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Abstract

Few real-world applicationsof mobile ad hoc networkshave
beendevelopedor deployedutsidethe military ervironmentand
no tracesof actualnodemovemenin areal ad hoc networkhave
beenavailable In this paper we proposea novel commetial ap-
plication of ad hoc networking we describeand evaluatea mul-
titier ad hoc network architectuie and routing protocol for this
systemand we documenta new source of real mobility tracesto
supportdetailedsimulationof ad hoc networkapplicationson a
large scale Theproposedsystemwhich wecall Ad Hoc City, isa
multitier wirelessad hocnetworkroutingarchitectue for geneal-
purposewide-aleacommunicationThebadbonenetworkin this
architectue is itself alsoa mobilemultihopnetwork,composeaf
wirelessdevices mountedon mobile eets sud as city busesor
deliveryvehicles.We evaluateour proposeddesignthroughsim-
ulation basedon tracesof the actualmovemenbf the eet of city
busesin the Seattle Washingtonmetopolitan area, on their nor-
mal routesproviding passengr bus servicethroughoutthe city.

1. Intr oduction

In anadhocnetwork, mobilenodesself-oiganizeto form
a network without the needfor infrastructuresuchasbase
stationsor accesgoints. Eachmobilenodeactsasarouter,
forwardingpaclketson behalfof othernodesgcreating‘mul-
tihop” pathsthatallow nodesbeyonddirectwirelesstrans-
missionrangeof eachotherto communicate Routingpro-
tocolsfor ad hoc networks must discover such pathsand
maintainconnectvity when links betweennodesin these
pathsbreakdueto factorssuchasnodemotion or wireless
propagatiorandinterferencechanges.

Few real-world applicationsof mobile ad hoc networks
have beendevelopedor deplojedto dateoutsidethe mili-
tary ervironment,andasa result,no tracesof actualnode
movementin a real ad hoc network have beenavailable
for ad hoc network routing protocol simulation studies.
The vast majority of performanceevaluationsof ad hoc
network routing protocolshave usedrandomizechodemo-
bility models(e.g.,[1-3, 12, 13, 22, 23, 27, 34)).
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We proposea novel commercialapplicationof ad hoc
networking, which we call Ad Hoc City. Ad Hoc
City is a scalable multitier ad hoc network architec-
ture, consistingof a small numberof wired basesta-
tions plus a mobile multihopwirelessbackboneserv-
ing mobile usersover a metropolitanarea;the back-
bonenodesareimplementedn mobile eets, suchas
city busesanddelivery vehicles,which alreadycover
theareaof acity in bothspaceandtime.

Wedocumentnew sourceof realnodemobility traces
to supportlarge-scalerealistic simulationsof ad hoc
network routing protocols.We acquiredseveralweek-
longtracesof themovementof the eet of city busesn

Seattle Washingtonpn their normalroutesproviding

passengebus servicethroughouthe city.

We describea routing protocol for the Ad Hoc City

architecturewhich we evaluateusing thesereal mo-

bility traceswhich include 750 to 850 mobile nodes.
Ourroutingprotocol,calledC-DSR(CellularDSR),is

anextensionof the Dynamic SourceRoutingprotocol
(DSR)[23].

Theoriginal DSR protocolis anon-demandoutingpro-
tocol for ad hoc networks that has beenshavn through
earlier simulationsto performwell [2], but DSR was not
designedfor the hierarchical,multitier architectureof the
Ad Hoc City systemandhasnot beenusedwith networks
of thesizeusedin our simulationdasednthecity bus eet
of Seattle.We have modi ed the operationof DSRto sup-
port the scalableon-demandouting neededn our system.
C-DSRis consistentvith thedesignphilosophyof DSRand
operatentirely on-demand.

We simulate the performanceof the Ad Hoc City
network mobile backbonewith C-DSR using our move-
menttracesof the Seattlecity buses.In our simulationsthe
busesrepresenmobile nodesforming the wirelessmobile
backboneof the Ad Hoc City architecture.The numberof
network nodes,including mobile nodes(buses)and8 base
stations presenin our simulationsvariesbetween/50and
850. This network provideswirelessserviceto an areaof
approximately6000squarekilometers(2000squaremiles).
Our simulationsshav that the systemperformswell; C-
DSR successfullydeliversover 96% of the originateddata
paclets,with averagedelivery lateng of around86 ms.

Section 2 of this paper describesrelated work. In
Section3, we presentan overview of our Ad Hoc City



network architecture. Section4 summarizeghe standard
operationof the Dynamic SourceRoutingprotocol (DSR),

andSection5 presentghe designof C-DSR. In Section6,

we describethe real movementtracesthat we collectedto

enableevaluationof Ad Hoc City. We discussour eval-

uationmethodologyin Section7 andresultsin Section8.

Finally, we concludewith Section9.

2. RelatedWork

Qiaoetal. [29] presentedn architecturfor enhancing
cellular networks callediCar, in which wirelessrelay sta-
tions are placedon the bordersbhetweencellsandareused
to improve the load balancingof thetraf c amongthecells
andto decreasesall blocking. Hsiehet al. [15] also pro-
posedasystenfor enhancingcellularnetwork with adhoc
network routing,in whichnodesuseadhocroutingto reach
the basestationalongmultiple hopsandswitchto cellular
operationwhenthe bandwidthavailablein ad hoc modeis
lower thanthat achiezablein cellular mode. Unlike these
proposals,the systemwe presentin this paperdoesnot
usethe traditionalcellular protocolsbut insteadutilizes an
ad hoc network backbonatself composedf mobile wire-
lessnodes.

Therehave beenseveral proposaldor a hybrid cellular
andadhocnetworkinginfrastructuren which nodeswithin
a cell usead hoc network routing to reachthe basestation
responsibléefor the cell [14, 16, 17, 25]. Theseproposals
focuson the designand performanceof the hybrid system
within a single basestationcell, however, and do not dis-
cusstheroutingmechanism$or roamingbetweerdifferent
cells.

