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Abstract

Bluetoothis a standad for wirelesspersonalarea net-
works. Thecurrentstandad doesnot supportroamingbe-
tweendifferentbluetoothnetworks.In this paperwewill in-
troducepotentialroamingtechniquesfor datatransfersce-
nariosusingBluetoothhardware devicesandpresent cor-
respondingJML model.
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1 Introduction

Bluetooth is an establishedstandardfor short-range
wirelesscommunication. The Bluetooth specificationen-
ablessmall devicesto interactwithin a shortrange. These
deviceinteractionaareknown aspersonabreanetworks[1].
The standardselatedto Bluetoothinclude both the hard-
ware (radio, basebandind hardware interface) and basic
protocollayersthatallow Bluetoothsoftwareto run on dif-
ferentBluetoothenableddevices.

Bluetoothhastwo typesof networks, piconetsandscat-
ternets A piconetis a network with only one masterand
mary slavesconnectedo it. Scatternetsonsistof different
piconetsconnectedy devicestaking partin morethanone
piconet. Becausdhereis only onemasterallowedin each
piconet,a Bluetoothdevice canbe masterin oneandslave
in otherpiconetsor slave in all piconetsit is connectedo.

The currentBluetoothstandarddoesnot supportroam-
ing of devicesbetweerpiconetd2]. If adeviceislosingthe
link to its master no provision is madeto transferthe con-
nectionto anothemaster Therearesereralreasonsvhy the
Bluetoothstandardioesnot supportroaming,including:
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e The main usagesf Bluetoothare cablereplacement
of locally fixed devicesandsupportof short-termad-
hocnetworks(e.g.synchronizatiorof desktopPCsand
PDAs). For theseapplications,roamingis not re-
quired.

e Bluetoothis supposedo be very simple,efficient and
cost-s&ing. Roamingsupportwould enlaigetheBlue-
toothprotocolstack,makingdevicesmoreexpensve.

e It is hardto definethe roamingboundaryin piconets
becauseveryBluetoothdevice canbe masteror slave.

Neverthelessroamingwithin Bluetoothpiconetsmight
beusefulin somecasesg.g.for Bluetooth-enabledetwork
accesausing LAN accessoints. Assuminghaving more
than one BluetoothLAN accessoint, roaming might be
usefulfor having aseamlessonnectiorevenwhile moving.

In additionto thegenerausage®f Bluetooth,Bluetooth
hardwaremayalsobe usedto establistsimpledatatransfer
scenarioghat do not make useof the Bluetooth software
stack, but only of the lower hardware layers. Becauseof
the standardizedhardware interface, the good availability
of cheapBluetoothhardware devicesandthe usageof the
free-of-chagefrequeny bandat 2.4 GHz, Bluetoothhard-
wareis preferableover other (proprietary)radio transmis-
siontechniques.

2 TheApplication

In the contet of this paper the needfor a basicroam-
ing supportfor Bluetoothdevicesdescenddrom a project
betweerthe Institute of ComputerEngineeringat the Uni-
versity of Libek andseveral otheracademi@ndindustrial
partnerg3]. This projectis situatedin a medicalenviron-
mentandits goal is to replacethe traditional cable-based



monitoring of patientsduring sumgical treatmentswith a
wirelesstransmissiorof the patients monitoring dataus-
ing Bluetoothhardwaredevices. By transmittingthe sensor
datavia radio, the mobility of the patientwill beincreased
significantly the numberof artifacts(often causedby the
cablesthemseles)arereducedaswell asthe overall cost
for thereplacemenof brokencables.

Sensordatalik e electrocardiogranfECG), temperature
or blood pressurearegatherecat a mobiledevice, digitized
andtransmittedvia radioto fixedunits(receives). Themo-
bile deviceis fixedat the patients bed(or the patientitself)
which may be moved during the entire monitoring period.
Oneof theadwantage®f this wirelessmonitoringis a con-
tinuousdatatransmissionthroughoutall thedifferentstages
thepatientpasseshrough(e.g. preparation anesthesiology
- sulgery - wake up - intensive care). Thus,the connection
betweenthe mobile devices and the receivers mountedat
the hospitalswalls or ceilings must be handedover from
onerecever to the next while the patientis moving. The
recevershave to be mountedin sucha way thatthe entire
areathe mobile device canreachis covered. To allow a
seamlesgonnectionthe areascoveredby the antenna®f
two adjacenteceiersareoverlapping(Figurel).

