desigied to nvoid 
tlie mninion pitlalls 01 existuig raiidoni niobility iiiodels. 

1 Introduction and Motivation 

Simulations an? a fundaincnt,al tool for r n r c h e r s  in the domain of mobile ad 
hoc networks, c.g., to  test thc performance of newly dcveloped pmtocols. Thc 
aim of a simulation study is to  obtain insights on how thc System might react in 
practice, to sec what problcnis niight occur, and where improvemcnt is iieeded. 
Thii allows researchers to avoid thc costs involved for tcsting new protocols 
in real testbeds or reality. The simulation mnst take into account all rclevaut 
Parameters and reprcsent the rcal world as prccisely as required. Simulations 
usually modcl a limited area of invcstigation. lmportant paramctcrs incliide thc 
size of this simulation area, the number of siniulated nodes, where and how thc 
nodes an? placed (e.g., m r d i n g  to a randoni distribution), how nodes comniu- 
nicate with each other, and how they movc. This paper focusec on thc latter: 
rcalistic node movcment. within urban areas. 

Existing, well known, models to  describe nodc movement includc (stnndani) 
mndom walk and (stnndani) mndom waypoint, both of which are memorylgs, 
and niodcls with memory such as the Gauss-Markov niobility model. Rmdom 
waypoint and random walk are modcled to capture thc bchavior of individual 

uscrs. However, the standard versions of t h w  niodels arc not bound to strects. 
Hence, nodcs can movc around freely in thc simulation area. In gcneral, niost cx- 
isting random niodcls havc not been designcd for city environmcnts, but considcr 
thc siniulation a r m  to bc homogenwus, i.e., they neglcct streets, building, etc. 
Ow goal is tn capture random city scenarios, i.e., a User (c.g., a tawi-driver) is 
travcling through randoni st,rcets of thc city, with no obvious destination, goine; 
back and forth, aud pausiiig cvciy now and thcn. 

Thcm have been att.empts in thc literatuir to dcvelop realistic mobility mod- 
els for citics. Qpically, t,hcsc niodcls arc graph-bascd mobility models or obstacle 
niobility models, which restrict t,he niovcment of tlic mobile nodcs tn the strccts 
within the simulation a r m  or avoid obstmlcs such as buildings. Unfortunately, 
many realistic mobility rcquirc cxtcnsive enipirical data collection, and in gen- 
e r d  arc quitc wmplex. Thc simpler stochristic niobility modcls oftcn cxhibit 
unrealistic node density distributions. Our goal is to  achieve a realistic mobility 
iiiodrl iIiaI is M.< siuil)lr riud rlIiriniit. a.5 existiiig rnndoin inodels. 

Our gmph-bwed mobility models fill tlie gnl) micl liiiiit raiiiloiii iiiuvriiietit to 

a grapli. Iii adriitioii U? desipi an cfficiciit mcrliauism for coiitrolliiig tlic deiisity 
distribiition of iiodcs ovcr thc simulation area (e.g., iiniforni distribut,ion of nodcs 
on streets). This involves the design of a suitable mechanisni for choosing the 
initisl position of nodes as weil as the selcction of the next waypoint in our s 
called graph random waypoint mobility niodcl. Additionally, we tackle grouped 
mobility: a nunibcr of mobile nodcs niay which are closc togcthcr and niove along 
thc saiiic path. The radios are still indcpcndcnt of each othcr, but  the group itsclf 
behaves likc a singlc nodc and will follow thc samc mobility Pattern. 

Our contribution is aq follows: 

- We design a gmph mndom walk and a gmph mndom-waypoint model, which 
are botli, rcalistic ai t l  siinplc/cfficiait~. 

- \Ve describe an cxtcnsion to allow for modeling of group mobility using our 
models. 

- \Ve givc a dctailcd dcscriptioii of the iniplementation of the models in thc 
JiST/SWANS simulation cnvironnicnt 111. 

- We analyzc our modcls by means of a simulation study, which also servcs as 
a proof-of-coiicept to  validatc our design goals. 

iu thc followiiig. wc Ixiclly p r w n l  rrliitnl work and dmcrihc cxistiiig mol>il- 
ity models. This is followed by a detai ld dcscription of our novel graph-bascd 
mobility inodels. In particular, wc describc the niodcl assumptions and require- 
iiients and thoroughly describe thc implementation of thc modcls. As a proof-of- 
wncept, we thcn perform an cxpcrimcntal analysis to obt.ain sclected properties 
of our mcdel. Wc eonclude o w  work by discussing possible future work. 