A numberof approachesave beenproposedfor con-
nectingan ad hoc network to the Internet(e.g.,[26, 31—
33)). For example ,Maltz etal [26] describecanimplemen-
tation connectingan ad hoc network runningthe Dynamic
SourceRouting protocol (DSR) [23] to the Internet,using
Mobile IP. Their approachallows for roaming of nodes
betweendifferentad hoc network cloudsand betweenan
ad hocnetwork cloud andthe Internet,andusessubnetting
to distinguishbetweennodesin differentad hoc network
clouds.This addressingchemas moresuitablewhenmo-
bile nodesroambetweerad hocnetwork cloudsonly occa-
sionally andspendmostof their time in their “home cell”
In this paper onthe otherhand,we assumehatnodesmay
roambetweerdifferentcellsonaregularbasis andthatthey
donothavea“homecell” In addition,thoughour architec-
ture supportscommunicationbetweenan ad hoc network
and the Internet, our emphasisis on on-demandrouting
within thead hocnetwork.

The mostcommonlyusedmobility modelsproposedor
usein simulationsof routingin ad hoc networks arebased
onrandommobility patternge.g.,[1-3, 12, 13, 22, 23, 27,
34]). Thesemodelsrely on probability distributionsto de-
terminethe location, speed,and direction of eachmobile
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Figure 1: Example of the Ad Hoc City Architecture

node or groupsof nodesin the network. Somemodels
of vehicularmotion have also beenproposedn the liter-

atureto model the movementof carson highways based
on driver behavior models(e.g.,[4, 10]). Thoughsuch
movementmodelsare importantfor routing protocol per

formanceanalysis,they may not accuratelyrepresenteal

mobility of individual nodes.The movementscenariopre-
sentedin this paper on the other hand,are basedon real
tracesof the motion of buseson their regular routesin

SeattleWashingtonThesdracesallow usobseneprotocol
performanceén a morerealisticsetting.

3. Ad Hoc City Overview

Ad Hoc City is amultitier wirelessad hocnetwork rout-
ing architecturdor general-purposeide-areacommunica-
tion. Thebackbonaetworkin ourarchitecturés composed
of wirelessdevices mountedon mobile eets, suchasthe
city busesor delivery vehicleswithin a city. Thesevehicles
covertheareaof thecity in bothspaceandtime,andcanbe
organizedn a multihopwirelessad hoc network backbone
that provides network accessand generalcommunication
serviceghroughouthecity. In addition,in the Ad Hoc City
architecture several x ed basestations,with which nodes
cancommunicatever multihop pathsaresitedthroughout
the metropolitanarea;thesebasestationsimprove ad hoc
network routing scalabilityandprovide Internetconnectv-
ity. Individual mobile userswithin the city can commu-
nicateover this architectureusingdevicessuchaslaptops,
PDAs, or futurecellularphonesto connecto thelnternetor
to communicatevith eachother An exampleof theAd Hoc
City architecturds illustratedin Figure 1, with the routes
shavn betweerseseralmobile users.

By usingmobile eets asa network backbonedeploy-
ment of the Ad Hoc City infrastructureis greatly simpli-

ed. For example,no x edsitesfor thesebackbonenodes
needto be purchasedr leased;maintenancés simpli ed,
sincethevehiclesnaturallyreturnto a baseor headquarters



aspartof their normalroute, thusobviating the needfor a

technicianto be dispatchedo a remotesite and avoiding

the needfor equipmento accesplacesthataredif cult to

reachsuchaspoll tops. In addition, the effect of physical
failure of any backbonenodeis lessenedasit is averaged
overtheareaof thevehicle'sroute,andothervehiclesin the

mobile eet will naturally Il in mostcoveragegapscaused
by thefailure. Theonly x edpartof thenetwork infrastruc-
tureis a smallnumberof basestationnodesanddueto the

multihop routing capability of the ad hoc network mobile

backbonenodes placemenbf the x ed basestationnodes
is signi cantly simpli ed overtraditionalarchitecturesuch
ascellularsystemsgxactplacementfor exampleinvolving

topographicabuneys, is not necessaryThe useof ad hoc
network routing contributesto the robustnesandadaptve-

nesof thesystenrelative to traditionalcellularsystemsas
therouting protocolis ableto adaptto changesn network

topologyandnodefailures,aswell asto routearoundcon-

gestedareasof the network.

4. DSROverview

The Dynamic SourceRouting protocol (DSR) [23] for
wireless ad hoc networks operatesentirely on-demand
DSR transmitsrouting paclets only when a nodetries to
sendpacletsto anothemodefor which it doesnot have a
route in its Route Cache,or when a route that a nodeis
using breakswhile the nodeis actively usingthis routeto
forward paclets. As aresult,DSR only reactsto topology
changeghat affect routesthat areactively beingused,and
only incursoverheadn responsédo actualcommunication
demandsn the network.

DSRdoesnotcreateary forwardingstatein thenetwork;
instead the completesequenc®f hopsalongthe pathto a
destinations storedasa sourceroutein theroutingheader
of eachpaclket. Sourcerouting providesthreemain bene-
ts: pacletseasilyalwaysfollow aloop-freepath,forward-
ing behaior is extremelysimple,andeachnodeforwarding
or overhearingthe paclet can harnestrouting information
from the paclet's sourceroute.

DSR employs two basicmechanismsRouteDiscovery
andRouteMaintenance To discover arouteto the destina-
tion of anew pacletfor whichthe sendeidoesnot currently
have a route, the senderinitiates Route Discovery; to de-
tectthat a route beingusedfor a paclet no longerworks,
RouteMaintenances used.During RouteDiscovery, in its
simplestform, the sourcenode oods a ROUTE REQUEST
paclet. Whenthe REQUEST reachesthe destinationfor
which the route is neededthe destinationreturnsthe dis-
coveredroutebackto thesourcan aROUTE REPLY paclet,
along the reverse path traversedby the REQUEST. The
returnedroute is then usedby the sourcenodeto source
route subsequentlata paclets to the destination. Route
Maintenanceuseshop-by-hop(or passie) acknavledge-
mentsfor datapacletsin orderto detectthata link along

the routeto the destinationis broken. Whena nodealong
theroutedetectsabrokenlink, it sendsa ROUTE ERROR to
the datasource,indicatingthe brokenlink to remove from
its RouteCache.