In this scenario differentunits (e.g. sensorunits, dig-
itizing unit and radio transmissionunit) sharethe same
rechageablebatterypack. The electricpower consumption
playsanimportantrole in the designof the system. As a
consequencey mobile device only consistsof a smallem-
beddeddevice including the Bluetoothchipsetand a low-
currentmicrocontrollerwithout a completeBluetoothpro-
tocol stackrunningonit. Fromnow on the term Bluetooth
device denominatesa device using a Bluetooth hardware
unit to sendandreceve datawithout necessarilyusingthe
completeBluetoothprotocolstack.

3 Redated Work

As mentionedbefore,no explicit roamingsupportis in-
cludedin the Bluetoothstandard. Although roamingsup-
portwould extendthe capabilitiesof Bluetoothenabledie-
vicesdecisvely, very little work hasbeendoneup to now
to provide appropriatesolutions.

Jozef Steelantintroduced different roaming concepts
basedon paclet relaying[4]: He assumeshat mastersare
fixed units connectedo a fixed network, while slavesare
mobile units. If a mobile unit losesthe connectionto the
fixed unit it currently communicateswith, a new unit is
chosento relay all the pacletsto the communicatiorpart-
ner Steelant conceptsarerealizedby insertingan extra
relayinglayerbetweerthe BluetoothL2CAPlayert andthe
higher layersthat usethe L2CAP layer The insertionof

1TheL2CAPlayermultiplexeslogical connectionsiponphysicallinks.

this extra layer allows almostall Bluetoothapplicationsto
malke useof theroamingcapabilities.This kind of roaming
is necessaryf thecommunicatiorstronglydependsn one
specialmaster

However, in applicationsvheremastersareonly actas
gatevays, relayingtechniquesare not neededor datafor-
warding,which is the casein our applicationintroducedin
Section2: If the slave losesthe connectionto its current
masterary new mastercantake overthe gatavayingfunc-
tion without having to relay all the receveddatato the ini-
tial master

In the following, we will introducea newn Bluetooth
roamingapproachwhich differs from Steelan® approach.
For our approachwe do not needthe L2CAP layer of the
Bluetoothprotocolstacks.We intrudedirectly on the hard-
wareinterface. Also, we do not usethe inquiry procedure
for roaming,but requesdirectly for a connectiorto a nen
masterwhich we calculateby meansof precedingspatial
positionsof the slave. Thus, our approachis moresimple
andmoreefficient.

4 Roaming for Bluetooth

For describingour roamingalgorithm, we first have to
explain the basic proceduredor building up connections
betweerBluetoothdevices: In orderto establishnew con-
nectionsbetweerBluetoothdevices,the proceduresnquiry
and paging are used. The inquiry procedureenablesa
device to discover which other devices are in its range
andwhattheir uniqueBluetoothdevice addressegBD ad-
dressey are. Knowing the correctBD addressan actual
connectioncan be establishedwith the paging procedure
(connectionrequest. Assumingthe pageddevice accepts
theconnectiorrequestpothdevicesreceive theconnection
confirmationmessag@ndthe connectionis establishedA
device that confirmsthe connectionestablishmenivill au-
tomaticallybecomethe masterof the connectiorwhile the
otherdevice becomesghe slave If both devicesagree the
rolescanbe switchedary time aftercompletionof the con-
nectionprocedure.

4.1 Roaming Algorithm

The basicroamingapproactpresentedn this work has
beendevelopedin the contet of the medicalscenariode-
scribedin Section2. It assumeshatall receversarecon-
nectedto a fixed network. This network alsoconnectghe
receversto otherapplicationor seners(Figurel).

The mobile devices are usually moving along the re-
ceivers. Becauseof the piconet structure, the recevers
ascentralunits becomemastersfor the Bluetoothconnec-
tions while the mobile devices becomeslaves. If a slave
runsthe risk of losing connectionto its actualmastey the
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Figure 1. Network Configuration

connectionmustbe handedover to the next master The

slave detectsthis point by periodically checkingthe qual-

ity of thelink to the master This canbe doneusingthe

HCI_Get Link_Quality commanddefinedin the Bluetooth
standard?2]. If the quality dropsbelow a certainthreshold
valuethe next masterwill be chosen.Becausedhe inquiry

procedurds very time-consumingup to 10s)andno data
transmissioris possibleduring this time, the slave tries to

connectirectlyto thenext mastemusingpaging(consuming
belonv 100ms). This impliesthatthe slave knows to which

masterit hasto contactedo next.

