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Abstract

This paper addresses the problem of scatternet
formation and maintenance for multi-hop Bluetooth
based personal area and ad hoc networks with minimal
communication overhead. Each node is assumed to
know its position and position of all its neighbours.
The proposed formation algorithms have three phases.
In the first phase the unit graph is constructed (each
node establishes connection with all its neighbors that
are located within its transmission radius, which is
equal for all nodes), and, if planar structure is
desirable, localized sparse subgraph (such as relative
neighbourhood or Gabriel graph) is extracted. In the
second phase, the degree of each node is limited to 7
by applying Yao subgraph construct simultaneously on
all nodes with excessive degree, followed by either
elimination of directed edges or the application of
reverse Yao construct. In the last phase, master-dave
relations are created by applying higher degree
priority (with dominating set membership as the
primary key). The creation and maintenance requires
minimal overhead in addition to maintaining accurate
location information for one-hop neighbours. The
proposed schemes have localized maintenance
property (scatternet maintenance due to movement or
activity change of a single node is limited to the
locality of that node), which is not the case with the
existing clustering based Bluetooth scatternet
formation schemes.

1. Introduction

The rapd adopion o the interné and mohile ard
wireless ednologies ae pavirg the way for high
bandwidh to the nohile teminal. Locd and personh
area networls ae al® increasingl becaning wireles,
incorporate into seanless & |P wireless aml mohile
networks Ad-hoc enabld consume products will in
the beghning be @&ou forming "smadl-scalé¢ ad-hoc
networks betveen a sm#l group d people/dewies
Communicatio  between the nods in the adhoc
netwolk can be singe hos a mutiple hops Ad-hac
networkirg in such smih networks shoutl dfer use
friendly and scue netwok estatishmert that enable
a wide variey of services Ore importart servce s d

coure o provice Interné access ly interworking ad
hoc networls with alreag exiding infrastructures
Bluetooth is wel suited to provide adhoc networkirg
for the consumemarket Blueboth adhoc networkirg
preseng sone tetnicd challengessud as schduing
issues netwok forming and outing. Use mohility
poses aditional challengs far connedion reroding
and Q&S servees It has een widely predictel tha
Bluetooth will be the maja technology for shot range
wireless networks athwireless persoriaarea networks
Becaus d expected low cog of Bluetooth chips
Bluetooth based networls ae epectal to be the
prefered soldion to buld inexpensie bu large ad hac
networks tha is, muti-hop radbo networls whog
nodes ma al be nohle. This pape deak with the
problem o building Bluetooth basd ad ha@ networks.

Bluetooth [H] is an open spcification for short
range wireless canmunication ard networking mainly
intendal to be a cabé replacemenbetween portabé
and/a fixed electronc devices According to the
standard when two Bluetooth devices corre into ead
other's conmunication range one d them assums the
role d maste of the canmunicatio ard the othe
becoma the slave This smple one hp network §
cdled a piconetard may include more slavesThee is
no limit on themaxmum numbe of slaves canectel
to ore masterdthough the numbe of adive slave &
one time caand excea 7. If maste has moe thay 7
slaves sone slave mus be parked To canmunicae
with a parke slawe a maste has o unpak it, thus
possibly parking anothe slawe instead The standad
alo dlows mdtiple roles far the same deviceA node
can be mastein ore picon¢ard a slae in one @ more
othe piconets The netwok topolog resuting by the
connedion o picones is cdled a scéternet Bluetooth
does nd impog limits an the numbe of roles thd a
noce can assume The only restridion is thda one nock
can be atdive only in ore piconet To opera¢ @ a
membe of anothe piconet a nod ha o be able ©
switch to the h@ping frequeng sequence d the othe
piconet Since eabh swtch cause dely (e.g
schedling and synchroaition time), an dficient
scaterng formation protocd can be one tha
minimizes the roles assigné to the nodes without
loosirg network canedivity.
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While severalsoluions ard canmercid products
have bea intraduced for onehop Blueboth
communication the problem o scaternd formation
has nd been dedt with urtil very recerly. Eah node
shoul receive maste and/or slag roles © théa the
resuting network § comnected The numbe of picones
shoull be minimized to provice faste routing. The
formation ard maintenaoe d scdterng shoutl hawe
smdl communicatiom overhead In orde to minimize
the overhed and a&oid globd scatternetupdate
caused by noce maoility, ard change in adivity (tha
is, locd topology changes) we adop the locdized
approab in this paper Locdized algoithms ae
distributed algoithms whee dmple locd node
behavio achievs a desird globd objedive. They
therefoe resemblé¢he class @ greedy algotithms