2 Related Work 

Mobility models can bc categorizcd in mamseopic and microseopic models. 
Macroswpic mobility iiiodcls realistically descrihe tlic aggregated efiects of ino- 
bility for largc a r m .  Instantiation of thcse models is t.ypically pcrformcd using 



census da-. Activiw-bascd rnacroxopic niodcls borrow the mnccpt of trips to 
dnc r ih  tlie mobilr user's beliavior on different scale [2,3]. For a dctailcd disriis- 
sion of reslistic macroscopic mobility niodcls for metropolitan a r m  sce 141. The 
proces of instantiation of the macroscopic mobiity niodcls is, howcvcr, rather 
complcx and involves cmpirical dnta collcction. 

In contrast, niicroscopic niodcls describe the avcrage mobility behavior of 
individual cntities, usually, by nicans of n niathcrnaticnl dcscription of the paths 
of t h w  eiititics in the simulated area Most synthctic or random niodcls fall into 
this clas 151, which includcs thc random walk as well as the random waypoint 
mobility modcl 161. In the latter, e~c l i  mobilc node randomly selccts a position in 
thc siniulation area as its dcstination. Tlic node then moves toward this dcstina- 
tion with a constatit velocit.~ chosen uniformly and randomly from [O,V„.,]. Thc 
parametcr V,., specifin tlie inaxiinuin sl>rr<l of tlir inobile iiodcs in tlir siiiiiila- 
tion. On reaching thc destination the mobile node niay pause for ashort intcival 
while it chooscs thc next dcstinatioii to travcl to. In contrast to the randoni 
waypoint niodel, the nodes in thc random walk niodel movc with a randomly 
sclectnl constant specd in a randonily selected dircction for an intern1 of timc. 
Aftcr this t.imc interval, the individual nodcs sclcct another randoni direction of 
travcl and anothcr random spced. Thc mdn strength of these random models is 
thc virtue and simplicity of iniplementntion and usage. Due to their simplicity 
and c w  of nse, t h q  arc availablc widcly in simulation platforms and have been 
uscd cxtensively in pcrforniancc cvaliiations of ad hoc routiiig protocols. 

A typical scenario whcre ad hoc nctworks (or vehicular nehvorks) c o m p d  
of mobile nodes arc expected to thrive and exist in future are urban, city b d  
sccnarios. Both randoni walk and randoni waypoint niodels, however, describe a 
"flat'' simiilntioii nrpa witlioiii. forl>i<lclen or ~)rcf(*rrrd mnm of inovrinriit (ohsiii- 
cles, building, st,reets). This is onc of the major points of criticism for thc abovc 
mobility models. Reecntly, thc authors in 171 p r o p d  thc randoni trip mobility 
model, which provides a gcneraliiation of random waypoint and the raiidom walk 
mobility rnodels in rcaIist,ic sctting. Although it is a geiicric framework to obtairi 
good mobility models, it is quitc complcx and requires careful parametcrization 
on part of the user. Onc of the sinipler random niobility models that attcmpts 
to model the movemcnt of mobilc tcrminals in realistic sccnarios such as a city 
can bc found in 181. Thc authois introduce obstaclcs as a meens to model t,he 
niovemcnt of usem in a city-likc scenario. Howcvcr, the choice of thc position a t  
urhich new iiodn are to be spau.iid in tlie siiniilatioii field arid tlie strategy of 
I I O ~ M  in S ( ~ - I  I heir ncxi rl<at iuaiiou nrr lrft open. Oiie caii find mnny oi her in* 
bility modcls which intcnd to introduce realistic aspects to thc mobility modcl 
by iiitroducing varions mobility patterns Tor cliffmriit typrs of iiodr-s 191, or by 
mstricting niobility to certain areas, for example via graphs, see Refs. 16-11] for 
some proposed mobility models. Thcse niodels allow a fair aniount of freedom 
iii definiiig the scenario (st.reet.s, huildiiigs, node alority, street sigiials, traffic 
congcstion ctc. However, thc initialiiation of the above modcls is quite tediow 
und the protocol perforniance rcsults obtained from the above simulation hold 
fur tlic al>u\q: sc*:iizirio, biit iiiay In: cuiiiplct~:ly diff(!rciit foi- a (liiicrc~it city iiiod- 

CIS, street specds, obstacle placemcnts, etc. Thus, to obtnin statistically sound 
and rcprcscntative rcsults it is nccescary to carry oiit a simulation study of the 
protocol in a siifficiriitly large iiiiinher of sceiiarios. UTitli the roiiiplex setiip r c  
quired for the abovc models, this can be quite time consuming (both for setup 
of thc scenario nnd for the actual simulation cxecntion). Thus, these niobility 
modcls are not perfcctly suited for simulation studies where one wants to t n t  
the protocol quickly in a Iargc nuniber of city-like scenarios. 