Unfortunately a slave hasno detailedknowledgeof its
spatialposition. For this reasonthe informationaboutpo-
tential new mastershasto be provided by the actualmas-
ter. To createa suitablelist for eachslave, the movements
of the slavesaretracked by a Location Server The Loca-
tion Sener storesthe physicalpositionsof all receversin
form of a connectiongraph. For eachslave thatis regis-
teredwithin the network, an orderedlist of mastersvisited
beforeis storedn theLocationSener. With thislist, aweak
predictioncanbe madeto determinewhich mastercanbe
connectedo in the next future. Weak predictionmeansin
thiscontext thatthenext masteicanbepredictedwith ahigh
probability becauséhe patients movementis normally di-
rectede.g.thepatientis moving from the preparatiomoom
to theoperatingroomgoingdown a certaincorridor.

If theslave connectso amastertheLocationSenerwill
be informedaboutthis connectiorby the master The Lo-
cationSenerthenbuilds up aroaminglist of potentialnew
mastersandreturnsit to the masterof the slave. After the
receptiorof thislist, themasteforwardsit to theslave. The
order of the roaminglist dependson the predictionmade
by the LocationSener, i.e. thelist containsall masterghat
maybereachedtthenext stepstartingwith themastemwith
thehighestprobabilitygoingdown to themasteravherethe
probability is very low. After the connectionis setup be-
tweentheslave andamasteydatacanbeexchangedandthe
link quality is checledperiodically

The Activity Diagramin Figure 2 shavs the actiities
of a slave necessaryor roaming. The slave triesto con-
nectto a master If the connectionis successfulthe up-

datedroaminglist is transferedo the slaze anddatacanbe
send.In parallel,thelink quality betweerslave andmaster
is obsened. If the quality getsbad, the slave will look in

theroaminglist for a new masterandtry to connecto that
masterdirectly. If, for any reason,no connectioncanbe
establishe@ndthusno connectiorconfirmationis recevved
by the slare, a warningmessagés sentto the user(e.g.by

a warning light or a specialsoundindicating that a prob-
lem hasoccurred).Anotherwarningmessagés sentto the
lastmaster If the connectiorto thelastmasteris still alive,

the receptionof a warningmessageanbe usedto initiate

appropriatexceptionhandlingmechanisms.

Figure 3 shavs a sequenceliagramfor a typical roam-
ing scenario. The diagramconsistsof four instances:the
Location Server, aSlave andtwo mastersvasterl andMaster2.
The slave sendsdatato Master1 and checksthe link qual-
ity. If theresultis below a predefinedhresholdvalue(i.e.
#good),anew mastemwill be calculatedy Siave by means
of its prioritizedroaminglist. In this scenariothe new mas-
ter is Master2. Slave sendsa connectionrequestto Master2
andgetsa confirmation.The confirmationindicateshatthe
connectionhasbeensuccessfullyestablished.Then, Mas-
ter2 informsthe Location Server thatit is now the new master
of Slave. Master2 receivesthe new roaminglist from the Lo-
cation Server and forwardsit to Slave. Hence,Master2 may
exchangedatawith the slave until thelink quality between
thembecomesveakagain.
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Figure 2. Roaming Algorithm as Activity Diagram
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RList.nextElement
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Figure 3. Roaming Analysis

4.2 Protocol Stack with Roaming L ayer

Figure4 shovs thedesignof the protocolstackresulting
from the proposedoamingapproachSpecialroaminglay-
ers(SlaveRoamingLayerandMasterRoamingLayer) are
added.They take careof the correcttransferof the connec-
tions. Our roamingapproachmakes no useof the higher
protocolstacksof Bluetooth.Thereforetheroaminglayers
areimplementeddirectly on the hardware interfacecalled
HostContmwller Interface(HCI). Theapplicationlayersare
setuponthe roaminglayers. The interfacefrom roaming
layerto applicationlayeris calledSlaveRoaminginterface
(SRI)andMasterRoaminglinterface(MRI), respectiely.

Additionally, a masteris specifiedas a fixed network
node. Thus, it alsoembodiesthe LAN protocol stacksto
be ableto communicatewith the local network. Theinter
face betweenthe Master Roaming Layer and the Ethernetis
calledLocal Networkinterface(LNI).
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Figure 4. Protocol Stack with Roaming Layer
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Figure 5. Bluetooth Roaming Package

5 Design with UML

In additionto the Bluetoothroamingalgorithmpresented
in theprevioussectionsyve alsoinvestigatedheapplicabil-
ity of thenewestversion(version2.0)? of the Unified Mod-
eling Languagg UML) [6, 7, 8] for modelingour roaming
approachTheusageof astandardizedndwidely accepted
modeling languagelike UML has several advantages: It
supportghe communicatioramongsoft- andhardwarede-
signersavoidsambiguitiedn thedescriptiorandallowsthe
usageof commerciatoolsfor documentationanalysisjm-
plementationand testing during systemdevelopment. In
this Section we describeanarchitecturalview onour Blue-
tooth roamingscenarioby meansof a UML packagedia-
gram,shav the communicatioramongthe UML Bluetooth
classesn form of sequenceliagramsandpresenthe local
behaior of aslave by usinga UML statemachine.