A broad variey of location dependenservices will
becorre feasiblen the nea future due © the use bthe
Globd Positim Systen (GPS) which provides
locaion informaion (latitude longtude ard pcssibly
heigh) ard globd timing to moble users GPS card
will be deploye in each caand passibly in evey use
terminal. If GPS s nd available the distance betwee
neighboring nodes can be esimated on the bass d
incoming signd strengths Reldive coordinates o
neighboring node can be obtaina by exchangig sud
information between neigltbors In this papewe male
use d location informdion o every node in the
netwolk [HB], which is canmunicatd and updat
with neigtboring node only accordirg to locdized
approach Wireless networks & bes modela@ by unit
graphs whee two node ae conectal if and only if
the distance betweethan is & mostR, where Ris the
transmission radius which is equd for al nodes We
adop unit gra modé in this papeyin acordarce b
amog all researk atticles i wireless networks.

Bluetooth is a pramising nev wireless edinology
which enable portabk device © form shortrange
wireless @ ha networls basd on a frequeny
hoppirg physicd layer. Previos literature on
scdternd formation assume tha hoss ae nd abke
communicaé unless thg hawe previous disoveral
ead othe by synchronizig ther frequeny haopping
paterns Thus, eve if all nodes ae within dired
communication range d ead other only those nodes
which are synchronize with the transnitter, can hea
the transission Synchronizig the frequeng happing
paterrs is gparenly a time consming and pseudo
randon pracess [SBTL] In this pape we assune tha
the poblen o discovering dl neighbors within
transnission radits d all neighbors is resolvd by
separa Blueboth protocol We b nd beliewe thad
Bluetooth technology will dominate the markeunless
it has sub ablity. This pape make subh an
assumppion, ard leaves the neighoor discovery problem

as separa issue There are fev feasibe gproachs in
deding with neighbor dismvety pracess Ore soldion
is o run exiging disovely process stficiently long
tha all neigtbors ae disovered Speed up ca be
achievel if nodes woperte by exchangig locaions
and idertities d discoveral neigtbors ard ther
frequeny hopping pdterns which can e use for
temporay canmunication a smply in makirg final
decisions The probalility analyss can be usé to
confirm the praticality of sut goproachesThe detd s
of such protocd can be eldorated ard are let for
future researchUsing frequeng hopping for neighbor
dismvely may resit in significart delay ard
inefficiencies (e.g excessive powe consumgion)
unless a eay bast communication between node is
provided An dternative soldion may dlow al nodes
to use a singe shard chaand (and associatd MAC
layer protocd sud as [IEEE 802.1) to exchang ther
postions with neigtboring nodes Nodes can then
malke scdterng formaion decisions with little a no
addtional communicatio (as will be see in this
paper) Findly, maste nodes can smply inform ther
slaves dou frequeny hgoping patem to be use in
the piconetard the clok synchronzation.

The fdlowing settion gives literature reviev on
scdterng formation ard related network topolgy
desiq issues Sedion 3 gives prdiminaries reedel to
descrile ou new algoithms Sedion 4 preserg nev
Bluetooth formaion algoithms basd o exigding
RNG, GG ard Yao graphs ard daninating se corcept
by Wu ard Li [WL]. The pape is completd with
future work and refereces.