Oiir work closn tlie ahovc gap aiid providn w rffiriciit and realistir nlge 
rithni for positioning nodes and dctermining the path towaids thc ncxt dcs- 
tiiialion. 13% iiiil>l<~riicnt a flexi1)lr frainework wliirli ciiablrs rrscarrhrrs to use 
simplc randoni niobility models in a fairly realistic city-likc scenario. Thc implr' 
iiieiiCation also ~>crniils ~ssigiiiig a different niol>ility model to rar11 iii<lividual 
iiode in the simulation. In addition, wc addrcss the well-known problcms of the 
random waypoint modcl 1121, which lesd to undesimd dciisity distributions as 
shown in (131. 

3 Proposed Graph-based Models 

Our graph-bad models iiccessitatc wriow extensions to thc existing random 
inodels. In particular, we need to dcvise a solution for thc initial p lmmcnt  of the 
iio~lcs oii tlic simiilatiori iicld siicli tliiit thc houiid;iry cnnditioris (iioiln Iiavc to 
I><: located on tlie strmt ~ n p h  oiily) arc fiilfillcd. Also, the randoin d~st~iiiations 
havr to bc rliosrn such tliat tlicy fiilfill tlie hoiiiidaiy conditious. For oiir soliitioii. 
we havr diffc:rriit alieriiaii\r(*s. For tlir iiiilial node placeineiit, wr can follow ~ l i e  
iiudc ~~l>ic(~iririit s t r ; i t c ~  of t11c staii<liir<l ~iiudcls iri a firsl step aiid tlirii siiap 
the nodc to the closcst point on a street. Another possibility is to placc nodcs 
according to a random distribution on the streets a t  initidization timc. For the 
choice of the randoni destination, we can again follow a strategy th& randoinly 
sclects a position on the availablc s t m t s  or that. choses a randoni dcstination 
on tlie simulation area and thcn snaps the node to thc nearcst street. 

Without loss of gcnerality, for the implemcntation of our niodel, wc choose to 
place thc nodcs on the simulation area and thcn calculatc thc n a r a t  point on 
ii sircct. Thiis, 1>y using diflcrciii (niicvcii) randoin distrihutions, W caii ~xsily 
acrount for clifferent popiilatioii deiisitics in tlie siinulattwl area. 

3.1 Models 

Graph Randorn Walk (GRW). In the (standard) random walk (SRM') model, 
a mobile node rhooscr a random dircction and spccd, and moves for cither a cer- 
tain timc or a crrtain distrincc. It then pauses and starts ovcr, choosing nmv 
valncs, nncorrelated with the last direction and s p d .  

In our novcl graph randoni walk (GRW) modrl, a node starts on an edge of 
thc siniulated graph. I t  randonily selects a total distance it is willing to travcl. 
For starting t,he movcmcnt, tlie node has two possibilitin to niove along the 
cdgc. As soon as it hits a vertex, one of the edges leaving the vertex is randomly 



chosen. Our algorithni dors implcnicnt somc niemory here: the nodc will ncver 
movc back to whcre it came finin, un lm  it has cntcrcd a dead-end strcet and 
has nowhcrc else to mwe to. The step sim nicmoriizd is 1. \ n e n  thc distancc 
choscn in thc bcginning has bccn travclcd, thc node stopj (on thc cdgc), pauses 
for a random tinie, and starts over. 

Graph Random Waypoint (GWP).  In the (sta~idasd) random waypoint 
modrl (S\VP), a nodc sclccts a random point anywhcre within thc simulation 
arm. It then movcs to thc sclected destination with a randonily selected s p d ,  
following the shortest path. It thcn p a u m  and starts ovcr. Iniitating that bchav- 
ior, our new G\YP niodcl sclccts a random destination somcwhcre on an edge of 
the graph. It then calculatcs thc shortrst path to gct there. Thc cost of a scg- 
ment, uscd ta calculatc the shoitest path, is thc timc nwessry to travcl along 
that strect Segment. The mobile nodc follows that path until the dcstination is 
reachcd. l t  then pauscs and starts ovcr, sclccting a new destination. 