The DSR speci cationincludesa numberof optimiza-
tions to the protocolin additionto the basic mechanisms
describedhere. An extensionto DSR to eliminate the
perpaclet overheadof sourcerouting hasalso beenpro-
posed[19]. Incorporatingthis extensioninto C-DSRis a
topic of futurework.

5. Network Architecture Design

Ad Hoc City is a multitier ad hoc network architec-
ture that enablesgeneral-purposevide-areacommunica-
tion services,suchasin a metropolitanarea,asshavn in
Figurel. Therearetwo typesof mobile nodesin the com-
pleteAd Hoc City architecturepersonalmobilenodessuch
aslaptopsand PDAs, which are owned by end-usersand
networkmobile nodes which are mountedon vehiclesin
mobile eets and form the mobile backboneof the net-
working infrastructure. The network thus forms a hier-
archical, multitier structure. Network mobile nodesroute
pacletsbetweerpersonamobile nodeswithin the Ad Hoc
City network, and betweenpersonaimobile nodesandthe
Internet,througha smallsetof x edbasestations.

Eachbasestationsenesthe mobilenodeswithin atopo-
logical cell aroundthe basestation. The coverageof this
cellis determinecdhot by thewirelesstransmissiomangeof
the basestationbut by a distancein wirelesshopsfrom it;
thatis, all nodeswithin somenumberof wirelesshopsof
the basestationusethat basestationasa point of connec-
tion to the Internetandto nodesin othertopologicalcells
within the Ad Hoc City network. Each network mobile
nodein turn senesa varying setof personalmobilenodes
that are currentlylocatedwithin direct transmissiorrange
of it. Eachpacletis routedalonga possiblymultihoproute
betweennetwork mobile nodesto the basestationnearest
thesourcenode;this basestationthenroutesthepacletinto
the Internetor to the basestationclosestto the destination
mobile node,which thenforwardsthe paclet to the desti-
nation. If the sourceanddestinatiomnodesare bothwithin
the Ad Hoc City network, whenit is moreef cient to com-
municatedirectly ratherthanthroughabasestation paclets
betweerthe sourceanddestinatioraremultihoproutedbe-
tweenthe network mobile nodeclosestto the sourceand
the network mobile nodeclosesto the destinationpypass-
ing ary basestations.

In our design,personalmobile nodesdo not participate
in data paclet forwarding, as they typically would have
limited enegy resourcesandsincesuchforwardingwould
complicatenetwork managemenin termsof, for example,
securityandtopologycontrol.

Personalmobile nodes may use a protocol such as
Mobile IP [28] to associatewith a network mobile node.



Sincemechanismgor providing this associatiorbetween
personamobile nodesand network mobile nodeshave al-
readybeenextensively exploredin theliterature(Section?),
we focus on the designof the mobile backboneof our
network; in particular we focus here on the protocol al-
lowing a network mobile nodeto communicatewith other
network mobile nodesand with basestations,asit moves
within atopologicalcell or betweercells. In therestof this
paper we usethe term mobile nodeto refer to a network
mobilenode.

We do notdiscusssecurityfor Ad Hoc City in this paper
A proposalto secureDSRis presentedn [20] andcanbe
appliedto our architecturavith somemodi cations. In ad-
dition, a schemdor chaging nodesfor network usagen a
multihopcellularnetwork runningasourceroutingprotocol
is discussedn [30] andmay alsobe usedin the context of
Ad Hoc City.

5.1. Mobile Location Register

One of the basestationnodes,or possiblya dedicated
machine calledthe Mobile Location Reyister, keepstrack
of the location of eachnetwork mobile node, i.e., which
basestationthe nodeis associatedvith. This information
is indexed by mobile nodeaddressandis keptin a regis-
tration table at the Mobile Location Register. Eachbase
stationkeepsa registration table cache in which it caches
registrationtableentriessothatit doesnot have to consult
the Mobile LocationReggistereachtime it needgo forward
apaclet.

In our simulationswe assume reliable,wired link with
unlimitedbandwidthbetweereachpair of basestationsand
alsoto the Mobile LocationRegister. Thoughour protocol
doesnot dependon in-orderor reliable paclet delivery for
correctoperation,a mechanisnfor retransmittingpaclets
lost over suchlinks may be necessaryor improvedperfor
mancein arealimplementation.

In our design,data can originate from a mobile node
within the Ad Hoc City network, or from an Internetnode.
We assumethat the Mobile Location Register can deter
minewhetheradestinatioris in theadhocnetwork orin the
Internet,andasa resultRouteDiscovery is not performed
for destinationghatarenot within the ad hocnetwork. For
example, if the ad hoc network were allocateda CIDR
block [11], the Mobile Location Register could use the
addresspre x to decidewhetheror not a nodeis in the
adhocnetwork.

5.2. Location Registration

Our extensionsto the DSR protocol are entirely on-
demand,as routing control functions are performedonly
when there is a needto discorer a communicationpath
betweena pair of nodes. The locationsof mobile nodes

arediscoveredthroughmonitoringof datapacletsandcon-
trol pacletssentaspartof the RouteDiscovery andRoute
Maintenancerocedurednitiatedby C-DSR.

A network mobile nodemay associatevith a basesta-
tion whenthe basestationhearsa ROUTE REQUEST orig-
inatedby that node,or whenthe noderepliesto a ROUTE
REQUEST from aRouteDiscoveryinitiatedby thebasesta-
tion. If no entryin the registrationtable exists for a node
whenanothemnodeattemptdo sendpacletstoit, theMobile
Location Registerinitiates paging to discover the location
of the destinationnodeanda routeto it. Paginginvolves
performing Route Discovery from one or more basesta-
tions in an attemptto discover a route to a mobile node,
asdescribedn Section5.7.