2. Literaturereview

Zaruba Basagh and Chlantac [ZBC] proposeé two
protocok fa forming conectal scdternd; the
resuting topoloy is termel a Huetree The numbe of
roles eab noce can assune is limited to two a threg
thus imposirg low slave managemenoverhead The
first protocol B intiated by a singk node cdled the
blueroot, which will be the pat of the bluetree A
rooted spanning treeis bult as fdlows. The roat will
be assignel the role d master Evely one h@ neighbor
of the roat will be its slave The children o the roat
will be nav assign@ an additional maste role, ard dl
their neighbors thd are nd assigne ary roles ye will
becone slave d these newly creatd masters This
procedure is repeate recursivey till the ‘leavesof the
tree are reaclie(theg nods will only be slaves)Eadt
noce is slae far only one masterthe one tha‘paged
it first. Thus a rootel treeis developd from the root,
and eat internd node d the tree § a maste on ore
piconet ard slawe d anothe master (eget the root).
Leaves ae slave only to ther paren nodes in the tree
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In orde to limit the numbe of slaves [ZBC] observe
tha if a nod in unt gragh has moe tha five
neighbors then & least tvo o them must le cownected
This observéion is usé to reconfgure the treestha
ead maste m has o more than L>5 slaves If m has
more than L slaves it selecs its two slavs s; ands,
tha are cownectad and instrud s, to be maste of s,
and then disconecs s, from m. Sud brand
reorgantation is caried throughotithe network.

In the secod protocd [ZBS], severaroots ae
initially sekected (for instarce dl nodes thda hawe
lower id than ary of its neigtibors) Ead o them then
creatsits own scdternd as in the firs protocol In the
secord phase subtree scternes ae conectal into
one scdéterné spaning the erire network Ore d
initial roots is setctal as theleader Eath subtree B
treatel as the node m a virtud graph with node
carespondiig to neighborig subtrees The firg
protocd is then run on tke virtud graph A node in
resuting scdternd may receive & most o masteand
two slawe roles Data exchang betwea subtrees
become recessay in orde to handé these subtrees
virtual vertices Although the firg algorithm is
locdized, thee is a1 extensie canmunicatio
between nodes urtil the roles ae estalished ard the
movemen of eady noce coull trigge globd updat in
the subtree ooted by tha node ard subtee d
scdternd the node roved into (tha is, maintenane s
nonlocdized). Thus both formaion ard maintenaoe
of scdterndg protocok [ZBC] require consideralal
communicatim overhead which is nd measuré in
[ZBC]. The epetimens in [ZBC] measurd the
difference in h@ couns betveen shortespah rouing
performeal in initial unit gragh ard bluetee creaté
from it. It alo measurg averag numbe of initial
roots in the secondalgoithm, tha is, averag numbe
of nodes with lower id than ary of neighbors.

Distributed  topology constrution algoithm
[SBTL] first collecs neigtborhoa informaion usirg
an inquiry procedure whee sendes searh for
receives an randenly chose frequencies ard
detectal receives repy afte randon backdf delay.
Leade is ekctal in the proces ore far ead conrectal
component Leade then cdled the informdion abou
the whok network decides the roles far eat node ard
distributes ba& the roles The soldion in [SBTL]
assums up to 36 nods in the network thus the
soluion is nd scalableand nd localized.

Sparg geometric structusethda can be definel
locdly haw bea gplied in wireless networks fo
locdized rouing and broadcaéimg algoithms Gabrié
graph (GG) was use in [BMSU] in orde to define
plana subgrap us@ for recovery rouing, when
simple heurisics fals, to guaranée déivery. Reldive
neighborhoal grapls (RNG) were useé in [SSS to

provide dficient localized broadaging for oneto-one
modek d wireless conmunications Li, Wan, Warg
and Friede [LWWF] proposeé to use GGs, RNGs, ard
Yao grapls t construt sparge powe eficient
networks They al® definel First Gabriel then Yao,
First Yao then Gabriel, Yao and Snk, and Yao plus
reverse Yao graphs in orde to bourd noce degreg in
netwok topology ard obtan broadcaistrees within a
constan facta of the ogimum.

There wee al® atemps to defire some spaes
structurs in distributel manner, bu they were nd
locdized. Fa example [RM] constructd shortes
weighted pah rouing tree ooted & destination Hu
[Hu] describe a distributed Delaung triangulation
basel algoithm for choosirg logicd links ard & a
consequece carying ou topology control However,
the construion o Delaung triangulation is only
pattially locdized, since construton o sone elges
may require the knowldge d distart node pogtions.