3.2 Implementation 

The implcnientation was pcrformed nsing the JiST/SM'ANS franicwork [I]. The 
JiSTfSWANS docunientation givcs further iiiformation about tlie simulation 
Al'l und thc interfaces for handliiig mobility models, node locations, etc. 

Random Values. To allow for flexil~le parainetcrizatioii of our inodels. W<: d c  
cided to be as gcncric as posible with respect to the cmploycd randoni nuniber 
gcnerator. Oiu proposed niodels niake use of randoni valua, e.g., to deterniinc 
wlicrc a new node should bc positioncd, how fast it should travcl. or how long 
a paiisc slioiild hn. To be flexible, we iieed to hr al~le to uimrporate diffw- 
cni rnndoin distrihiitions Tor ilicx diffcrcnt tnsh. Wliilr thr pasition oI a iicw 
nodc might bc unifornily distributcd ovcr thc cntirc siniulation arm, thc travcl 
speed could be Gaussian distributed with a certain variaiicc and a nican mr- 
respoiidiiig to the speed liinit oii tlic strcet. MG: liave choseii a Ilcxihlc random 
iiuiiil~<ir g<:iier;itui- tu fulfill tlic aforciii<:iitio~~c~I i-r<li~i,wiieiits. Tlie ValueServer- 
c l a s  of thc commons.rnath-packe 1141 is such a gcneric numbcr generator. Its 
defaiilt iinpleineiitation allows to spccify different distribiitioi~s ((roi~qt,aut. iiiii- 
form, Gaussian, cxponential) and their respectivc pararnctcrs (mean, variance), 
wlii(:ii caii IN: sl>ccitied iii tlie siiiiiilatiuii sctup. 

GraphRandomWalk (GRW). The implementation of the GRM' mobility 
model as described in Section 3.1 is quite straight forward: the Uobiiity-intcrfacc 
of JiST/S\VANS spccifies two inctliods whicli haw: to be hpleineiitcd: public 
HobilityInfo i n i tO  and public void next0.  

The initO-method is called to initialim thc rnobiiity model. It returiis an 
object of type UobilityInfo (in our case ~raph~andom~alk~nfo) which Stores the 
information about the movenient that is needed in the next movenicnt stcp. This 
includes: 

- thc rcmaining distance uiitil thc nodc pauscs for a certain timc, 
- thc currcnt speed the nodc is travcling with, 
- tlie next uiaypatnt (a vcrtex on thc g~aph)  the nodc is travcling to, and 
- the number of niovcment stcps remaining until thc ncxt waypoint is reachcd. 

Thc waypoint is an objcct of type Locationcontainer. It storcs the Location thc 
node startcd fmm and thc Location thc nodc travels to as well as the correspond- 
iiig ver t im of the grapli. Thc start aiid end locations rnay bc situated anywhcrc 
on the edge given by the two vcrticcs. 

Thc initO-method is callcd by the MobileInterface (usually of type Field) 
containing thc node to be movcd. M'hcn the nicthod is called, thc id and thc 
ciirrriit loratioii o i  1 hr uoclr nre pa..<erI t C> 1 lir m ~ l  hnd. The l k t  slrp in 1.11~ inovc 
nicnt proccs is to snap the node to thc ncarcst edge on the graph (sincc the 
p d  location niight not be on thc graph). Aftcrwards, onc of tlie vertim of thc 
cdge is randomly selcctcd as t,he next destination. These two stcps arc both done 
by a caii of MobilityCraph.getNext(int xPosition, in t  yposition). It retiirns 
an objcct of t)7>e Locationcontainer which is storcd in CraphRandomWalkInfo and 
contains a start location (thc location the node is snapped to) and a dcstination 
loc~tioii. Tliis desluiatioii is Ihr first waypoint. A travelling speed is geiieratcd 
by a Vaiueserver (sl>ix.itie<l ii110ii c~iistructiuii <>f Gra~> l~Ru~ id~ i i iW~lk )  usiiig tlie 
niean spee<l of thc cdgc tlic nodc is currently travcling on as thc mean of thc 
random distribution. The last step of the initialiiation p i n  oonsists of chom 
ing a random distancz after which tho node paum.  This is again done by a 
ValueServer specitietl iii tlie ~uiiatiuctui-. 