Each time a base station hearsa ROUTE REQUEST
paclet initiated by a mobile node, it forwardsit to the
Mobile Location Register. To ensurethat the freshestin-
formationis keptin the registrationtable, the registration
entryis updateasednboththehopcountandthe ROUTE
REQUEST identi er: morerecentROUTE REQUEST iden-
ti ers always take precedenceand betweentwo ROUTE
REQUESTs with the sameidenti er value,the onewith the
shorterhop counttakes precedencelf the sourcemobile
nodeof this ROUTE REQUEST is not currently registered
in the registrationtable at the Mobile Location Register,
or if the new ROUTE REQUEST takesprecedencever the
currentregistrationfor that mobile node,thenthe Mobile
LocationRegisterupdatests registrationtableto recordthis
basestationasthe currentbasestationservingthat mobile
node.

In order to also register the target node of a ROUTE
REQUEST initiated by a basestation(e.g., asin paging),
thetargetincludesanadditional eld in its ROUTE REPLY
to carry what would have beenthat nodes next ROUTE
REQUEST identier. This identi er allows the ROUTE
REPLY to be orderedrelative to ROUTE REQUESTS ini-
tiated by the mobile node; the Mobile Location Register
is thus able to choosethe freshestinformation for reg-
istration; stale ROUTE REPLYS do not modify the reg-
istration table, but fresh REPLYS can override existing
registrations

The Mobile Location Register can also usethe source
routeof ROUTE REQUESTS and ROUTE REPLYS to create
implicit registrationsfor thenodedistedin it. In particular
eachREQUEST andREPLY containsa sourcerouteending
at somebasestation;the Mobile LocationRegistercanim-
plicitly registereachnodein thatsourceroutewith thatbase
station. Theseimplicit registrationscannotbe usedto up-
datethe registrationtable entries,astheir freshnesgannot
be determinedbut they canbe cachedandusedto optimize
paging,asdescribedn Section5.7.

As mentionedin Section5.1, eachbasestation keeps
a cacheof registration table entriesthat it has usedre-
cently Whena basestationrecevesa datapaclet for for-



wardingandhasno cachedregistrationtable entry for the
destinationof the paclet, it queriesthe Mobile Location
Reagisterin orderto updateits cacheandto determinehow
to routethe paclet. This procedurds describednorefully
in Sectionss.4and5.5.

5.3. Route Discovery

Whena mobile node S wishesto senda datapaclet to
adestinatiorD, it checksits RouteCachefor arouteeither
to D or to ary basestation. A routeto a basestationwill
only be selectedf thatrouteis of lengthlessthanor equal
to hy, wherehy, is a network-wide parametethatrepresents
themaximumnumberof hopsthatanodecanbe awvay from
abasestation.This valuedepend®ntheplacemenbdf base
stationgn the network, asdescribedn Section7.1.

If the mobile nodedoesnot have a route to the desti-
nation in its Route Cacheor the route is not acceptable
becausdts length exceedshy, the node buffers the data
paclet andinitiates a RouteDiscovery by ooding a hop-
limited ROUTE REQUEST paclet for the destination. The
hop-limitin this ROUTE REQUEST pacletis setto the max-
imum numberof hopsanodecanbefrom abasestation hy,.
As in the baseDSR protocol (Section4), non-duplicate
copiesof the ROUTE REQUEST paclet are forwardedby
eachnodewithin the speci ed hoplimit.

Whena basestationrecevesa ROUTE REQUEST for a
targetnodeD, it reverseghe list of nodesaccumulatedn
the sourceroute of the ROUTE REQUEST packet and in-
cludesthislist in theheadeof a ROUTE REPLY pacletthat
it sendsbackto the sourceof the REQUEST alongthis re-
versepath.In addition,thebasestationforwardstheRouTEe
REQUEST to the Mobile LocationRegisterfor registration
purposesasdescribedn Section5.2.

The destinationrnodeD may be within the hop-limit of
the ROUTE REQUEST ood, in which caseD will alsore-
ceivethe REQUEST paclet. Asin thebaseDSRprotocol,in
this caseD will returna ROUTE REPLY in responseo the
REQUEST.

As in the baseDSR protocol, if the sourcenodedoes
notreceivea ROUTE REPLY for its RouteDiscovery, it will
continueto repeatthe Route Discovery, with an exponen-
tially increasingnterval betweerDiscovery attemptsup to
amaximum,or until all pacletsit hasbufferedto this desti-
nationtime out.

Whena sourcenodeS sendinga paclet to a destination
nodeD hasa routein its RouteCacheto eithera basesta-
tion or to D within hop limit hy, then S sendsthe paclet
for D alongthe bestroutein its Cache.Givena choicebe-
tweenmorethanone basestationroute, the senderS will
choosethe basestationthat is the fewestnumberof hops
away; givena choicebetweera basestationrouteanda di-
rectrouteto D, then S will choosethe shorterroute, and
if the routesarethe samelength, it will choosethe direct
route.
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Figure 2: Route Discovery and base station processing when
the destination is still in the cell of the base station recorded
in the Mobile Location Register's registration table. This g-
ure shows the control packet exchange among a data source,
the base stations, and the Mobile Location Register, when the
source has a packet to send to a destination but does not have
a route to either the destination or any base station in its Route
Cache. The dotted lines indicate messages sent only when nec-
essary. For example, a Route Discovery will not be initiated if
the appropriate route is in the node's Route Cache; instead, the
data will be forwarded immediately.

When sendinga datapaclet directly to the destination,
the sourcecan place a sourceroute in the paclet, asin
the baseDSR protocol. Whensendinga datapaclet to a
destinationusing a basestationroute, the sourceaddsthe
(source)basestationaddresgo the endof the sourceroute
it includesin the paclet'sheaderThe RouteDiscovery pro-
cedureaswell astheprocessingf datapacletsatthesource
anddestinatiorbasestations(Section5.4and5.5) areillus-
tratedin Figure?2.