The feasillity problen o scdterndg
formation (requiring Bridges to be SlaveSlave when
not all statiors ae within radb rang d ead other has
been proven to ke NRComplee [BKNR]. The sé of
Bluetooth node is modeld & a urit graph A greed/
centrdized algoithm, where a hypothéca centrad
ertity knows the complete topologhas been proposed
Distributed algoithms hae al® been proposd in
[BKNR], which @&asume 2hop neigtbourhoa
information. This is achievald in Blueboth since tre
idertities d the neighbouring nods ae known a the
end o the devce disovely procedure The nodks ae
macke o exchang this neighbourhoda informaion with
eahr o its neiglbours  tha they hawe 2hop
information ard a patial view of the underlyirg
topology The algoithm [BKNR] applies a varian of
clusterirg algoithm with limiting numbe of nodes in
ead cluste to seven in accordame D Bluetooh
restricion. A node with highes degee amoqg dl its
undecided neigtbours will becorre a maste node ard
will chooe up o seva slaves amory neighbouring
nodes with priority given to lowa degee rodes
However, thee are exampkwhee the schernd is
discannected which may occur when two clusterheasl
were origindly connected bu formed clustes ard
‘erased their link without leavirg dternae coanedion
between ther piconets Fa example asune thd the
graph contairs two cannectad nods A andB, eat with
its own seven mar neighbours Thus A and B haw
degess eight ard will become mastes d two
piconets containirg ther own seven neigbours &
slaves However, tie grap will then be disconectel
since thelink between A andB will disappear.

Clearly, the problem is nd had when the
underlyirg topolog isa complet graphi.e., d nodes
are within radb rang d ead other An algoithm for
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Bluetooth scdterng formatian in such singthop
networls is recenly describd by Law, Mehta ard Siu
[LMS]. However, ths problem is al® intereting when
the Blueboth canmunicatiom modé is © be used
where limited informaion has © be exchange during
device disovery The performance fothe device
dismvely pracedures has ben invedigated in [KRS].
In [RKSA], randanized ard deteministic algoithms
hawe be@ proposd to sole this problem unde the
Bluetooth device disovely canmunicatiom model We
shdl briefly descrie the deteninistic dgorithm
proposé in [RKSA]. The basic ida d the algoithm is
tha nodes disovering eat othe form a tree d
responsesthe roat of ead tree beilg a Master This
process @ picond formatian is performe in pardlel.
Ead nock i maintairs a ‘phasévariable which is the
numbe of inquiry response receivel by it and dl the
nodes in its subtee Once a noc receive an inquiry
respone fram anothe node it incremensits phas by
the phase fathe replyirg node A node which has sen
an inquiry respmse goes ou of the compétion for
becaming a master A node whose phasis 8 declares
itself maste and dl the node whidc regied to it and
contributel to its phas becore its slaves However
the maste node in this praedure is nd diredly
conneded to dl its associatk slaves ard the soldion
is nd acceptabé far the urit gragh model
Li and Stojmemvic [LS] describel a

connectal degee limited Blueboth scdternd
formation algoithm basd on clusterig pracess
Clusterheas then becorre mastr nodes ard no two
maste nodes ae dire¢cly connected Two node
picones ae adel to caoned clusters The poblem
with clusterig approab is tha the maintenancefo
clusterel graph structue is epensive since a locd
chang due © mollity may trigger globd chang in
updaing the sc#éternet The secod phase degee
limitation, in [LS] also goplies Yao construt
sequetially (node afte node like in clustering)
leadirg to a schem thd does nd haw locdized
maintenane property

This pape will presenta Blueboth scaterne
structue with locdized maintenane property base
on daminating se¢ corceg by Wu and L [WL].
Dominating ses ae set with the propery tha ead
nock is a@ther in the se or is neigtbor of a noa fram
the set Locdized canectedl daminating ses wee
defina in [WL, SSZ and appgied for efficient routing
[WL] and for efficient broadcastig [SSS SSZ].