Thc nextO-niethod is called by the UobileInterface each time the node 
should perforni or schedule it,s next step. Thc node movcs aloiig the cdgc un- 
til either thc waypoint is reached or tlie randoni distancc, chosen in i n i t 0 ,  
has becn travclled. lf a waypoiiit is reached, a new waypoint is generated as 
Cxplained in S ~ t i 0 n  3.1 by caiiing HobilityCraph.getNext(Vertex startvertex, 
Vertex destinationVertex). A new travel spced is chasen mrd ing ly .  

Thc distance of each stcp is subtractcd froni the random distancc c l imn  in 
i n i t 0 .  I i  tliis distuiiic iiiially I>wuiiici zcvu, tlic iiudc puiis<s ftir a ruiidoiii tiiiic. 
This tinie is again gcncratcd by a ValueServer. Aftcr thc pause, the movement 
procm bas to be restartcd, which is achicvcd by calling i n i tO .  

GraphRandomWaypoint  (GWP).  In the C W P  model, the nodes follow a 
path, which is c h m n  as cxplaincd in Section 3.1. Wc basc our iniplementation 
on the JUNG Graph classcs (Java Universal NctworkfGraph, see [15]), thus, a 
path returned by thc JUNG niethods contains a  ist of JUNG w e s .  Thcse can 
not bc directly used for thc movenient of thc nodes in JiST/SMrANS. Instcad 
the Location of thc vcrtim and t,hc niean specd on the edges has to be cxtractcd 
froni this List. To represent thc path in an adequate way, thc c l m  iiaypoint is 
intmdiiced. An objcct of t h i  typc storcs a Location, the s@ that sliould be 
uscd to travcl to this Location, and thc next iiaypoint (whicli is null if tbc last 
Location was thc cnd location of thc path). 



For the concrete implenientation, the two methods init ( . . . ) and n e a  ( . . . ) 
havc to bc implcmcntcd oncc morc. Fbr this niobility model, the inforniation 
that hai to be passcd from one step to the iiext is storcd in an objcct of type 
CraphRandomUaypointInfo, which coiitains: 

- the current speed the nodc is travcling with, 
- tlie palh the node still has to travel on, m d  
- the numbcr of movcmcnt steps rcmaining until thc ncxt waypoint is reachcd. 

Diiriiig the iiiitiaüzatioii, the iiocle has to be snapped to an etlgc of the graph first 
(W scction 3.2). A randoni destination Location is gencratcd using ValueServers. 
Tlie fastest path froni the ciirrent Location to the newly gncratcd dcstination 
(see section 3.1) c m  now bc computed. This path is storcd in the Uaypoint objcct. 
of the CraphRandomUaypointInfo as explaincd before. 

A cail of thc next0 mcthod starts the movement of the node along thc path. 
For each cdgc a ncw randoni spccd is c h w n  with a mean which is cqual to 
the speed storcd in the Uaypoint ohjcct. WI(.II tlio find drstinntioii is reached, 
the iiodc pauscs for a random time. Afterwards the movement can bc rcstartcd, 
which is again done by caliing the init0 inctliod. 
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(a) UhlLclass-diagram for Field (b) UML clsssdiagrani for CroupingField 

Figure 1: UML clas-diagraiuiiis 

Grouped Mobility The CroupingField claüs adds t,he possibility of groupcd 
nodes to the Field class. This means that the nodes can niove in a parene 
cliild-i-cliirioiieIiil), wli<:rc tlic iiiov~iiiciit uf tlic pirmit sfkrts tlic iiiovciiiciit of 

the children. Fig. l a  shows a class-diagrani of thc existing Field claüs as it was 
already prescnt in .liST/S\VAKS. Fig. l b  shows t,hc cxtcndcd structure of the new 
GroupingField ciass. Thc RadiffiroupData ciass is an cxtension of thc ElementData 
class and holds an additional rcfcrenn: to an object of the RadioCroup class. 
Tliis class holds thc sct of ElementData objects that bclong to this group. The 
movcnicnt of the eleiiients is now pcrfornid as follows: 

1. A Hobility objcct calls the moveElement(id. location) method of thc 
CroupingField. 

2. Using the id, the oorrnponding ElementData object is rctrievcd froni Field. 
3. Thc Location of this object is set to tlie ncw Location. 
4. If thc element is an instancc of RadioCroupData, the move(. . .) niethod of t,he 

RadioCroup is caiied. 
6 .  Knowing its old Location as weil a? thc iicw Location, thc RadioCroup now 

calculates its relative rnovenicnt. 
6. Tlie RadioCroup thcn m o m  its members by the calculated relative movemcnt 

by caliing thc setElementLocationRelative(. . .) mcthod of the CroupingField 
for each group menibcr. 