Figure5 shavsanUML packagadiagramwith different
classesnvolvedin our Bluetoothroamingapproach Simi-
larity canberecognizedetweertheclassesn Figure5and
the Bluetoothprotocolstacksin Figure4.

The slave classesare called Slave Application, Slave
BTRoaming and Slave BT-HW (Bluetooth Hardware). Theinter
facessrI andHcl connectthe classcomponentsith each
othetr

A Slave BT-HW is connectedo oneMaster BT-HW. Similar
to theslave classesndinterfacestherearetheclassesias-
ter Application, Master BTRoaming and Master BT-HW and the
interfacesvirl andHcI onthe masters side.

Master BTRoaming classis connectedo theLocation Server,
which represents nodein the local network, by meansof
theinterfaceLNl. Location Server OWNS a Net_Struct_Table and

2UML 2.0hasbeenadoptedby the OMG in June2003.Currently it is
atits standardinalizationstage.In this paper we follow the approactof
U2 Partners consortium[5], whois the main submitterof UML 2.0.



sd BT-Roaming
Location Slave
Server Application

con_reques]

Masterl_BT
Master
BT-HW

Master2_R
Master
BTRoaming

Masterl_R
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BTRoaming

Master2_BT
Slave " Master
BT-HW

Slave
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con_request
con_accept
con_confirm

con_confirm con_confir

connected(Slave)

connected(Slave)
ref RList :=
imakeList(Slave)
roamingList(RList,Slave) roamingList(RList,Slave)
roamingList(RList) roamingList{RList)
data data
get_link_guality
quality(good)
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dale{l | ! data,
get_link_quality
quality(bad)
ref

newMaster :=
Search_NewMaster()
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con_confirm
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]

connected(Slave) connected(Slave)

ref RList :=
makeList(Slave)

roamingList(RList,Slave) roamingList(RList,Slave)

roaminglLiist(RList) roamingList(RList)

data data,;
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A
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Figure 6. Roaming Scenario Design

several Slave_Roaming_Lists. Thereis exactly one roaming
list for eachslave. TheNet_Struct Table is a statictablewhich
provides information aboutthe structureof the local net-
work andthe physicalpositionof the mastersasnecessary
for calculatingeachslave_Roaming_List. In contrast,thein-
stance®f Slave_Roaming_List arechangingdynamically The
Slave_Roaming_List is updatedy theLocation Server whene&er
aslaveroamsto anew master Sincea copy of eachupdated
Slave_Roaming_List is transferredo its slave thereis alsoa
one-to-oneassociatiorbetweerslave_Roaming_List andSlave
BTRoaming.

In Figure 6, the sequenceadiagramdepictsa detailed
roamingscenario.Thereareeightdifferentinstancesn the
diagram:OnelocationsenerinstancecalledLocation Server,
threeslave instancesramedsiave Application, Slave BTRoam-
ing, Slave BT-HW, andfour mastersnstancesvith BT-HwW and
BTRoaming instancegor eachof Masterl andMaster2.3

The scenariostartswith a connectionrequestfrom the
applicationinstanceof the Slave to Master1.* The hard-

3The applicationinstancesf Masterl andMaster2 arenot shavn be-
causeoamingis independentrom theapplicationlayers.

4In orderto provide an intuitive understandingf the signals,we ab-
stractedthe namesfrom the real Bluetoothsignalnamesn the Bluetooth

sd Search_NewMaster(): Stri@J
:Slave :Slave
Application BTRoamin

: NewMaster :=

RList.nextElement

[NewMastet 1=NULL]

‘ :Slave ‘ Search_

BT-HW

NewMaster

[NewMastef == NULL]

| ‘ “warning: RList gmply"
i"waming: RList empty“§ ‘
Phbdibnts: b st A

NULL !

Figure 7. Seach_NewMaster()Function

wareinstanceMaster1_BT confirmsthe connectiorestablish-
mentandthe roaminginstancemasterl R informsthe Loca-
tion Server thatSlave is now underits responsibility®

Hence, the Location Server calculatesand updatesthe
roaminglist RList of the Slave andsendst to Master1_R. Mas-
terl_R forwardsthe RList immediatelyto the Slave Roaming
instance. Henceforvard, datacan be exchangedbetween
Slave andMaster1 until thelink quality becomedad.