3. Preliminaries

In this ®dion we will define the spaes
grapts ard daminating set thd will be usé in the
sequel Gabrid grapgh GG on the sé¢ Sof n given nods

is definel as fdlows. Let disk(u,v) be the ope dik
with diamete (u,v). Then the Gabrié¢ gragh [G]
GG(9 isa gram in which elge (u,v) is presehif and
only if disk(u,v) contairs no othe points d S. GG(S) is
a plana gragh (tha is, no two alges cross edtother)
It was proved in [BMSU] that the interseton o
connectal unit graph ard Gabrié graph (definal over
the same gedf pointg isa conectal plana graph Itis
constructd in locdized manner. Let A be one énodes
and B one d its neighbors Edge AB belong o GG if
and only if the (open disk with diamete AB does nd
contah ary othe noce fram S. It suffi ces to check for
ead neiglboring nocke C of A, whethe |CM|<|AB|/2,
where M is the ente of the circle tha is, the midpoirt
of AB. Alternae ciiterion is the fdlowing: an edge AB
is incuded in the subgrap if and only if [JACB is
acute (or isaright angle), for each joint neighbor C of
A and B. Therefore, the construction does not require
any communication between nodes, in addition to that
reguired to maintain the position of neighboring nodes.

The relative neighborhood graph (RNG) is a
geometric and graph concept proposed by Toussaint
[T]. The definition of RNG is as follows. An edge (u,v)
exists between vertices u and v if the distance between
them, d(u,v), is less than or equal to the distance
between every other vertex w, and whichever of u and
v is farther from w. In other words, [w # u,v: d(u,v) <
max (d(u,w), d(v,w)). Thus, for an edge (u,v) to be
included, the (open) intersection of two circles centered
at u and v and with diameter uv should contain no
vertex w from the set. Both GG and RNG graphs are
connected and contain minimal spanning tree (MST).
Their intersection with unit graphsisaconnected graph
defined in localized manner. RNG is a subgraph of GG.

The Yao graph YG(k,S [Y] was proposed to
construct MST of a set of points in high dimensions
efficiently. For points in a plane, it is defined as
follows. At each node u, any k equal-separated rays
originated at u define k cones. In each cone, choosethe
closest node v within the transmission range of u, if
thereisany, and add a directed link uv to YG(k,S). Ties
are broken using any key defined at each node. The
reverse Yao graph is defined in the same way, but with
al links being reversed, and undirected version of the
graph is also occasionally considered.

A set isdominating if @l the nodesin Sare either
in the set or neighbors of nodes in the set. Nodes that
belong to adominating set will be called internal nodes
for S Wu and Li [WL] proposed asimple and efficient
distributed agorithm for calculating connected
dominating sets in ad hoc wireless networks, modeled
by arbitrary graphs. They introduced the concept of an
intermediate node. A is an intermediate node if and
only if there exist two neighbors of A that are not direct
neighbors themselves. If nodes know the location of all
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their neigtbors (the assumpion mac in this paper
then each nod can detemine whethe or nd it is an
intermedia¢ noc without ary messag@ exchangs
with its neighbors far tha purpose They introduced
al two rules tha considerabyl reduce the numbeof
internd nodes in the network ard proved tha thes
rules preserg netwok connedivity aftea diminating
addtional nodes from the daninating set Let N(u) be
the (open sea of all neighbors d node u, and let
N[u]=N(u) O {u} be the corespondiig closed neighor
set tha is the sé of all neighbors ard u itself. Suppog
tha eachnoce ha a ungue id number Let us defire
inter-gateway and gateway nodes as nodg
intermedia¢ nods thd are nd eliminatal by Rule 1,
and by Rules1 and 2 resgdively.