5.4. Data Packet Processingt the Source BaseStation

When a basestationreceves a datapaclet forwarded
to it by a mobile node(asopposedo by anothermasesta-
tion), it checksits registrationtable cachefor an entry for
the destinationof the paclet. If suchan entry exists, the
basestationremovesthe sourceroutefrom the datapaclet
andforwardsthe paclet to the destinationbasestation. If
the sourcebasestationdoesnot have anentryfor the desti-
nationnode,it buffersthe paclet,createanemptyentryfor
that destinationand queriesthe Mobile Location Register
for the basestationassociatedvith the destinationof the
paclet. Packetsreceved while the basestationis waiting
for aresponsérom theMobile LocationRegister,indicated
by an existing but emptyregistrationtablecacheentry, are
bufferedby the basestation.



The basestationqueriesthe Mobile Location Register
by sendingit a QUERY paclet. Whenthe Mobile Location
Register recevves a QUERY, it checksits registration ta-
ble for an entry for the destinationnode speci ed in the
QUERY. If anentry exists, the Mobile Location Register
returnsa QUERY REPLY with the addressf the destina-
tion basestationin whosecell the destinatiomodewaslast
registered. If no suchentry exists, the Mobile Location
Register initiates paging for the destination,as described
in Section5.7. When a basestation receves a QUERY
REPLY, it updatests registrationtable cacheentry for the
destinationin the QUERY REPLY, then checksif it has
ary paclets buffered for the destinationspeci ed in the
QUERY REPLY; if so,it forwardsthe buffereddatapaclets
to the destinationbase station speci ed in the QUERY
RepPLY. Figure 2 shows the processingstepsat a source
basestation

If thesourcebasestationandthedestinatiorbasestation
arethe same,i.e., the sourceandthe destinationarein the
sametopologicalcell, the sourcebasestationwill belisted
in theregistrationtablecacheasthe destinatiorbasestation
for thatdestinatiomode.No specialprocessings required
in this case,asthe sourcebasestationassumeshe role of
a destinatiorbasestation,andperformsthe processingle-
scribedin Section5.5.

5.5. Data Packet Processingat the Destination
BaseStation

Whenthe sourcebasestationsendsa paclet to another
basestation,asdescribedn Section5.4,thereceving base
station,which we call the destinationbasestation checks
its RouteCachefor arouteto the destinatiorof the paclet.
If thedestinatiorbasestation nds sucharoutein its Cache,
it placesthis routein the sourceroute of the paclet and
sendsthe paclet along that route. Otherwise, it buffers
the paclketandsendsa No ACTION QUERY to the Mobile
LocationRegister.

The Mobile Location Register doesnot initiate paging
in responseo a NO ACTION QUERY. The purposeof this
QUERY is to allow a basestationthatno longerhasaroute
to thedestinatiorto checkwhetheror notit shouldinitiate a
RouteDiscoveryfor this mobilenode,or whetherthatnode
hasalreadyregisterecelsavhere.

When the Mobile Location Register receves a NO
ACTION QUERY, it checkdts registrationtablefor anentry
for the destinationnode speci ed in the QUERY. If the
Mobile LocationRegisterhassuchanentry; it returnsaNo
AcTION REPLY specifyingthe basestationcurrentlyasso-
ciatedwith the destination.If no entry for the destination
exists, the Mobile Location Registerinsteadreturnsa No
ENTRY REPLY; theMobile LocationRegistermaynothave
an entry for a destinationnode even when suchan entry
was cachedat the sourcebasestationbecausehe Mobile
LocationRegistermayhave rebootedrecently

When the basestationrecevesa NO ACTION REPLY
from the Mobile Location Registerindicatingthatthe mo-
bile nodeis now associatedvith a different basestation,
it cacheghe new registrationfor the destinationin its reg-
istrationtable cache andthenreturnsthe buffered paclets
for this destinatiorto the sourcebasestationfrom which it
receved them. Similarly, whenthe basestationrecevesa
No ENTRY REepPLY from the Mobile Location Register, it
returnsall bufferedpacletsfor thatdestinatiorbackto the
basestationfrom whichit recevedthem.

Beforea pacletis returnedto the sourcebasestationin
this way, however, a“Stale Flag” is setin the headeof the
paclet,allowing thereceving basestation(i.e., the paclet's
sourcebasestation)to identify it asa stalepacket. Whena
basestationBS, recevesapacketfrom someotherbasesta-
tion BS with the StaleFlag set,thenBS, checksif its reg-
istrationtable cacheentry for the destinationof the paclet
pointsto BS, asthe destinatiorbasestation. If so,BS; re-
movesthatentryfromiits registrationtablecache. ThenBS;
clearsthe StaleFlag and processeshe paclet asif it was
justrecevedfrom a mobile nodeinsideits topologicalcell,
asdescribedn Section5.4.

If, aftersendinga NoO ACTION QUERY, abasestationre-
ceivesaNO ACTION REPLY indicatingthatit is thecurrent
basestationfor the destinationnode, it concludeghat the
mobilenodeis still in its topologicalcell, andinitiatesBase
StationLocal RouteRepair asdescribedn Section5.6.

5.6. BaseStation Local Route Repair

WhenabasestationrecevesaNo ACTION REPLY from
the Mobile LocationRegisterindicatingthatit is the desti-
nation basestationfor somedestinationnodefor which it
doesnot currently have a route, it performsa local route
repairprocedurethe basestationalsoperformslocal route
repairwhen,while forwardinga pacletto somedestination,
the basestationrecevesa ROUTE ERROR for thatdestina-
tion. While a basestationis performinglocal routerepair
for a destination,it buffers any new paclet it recevesfor
thatdestination.