7. If the nicmbcr is a group itself, the proass is recursivcly restartcd froni 3. 

4 Experimental Evaluation 

M1c rvaliiiitcd oiir modcls prcx!iit<.d in Sectioii 3 in diiTcrciit swaar ia~.  Goal of 
our analysis is to address the following issues: 

- Nodc <listributioii: clocs oiir GWP iiioil<:l cxliibit ir rluskriiig cff<:ct riiiiiilar 
to thc one observrd in the SWP model [13]? 

- Spced dccay: do o w  models e.xhibit a dccny of the mean specd ovcr siniulation 
tinic as observed in the standard niodels [12] and how d w  the mcan pausc 
liirie of Lhr iiodrs aliect tlic awrage spnvl observed? 

We evaluat~xl tlii, iiioliility iiiodels oii t w ~  diiiemiit i-oad sceiiarios. S<:<:iiariu 1. 
which is shown in Fig. 2a represcnts a part of a city (2400m*2400ni) with a 
dense strcet nctwork whcrc all the streets are of equal type, nicaning that they 
all have the same spced limit of 40kmlh.. Scenario 11, shown in Fig. 2b, has a 
g u t e r  variety of streets (1900ni*1900n1, including highways with a speed limit 
of 7Okmlh) and is not as dense Sccnario I. The road dats  was taken from the 
pnblic Tiger/LinoDatabasc [16]. Each of the rcsults prwnted in this seetion 
is thc avcragc of 20 simulations with 100 nodes cach. For the GRW model, thc 
travcl distance was Gaussian distributed with niclln Ird = 5km and a variancc 
of od = 1.5km. 

4.1 Node Distribution 

Fig. 3 shows thc utilization of the streets of our scenarios after a simulatcd time 
of 48 hours, where utiliation is nicasurd as thc total time the street is used. 



The travcl speed was Gaussian distributd, with the nican P,,, of street i set to 
the speed liniit of street i .  The wriancc was set to G,,, = O.l/b.,i. For thc SWI' 
inodel, a mcan speed of Ir. = 40knilh was used, which is the s m e  as the s p d  
limit of the streets in Scenario I. A wriancc of m, = 0.1 . ~ r ,  was used for the 
SWP simulation, too. The pause time of thc nodes was set to ecro for all niodels. 

In the GRW niobility simulation, thc utilization is uniformly distributed on 
811 strccts in Scenario 1 (SE Fig. 3, left), as it is for a standard raiidoni walk 
(SRW) niodel 151. In Scenario 11 (sec Fig. 4, left), onc obscrvcs that t,he utilization 
of thc highways is lower than thc onc of the normal streets. This is due to the 
fact that a nodc choosec its next streets independently of the street s p d  limits. 
Since thc speed on the highways is higher than thc speed on thc normal streets, 
thc niean time a nodc tmvels on apar t  of a highway is lowcr than the mean tinic 
spent on a part of a normal strcct of the sanic 1cnGh. In the GU'P sccnario, a 
clustering of the nodes is clearly visible (see Fig. 3 and Fig. 1, right). Wliilc in 
the SWP model thc node density is highcr a t  the center, in the GWP modcl, 
clustcring does not ~iecgsarily occur in the centcr. In G U T  the nodes chcck for 
thc fastest path from onc loation to another. Thc utilieation of astreet dcpends 
on its menn speed and on the shape of thc street grid itsclf. Duc to the nearly 
uniform distribution of strcets in Sccnario 1 (scc Fig. 3, right), the strccts are 
iiscd with similar prohability. But as in the SWP niodel, most nodes want t o  
travcl through tlie center. This is why there ic a higher utihation of the streets 
in the centcr of the simulation area. In Scenario 11 (sec Fig. 4, right) most fastcst 
paths from one end to the othcr end of thc simulation area use the Iiighways. 
These strcets arc more henvily loadcd than thc strcets in the ccnter. 
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(a) Scenario 1 (b) Scenario 11 

Figure 2: S tmt  scenarios used for evaluatioii. 