The verificationof the link quality is doneperiodically
betweenthe Slave BTRoaming instanceandthe Slave BT-HW
Instancelf thelink quality is provedto bebad,anew mas-
ter is needed. For that, the function Search_NewMaster() is
called by Slave BTRoaming. This function looks up in the
RList and picks out the nameof the bestreachableneigh-
bouring masterandreturnsthe nameof the nev Masterto
Slave BTRoaming (Figure 7). In casethatRList is empty a
warningwill be sentto boththe Slave Application andthe old
Master(if it is still possible).Additionally, a NULL valueis
returnedo instanceslave BTRoaming.

In our scenarigin Figure6), the new Masteris Master2.
Thus,a connectiorrequestwill be sentfrom Slave Roaming
instanceto Master2_R instance.If Master2 BT-HW confirmsa
successfutonnectiorestablishmenthe Location Server will
againbe informedaboutthe new statusof Slave. It updates
theroaminglist andsendst to the roaminginstanceof the
new master Master2_R forwardsthe list to Slave BTRoaming
anddataexchangegsanbestarted.

A setof scenarioslik e theonespresentedh Figuress, 6
and7, canbe analyzedandusedto generatdocal views of
classbehaiors. Onepossibility of UML to describesuch
local behaviors arestatemachines.

As an example,Figure 8 shows a statemachineof the

specificatior]2].
5Sincethereis a lot forwardingtraffic betweerthe instancesye only
describethe sourceandthe destinatiorinstance®f a message.
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slave roaminginstanceSlave BTRoaming. This instancere-
ceivesmessagefrom the Slave Application instanceandthe
slave hardware (Slave BT-HW) instance. The diagramcon-
tains the statesbisconnected, Connected and Roaming. Dis-
connected is a compositestatewith multiple sub-states;on-
nected hasorthogonakub-states.

In the beginning, the Slave BTRoaming instanceis in the
sub-stateDisconnect Of stateDisconnected. If it recevesa
connectionrequestfrom the applicationinstance,it for-
wardstherequesto the hardwareinstanceandgoesinto the
sub-stateDisc_Wait, waiting for a connectionconfirmation
from the hardware. If the confirmationmessagealoesnot
arrivewithin 2 secondsSlave BTRoaming instancegoesback
to theDisconnect state.If the confirmationis recevedby the
roaminginstancewithin time limit, the slave is Connected
andgoesinto thesub-stateonnect. In this state datacanbe
recevedfrom the applicationinstanceandforwardedto the
hardwareinstance(stateconnect). In parallel,link quality
canbe verified (stateCheck_Link_Quality). The Roaming State
will be reached|f the link quality becomesbad. Herein,
a new masteris picked out and a connectionbetweenthe
slave andthe new masterwill be established.From state
Roaming, the roaminginstancecaneithergetConnected to a
new Masteror be Disconnected again,if theroaminglist has
beenexhaustvely searche@ndno mastercanbefound.

Even thoughthe newestversionof UML is still under
developmentwe got theimpressiorthatUML is very well
suitedto modelroamingfor Bluetoothdevices. The differ-
entkindsof diagramdorceusto describeheroamingfrom

differentperspectiesandon differentlevelsof abstraction.

We believe that UML improvedthe modelingprocessand
helpedto avoid ambiguitiesn thedescription.

6 Summary and Outlook

In this paper we have introducedroaming techniques
for datatransmissionusingBluetoothhardwaredevicesand
have analyzedhemby UML diagrams.Theroamingtech-
nigueswe introducedin this paperare suitablefor Blue-
tooth piconets. Anotherroamingdomainfor Bluetoothis
to explore roamingwithin a scatternet.Furtherinvestiga-
tions concerningthe direct connectionprocedureusingthe
proposedoaminglists shouldbe donein orderto analyze
its efficiency in contrastto the usageof the basicinquiry
procedure.

Due to missingtool supportfor the UML version2.0,
we werenot ableto analyzeour modelautomatically Our
futurework will includesucha validation. We alsoplanto
investigatethe possibilitiesto generatexecutablecodefor
Bluetoothroamingfrom our UML model. Experiencewith
earlierversionsof UML haveshowvnthatatleastVHDL and
C skeletons][9] canbe generatecautomaticallyfrom UML
descriptions.

In anotherdirectionof work [10], we will shov how to
specifytestsfor the designedJML model.For that,we use
theconceptof thenewly adoptedJML 2.0 TestingProfile
by OMG [11].
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