In local route repair a basestation performsa Route
Discovery for that destinationin its topologicalcell, and
reattemptghat Route Discovery if necessarat exponen-
tially increasingintervals, up to somemaximumnumber
of Discovery attempts. Each Route Discovery ood is
hop limited to the size of the cell, hy,. If the destina-
tion basestationrecevesa ROUTE REPLY in responsdo
its Route Discovery, it updatesits Route Cache,and for-
wardsthe buffereddatapacletsalongthe new routeto the
destination

If thedestinatiorbasestationdoesnotreceive a ROUTE
RePLY after the maximumnumberof Route Discoveries
has beenattempted,the basestation returnsthe paclets
to the source base station, setting the “Stale Flag” in
the headerof each paclet as describedin Section5.5.
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Figure 3: Base station processing when the destination is no
longer in the cell recorded in the Mobile Location Register's
registration table. At point (1), at the destination base sta-
tion, a data packet arrives from another base station, and the
base station does not have a route to the packet's destina-
tion. At point (2), the source base station receives stale data
packets from the old base station; it queries the Mobile Location
Register for the latest registration information for the destina-
tion. The Mobile Location Register may initiate paging, if a
DELETE caused it to delete its entry for this mobile node; oth-
erwise, it responds with the address of the current base station
with which the destination is associated, allowing the source
base station to send its buffered data packets to the new desti-
nation base station.

The base station also sendsa DELETE paclet to the
Mobile Location Register, indicating that the destination
is not in its topologicalcell. Whenthe Mobile Location
Register receves a DELETE paclet, it checksits reg-
istration table to ensurethat the DELETE was receved
from the basestation with which the destinationis cur-
rently registered. If the messagés indeedfrom the cur
rentbasestation,the Mobile Location Registerdeletesthe
entry for that destinationfrom its registrationtable; oth-
erwise it ignoresthe DELETE, asit mustbe stale. The
basestation local route repair procedureis illustratedin
Figure3.

When a local repair fails, or when a sourcebasesta-
tion sendspacletsto a basestationwith which the desti-
nationis no longerregistered(Section5.5), the pacletsare
returnedto the sourcebasestation ratherthan being for-
wardedto a new destinatiorbasestation. This mechanism
wasdesignedor simplicity and correctnespurposesasit
ensureghat only one basestationis responsiblefor dis-
covering the destinationbasestationfor pacletssentby a
mobile nodein its cell, andthat routing loops which may
otherwiseresultfrom staleregistrationinformationwould
notoccur In particular pacletsmay getpassedrom base
stationto basestationin a cycle as a resultof suchstale
information

5.7. Paging Mechanism

Pagingis usedto locatea destinatiormobile nodewhen
it is not currently registeredwith ary basestation. The
Mobile LocationRegistercanimplementarny pagingpolicy
usingtheinformationin its registrationtable,includingthe
implicit registrationinformation describedn Section5.2.
In particular ary optimizationusedin traditional cellular
systemganalsobeusedin the Ad Hoc City architecture.

We use a simple policy to improve paging basedon
implicit registrationinformation. If the Mobile Location
Registerhasno existing registration,includingimplicit reg-
istration, for the destinationspeci edin a QUERY paclet,
the Mobile Location Register sendsa PAGE paclet to
all basestations;eachbasestationthen initiates a Route
Discovery for the tamgetdestinatiomode,indicatingin the
ROUTE REQUEST thatthis REQUEST is a page.Otherwise,
if theMobile LocationRegisterhasanexistingimplicit reg-
istration for the destination,it rst sendsa PAGE only to
the basestation with which the destinationwas last im-
plicitly registered. Thatbasestationtheninitiatesa Route
Discovery pageasdescribedabove. If the Mobile Location
Registerdoesnotreceive a new registrationfor the destina-
tion within atimeout,it sendsa PAGE to all basestations.If
the Mobile LocationRegisterdoesnotreceve a new regis-
tration for the destinationwithin a further timeout, it con-
tinuesto pageall basestations,up to MAX_PAGESimes,
with anexponentiallyincreasingimeoutbetweereachnen
attempt

6. BusMovementTraces

To evaluate the Ad Hoc City architecture,we used
tracesof the actual movementof busesin the Seattle,
WashingtorareaKing CountyMetro bussystem.We chose
the King County bus systembecausehe datawas avail-
able on-line, and becausebus movementpatternsclosely
match other vehicular traf c patterns; Seattle also pro-
vides a topographicallychallengingrouting ervironment,
createdby a 35 squaremile lake in the middle of the city
(Figure®6).

The King County bus systemis composedof over
1200vehiclescovering a 5100 squarekilometerarea. An
AutomatedVvehicleLocation(AVL) systemtrackseachbus
using a combinationof odometryand signposttransmit-
ters[7]. Internetuserscanmonitorthelocationof eachbus
in real-timeusingthe Busvien software[6—8]. We devel-
opedmechanismgor recordingthe databeingdeliveredto
Busviewn clients,andfor corverting the recordeddatainto
movementpatternssuitablefor usein thens-2network sim-
ulator[9], whichwe useto evaluateour system(Section7).

Figure 4(a) shavs the numberof busesin the traces
we collectedover a two week period startingon Saturday
Novemberl7,2001. The numberof buseshasa very pre-
dictableday-of-the-weelpattern: on weekdaysthe num-
ber of busesreachesabout1200, threetimes as mary as
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Figure 5: Movement Scenario Routing Characteristics

on Sundaysand holidaysand slightly more thantwice as
mary ason SaturdaysThedip on ThursdayNovember22
correspond$o Thanksgving Day, on which busesrantheir
Sundayschedules.

The tracesare basedon location updatemessagesent
by eachbus; the numberof updateshat are senton each
day, shawvn in Figure4(b), follows a similar weekly pattern
asthe numberof buses.Between230,000and380,000up-
datesare sentper day, which representdetween317 and
525updategperbusperday.

The bus movementtracesalsoshov a very pronounced
diurnal cycle, shavn in Figure 4(c), with clearly de ned
morningandeveningrushhourspikes;the numberof buses
during rush hour is higherthanthe numberof busesdur
ing otherdaytimeperiodsby up to a factorof 2. Topology
controlalgorithmscouldbe usedto exploit this known and
clearly de ned cycle to increaseor decreasehe transmis-
sion rangeof the nodesas necessaryo maintainnetwork
connectvity. For example, such an algorithm could re-
ducetransmissiorrangeduring rushhour to increasetotal
network throughput,and increaserangeat othertimesto
maintainconnectvity.