Figiue3: Node ditribution in Scenario I using p p h  mndom walk (GRWr, left) vs. 
gmpti rnndom waypoinl (GWI', riglit) n~obility mo<lel. 

Figure4: Node distribntioii iii Srenario 11 using p p h  mndom wok (GRW, left) vs. 
gmph mndom waypoant (GWP, riglit) mobility inodel. 

I 
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(a) Mean speed over time (b) Menn speed W. päusetinie 

FigureS: (a)Mrmi syRed A over time 1 and (h) nican speed ii vs. pausetinie J+, 



4.2 Speed Decay  

For t,hc randoni waypoint niodcl it has been shown that the mean speed of the 
nodcs decays w e r  timc, siiicc niore and more nodes gct stuck on long paths with 
l<iu, sperds [12]. Fig. 5 (a) sliows tlie iiistantaiieoiis ineaii speed 6 of the nodes 
ovcr a simulated timc of 48 hours using the sanie speed sesettinp as in Scction 
4.1. Thr instniitanmus mcm spccd is dofi i i~l  as 

with N being thc total nuniher of nodes and vi(t) the spced of node i a t  timc t. 
Since there arc streets with a spccd limit of more than 40kmfh in Scenario 11, 
the ovemll nicaii speeds for Scenario I1 are highcr thcn the corresponding spceds 
for Scenario I. Sincc thc highways in Scenario I1 are uscd morc oftcn for G W P  
than for CRW, the main sperd in Scenario 11 for GWP is higher than the mean 
speed for GRW. Using our scttings, no sperd d c a y  can be obscrvcd within the 
simulated time. This is duc to  thc fact that t.hc speeds of the nodcs arc not chosen 
froni a uniform distribution hut from a Gaussian distrihution with a rather small 
variancs. Fig. 5 (b) shows tlie iiiflucncc of the ineaii paiise tiinr 1% on the overall 
incaii speed 6. Tlic pause time being Gaussian distrihuted with a mean of 11, 
vaqing from 0 to  70 minutes and a varianm of U, = 0.3.11,. AS expcctcd, the 
mcan spcrd drops with incressing pause time. In our simulation, t,he spccds for 
GWP droppcd faster than the sperds of GRW. Th' i  is b w u s e  the distribution 
of thc travcl dist.ances used in GRW is not cqual to tlic path length distribution 
for G\VI': in G\17P thc nodes pause more often, thus lcading to  a lowcr nican 
s p d .  

5 Conclusion 

Iii our work, wc iiiirodiired two novel graph-hascd scheines for siniple and cfi- 
cient modeling of node mobiiity for use in simulation environmcnts: gmph mn- 
dom wok and gmph mndom wagpoinl. In comhination with thc possibility to  
group nodes, this prcsents a p m r f u l  tool for r d i s t i c  simulation of real-world 
niovcmcnt, while keeping thc instnntiation p r o m  of the niodcl rathcr simple 
and intuitive. Our models arc hased on the existing Standard randoni walk and 
randoni waypoint modcls. In particular, wc increasc thc realism of t h n c  stan- 
dard iiiodels by limitiiig iiodc moveineiit to  prrdefiiied strcets. At tlic Same tiine. 
we addrw wcll-known problcms of thc Standard models such CIS non-uniform 
iiodc-distrihntion or speed dccay over time. As a proof-of-mncept, wc imple- 
mented thc dcvcloped niodels using the JiSTfSWANS simulation environmcnt. 
We performed a performance evaluation in which our niodcls have shown to bc 
adaptable to various kinds of city topologies and produced meaninghil results. 
Apart Froiii being apt for different topologies, our inodel as wcll as oiir imple- 
meiitatioii approach was dezigie<l to allow for flexibility, e.g., hy iiirorporating 
different raiidoin distributioiis. The currciil work ol>ciis iip several promisiiig av- 
eniies for furthcr research. Care should be takcn that the quest for realisni does 

not lead to too mniplicated niodcls, which on thc oiic hand are highly complcx 
(also in tcrms of mniputational coniplexity), and on thc othcr hand do not aid 
thc hctter understanding of ad hoc protocol bchaviour in real nctworks. 
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