Perbusinterupdatetimeson aweekdaybetweerarush
hour period and a non-rushhour period are similar, with
about70% of the updatesbeing 12 minutesapartor less,
andabout90% being 20 minutesapartor less. The speeds
reportedby the busesat rushhourandnon-rushhourtime
arealsosimilar, with 90% of the averagespeeddeingless
than 10 miles an hour and 97% being lessthan 20 miles
anhour

To betterunderstandhe routing characteristicof our
scenarios,we analyzedthe topology createdby the bus
movementtraces. As nodesin the network are assigned
longer wirelesstransmissionranges,the node degree of
eachbusincreasesasexpectedFigure5(a)). In ourtraces,
when the wirelessrangeis 3 km, mediannode degreeis
100,whereasatarangeof 1 km, mediannodedegreeis 30.
Thoughrelatively low nodedegreeis desirabldor improved
scalability a1 km-rangeresultsin substantiahetwork par
titions (Figure5(b)). To balancebetweemetwork connec-
tivity andscalability in our simulationswve chosearangeof
1.5km (Sections7 and8). We thenchosea link bandwidth
of 2 Mbps, which is consistentwith bandwidthutilization
in CDMA2000[24]. We usea x ed nominaltransmission



rangefor simplicity; a nodein anactualdeploymentcould
dynamicallychoosea wirelessrangebasedon its location,
congestiorlevel, basestationaf liation, andtime.

7. Evaluation Methodology

To evaluatethe Ad Hoc City architectureand C-DSR
protocol, we simulatedit usingthe ns-2 network simula-
tor [9] with theMonarchwirelessextensiong2]. Thesimu-
latorincorporatesnodelsof signalstrengthyadiopropaga-
tion, wirelessmediumcontention captureeffect, andarbi-
trary continuousrodemobility. Thestandardadiomodelin
ns-2is basednthelLucentTechnologiesVaveLAN 802.11
product[21], which providesa 2 Mbps transmissiorrate
andanominaltransmissiomangeof 250m. As describedn
Section6, we modi ed thephysicallayerfrom thebasens-2
distribution to increaséhe nominalrangefrom 250 meters
to 1.5km. Ourimplementatiorof C-DSRis basedon the
versionof DSR that usesthe Link-MaxLife Route Cache
cachingstratey [18].

In our simulationsevaluatingAd Hoc City andC-DSR,
we used six distinct 15-minute sggmentsfrom our bus
movementtracesfrom Monday November19, 2001, 7—
8am and WednesdayNovember21, 2001, 5-6pm. The
numberof busesin thesemovementscenariosvaries be-
tween750 and 850. Runninglonger simulationswas not
possibledueto resourcdimitations.

7.1. BaseStation Placement

To improve the scalability of our systemandto enable
Internetconnectvity, we addeda small numberof x ed
basestations. Basestationplacemenin traditional cellu-
lar networksis a long, painstakingand expensve process
in whichanoptimallocationis choserfor eachbasestation,
usingsignalstrengthmeasurementandcellularusagepre-
diction techniques.In our Ad Hoc City architecturesuch
precisionin placingthe basestationsis not necessarythe
adhocnetwork is notassensitve to propagatiorconditions
andobstacleshecaus¢heroutingprotocoladaptgso thedy-
namictopologyof the network andis ableto usemultihop
routes.

In our experimentswe chosethe basestationlocations
to satisfythefollowing criteria:

Eachmobile nodeshouldgenerallybe within a spec-
i ed maximumnumberof wirelesshops, h,, from a
basestation.We chosethis maximumnumberof hops
in our simulationsto be 8.

Areaswith high nodedensityaresened by morebase
stationsin orderto improve scalability

We placedatotal of 8 basestationscoveringthe Seattle
area. The locationsof these8 basestationsare shavn as
large black dotsin Figure 6, which is an approximatesu-
perpositionof the basestationpositionson a slightly mod-
ied USGS aerial photographof Seattlefrom Microsoft
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Figure 6: Locations of the 8 Ad Hoc City base stations in
Seattle, Washington in our simulations. The smaller marked
points show an example snapshot of the locations of the buses
at one point in the bus movement traces.

TerraSerer [5]. The smallermarked pointsshaw the cur-
rent position of eachbus in the city at one speci ¢ time,
to illustratethe typical distribution of buseswithin the city
andaroundeachbasestation. The coverageof a basesta-
tion is the setof mobile nodeslocatedwithin the speci ed
hy, maximumnumberof wirelesshops(e.g., 8) from that
basestation.

Without the use of basestations,with a transmission
rangeof 1.5km, themaximumpathlengthis upto 48 wire-
less hops. With the 8 basestationsaddedto the sce-
nario,the maximumpathlengthis at most20 wirelesshops
(Figure 5(c)). In addition, 90% of the nodesare within
6 hopsof a basestation,yielding a maximumpathlength
of 12 wirelesshops. By imposinga limit of 8 wireless
hopsasa maximumdistanceto a basestationwe exclude
asmallnumberof nodesthataresometimesot within ary
basestations topologicalcell. Had we not imposedthis
limitation, thesenodeswould often be partitioned, since
they arein a very sparseareaof the network, such as
the location 30 km eastand 18 km north of the origin in
Figure6.



The number of busesin eachtopological cell varies
basedon the densityof the cells. With the currentchoice
of basestationlocationsandtopologicalcell size,the me-
dian cell populationis 50 buses,and 7 of the cells con-
tain 250 busesor less. Over a period of 15 minutes,58%
of the busescrossover into neighboringcells; 90% of the
busesthat crossover into other cells perform fewer than
7 crosswoers,and 90% of the transitionsbetweencells are
within 150 secondsof eachother Thesefasttransitions
indicatethat most crosseersare causedby busesmoving
alongthe boundarybetweenra pair of neighboringeells.

7.2. Communication Patterns

Each of our communication patterns consists of
200 unique o ws, eachof which generatedour 64-byte
pacletspersecondFlows arrive following a Poissordistri-
butionataloadof 20 Erlang(i.e., thereare20 simultaneous
o wsonaverage)with a x ed o w holdingtime of 90 sec-
onds. We chosethis modelbecausét representgommu-
nicationpatternstypical of smallwirelessdevices,suchas
cellularphonesaandpersonatigital assistantéPDAs). Each
pair of communicatinghodeswaschoserrandomlyacross
all connectegairsof mobilenodes.

7.3. PerformanceMetrics

To evaluatethe performanceof the Ad Hoc City archi-
tectureand C-DSR, we usedfour metrics: paclet delivery
ratio, packet overheadpacletlateng, andpathlength.

Packet Delivery Ratio, or PDR, is the fraction of data
pacletsoriginatedoy theapplicationlayeronasourcenode
thatarerecevedby theapplicationlayeratthe correspond-
ing destinationnode. Padket Overheadis the numberof
control pacletssentby therouting protocol. For eachsuc-
cessfully delivered paclet, we computePath Lengthand
PacketLatency PathLengthis thenumberof timesapaclet
wastransmittedover the wirelessmedium. Packet Lateng
is thetime it takesfor a paclet to be deliveredto its desti-
nationonceit is generatedby the sourceapplication.

8. Results

We performed6 simulationruns,describedn Section?,
eachfor 900 secondf simulatedtime. In thesescenar
ios, paclet delivery ratio (PDR) rangedbetween92% and
97%, medianlateny was42.52ms, andaverageoverhead
was 222 overheadpaclet transmissionger network node.
Becauséheresultsfor our six simulationrunsexhibit com-
parableperformancewe discusgheresultsof onesuchrun
in detailin this section.In particulay we discusgheresults
from the the eveningrushhour on WednesdayNovember
21,2001 ,betweerb:00pmand5:15pm PST

We divided the 900-secondsimulation time into 10-
secondntervals. Figure7(a) shavs the numberof paclets
sentandrecevedduringeachinterval. Thevariationin sent
pacletsis dueto thevaryingnumberof o wsactive ateach
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Figure 7: Performance Metrics

point in time (Section7.2). Overall paclet delivery ratio
(PDR)for this experimentwas 96.17%.Figure7(b) shovs
the overall PDR andthe PDR within each10-secondnter-
val. Thetrafc loadandPDR arecloselycorrelated;each
timeanew o w begins,the PDRdeclinesasaresultof the
overheadFigure7(c)) of searchingor a new route,which
mayincludepaging.

Paclet overheadrisesrapidly when nev o ws arein-
troducedin the network. For example,at times 310 and
710secondsb to 6 new o ws enteredthe network, result-
ing in a substantiaincreasein paclet overhead. In fact,
thelatter10-secondnterval represent40%of theoverhead
over the whole 900-secondun. In this simulation,a total
of 199,9330verheadpaclets were sent, which represents
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anaverageof 235overheacdpacletspernetwork node,over
a period of 900 seconds.Even thoughthe the numberof
overheadbacletsexceedshe numberof datapacletsby a
factorof 10 atcertainpointsin thesimulation thisoverhead
is distributedamonga greatemumberof nodesthanis data
traf c, andthusits effectonary onenodeis small.

A total of 21%of pacletswereableto bedeliveredwith-
out traversinga basestation; 57% of thesetraversemore
thanonehop. Figure 8 shows the distribution of wireless
hop pathlengthsof deliveredpaclets,i.e., the numberof
wirelesshopseachpaclettraversedo reachits destination.
The communicatingpairsof nodesin our simulationstend
to berelatively closeto a basestationbecause largenum-
berof thewell-connecteahodesarein thevery densedown-
town areas;as a result, theseare the nodesthat often get
pickedwhenauniform randomselectiorprocedurds used.

Mostpacletsaredeliveredwith low or moderatdatengy;
the 95th percentilelateng is 86.57msfor all paclets. For
pacletstraversingthe basestations 95th percentilelateng
was 119.24ms, of which 50 ms simulatedthe wire delay
betweerbasestations.For pacletsnot traversingary base
station,95thpercentildateng was9.05ms. Suchlatencies
shouldnot posea seriousproblemfor network trafc, as
they aretypical of currentinternetlatencies.

Overall, our evaluationdemonstrateshat the Ad Hoc
City architectureis viable and can provide good perfor
mance;further optimizationsto the protocolwill alsoim-
prove this performance For example,varying the wireless
rangeof nodesto controlthe nodedegreeandthereforethe
level of spatialmultiplexing, will leadto increasedaclet
delivery ratios. In addition,a numberof improvementsjn-
cludingtheuseof a betterpagingpolicy, modi ed basesta-
tion placementef cient broadcasglgorithms,andvariable
topologicalcell sizesfor morebalancedell loads,caneach
signi cantly improve performance.

9. Conclusions

Few real-world applicationsof mobile ad hoc networks
have beenproposedand studied,and no tracesof actual
nodemovementin a real ad hoc network have beenavail-
able. This paperhasproposeda novel commercialappli-

cationof ad hoc networks, for which we designeda multi-
tieradhocnetwork architecturendroutingprotocol,which
we call Ad Hoc City. The Ad Hoc City architectures de-
signedfor general-purposeide-areacommunicationsuch
asin ametropolitanarea.In addition,we have documented
a new sourceof realistic mobility tracesto supportde-
tailed simulationof new ad hoc network applicationson a
largescale.

We evaluatedour architecturethroughdetailedsimula-
tion, usingtracesof actualnodemovementof the eet of
city busesin the Seattle, Washingtonmetropolitanarea,
on their normal routes providing passengetbus service
throughoutthe city; the numberof mobile nodesin our
simulationsrangesbetween750 and 850, providing wire-
less serviceto an areaof over 5000 squarekilometers
(2000squaremiles). Thesereal-world mobility tracespro-
vide a unique and challenging environment for ad hoc
network routing protocol performancesvaluations. In our
simulationsof the Ad Hoc City architectureusing these
mobility traces,our protocol designachieres paclet de-
livery ratios of over 96% with averagedelivery lateng of
around86 ms. Overall, our simulationsdemonstratehat
the Ad Hoc City architectureis viable, andthat with fur-
ther optimizations,could provide good performancen a
realdeployment
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