Rule 1 [WL] is as ftlows. Conside two
intermedia¢ nods v andu. If N[v] O N[u] in Sanrd
id(v) < id(u), then nocev is nd an intergatewy node
In othe words if any neighbor of v is al® a neighbor
of u, andv is caonected to u and ha lowe id, then ary
path viav can be replacd by a pah viau, thus noc v
is nd needd &s internd node We myg al® sy tha
noce v is ‘mvered by noce u. Rule 2 [WL] is definel
as fdlows. Assune that afte applying Rule 1, u andw
are two intergatewy neigtbors d a intergatewy
noce v. If N(v) O N(u) O N(w) in Sandid(v) = min
{id(v), id(u), idw)}, then nock v is ceclarel a non
gatewd node In othe words if ead neighbor of visa
neighbor of u or w, where u andw are two cannectel
highe id neigtbors d v, then v can be diminated from
thelist of gatewy nodes

Stojmerovic, Saldigh ard Zunic [SSZ proposel
to replae noddds with a recod (degree, X, y), whee
degreeis the numbe of neighbors d a node ard x ard
y areits two coordinate in the planeIn Rules1 and 2
nodes compae first their degees ard noce with highe
degee ha greate charces d remainirg an interna
node In cag d ties uwe x-coordinate & sconday
and y-coordinats & ternay keys The informdion
abou the degree fneighboring nodes mg be gatherd
togethe with informaion &ou ther locaion. The
expeiments presentgin [SS indicate tha abou haff
of nodes ae gatews nodes (moe precisely the raio
falls from 60% for averag@ degree4 to 45% for
avera@ degred0).

4. New scatternet formation algorithms

We propose severa localized scadternet
formation algoithms basd o spars netwok
constrution usirg RNG, GG ard Yao subgraphsard
dominating sets.

The firg phag in dl formation algoithms is the
dismvely of all neighbors within transnissian radius
tha is, the constrution of the unit graph This phase

can be al® extendd to construta plana subgrap o
the urit graph in locdized manner. It can be beneficia
for routing in the find structure ard al will minimize
the overhea o the two remainig phasesThe two
plana structures consideré hee areRNG andGG.

The secod phag is gplied only a nodes d the
unit graph o its RNG or GG subgrap tha hawe moe
than 7 neiglbors afte the firda phase Theg nods
apply Yao structue o, then for k=7, in orde to
diminate someneigtbors In [LS], this structue is
apgdied & nodes in seuerce dmilarly as in clusteringy
process We propose heretgpply Yao structue o 4l
nodes with excessive degreeimultaneouslylLet A bea
node tha perforns the st@ in Yao structue
constudion for k=7. Node A therefoe divides the
regian into 7 equé angles centerd & A, and clooses
one closesnocke fram ead region (f any exists) with
ties broken usirg an arbtrary key. We sigges to use
(degree, X, y) as the key with priority givento smaler
degee neighors 0 tha the roles ae dividel as
evenly as possible Suppo® tha A sebctal node B in
one d its argular ranges|f B alo sekctad A in ore d
its own argular ranges the aelge AB is bidirediond,;
otherwig it remairs direded While outdegiee & ead
nock is limited to 7, the in-degee n this stg is nof
and mg resut in sone nods servig & slavesn
mary piconets To avoi that we proposed goply one
of two construtions, ore leadimg to sparseard othe
to dense graphs The sparsestructue is obtainel by
keepirg onl bi-dirediond edges amd delding dl
directad ones We will prove thd this preserves gréap
connedivity (the same constrtigvas al® considerd in
[LS], bu no prod of its connedivity was giver). The
resuting structurs will be denotd by Y, YR andYG,
referring to Yao graph goplied on urit graph RNG ard
GG subgrapk d unit graphs resgdively. They are
undirectel graphs The othe option is © gply the
rever® Yao construt on dl incoming edges & all
nodes with excessive indegrees Tha is, only the
shortes incoming edg in each agula rang is
preservedard othes ae deleted The reslting gragm
is sipergrap o the carespondig first, sparse
variant ard is therefoe al® cannected The direcion
of edges will be ignorel (tha is, dl edges will be
declarel undiredional), and the resiting grapls will
be denotd by YY, YYR andYYG, resgdively, tha is,
revere Yeao grafh gplied on Y, YR and YG (before
delding dirediond edgesfrom them).

Theorem. The structure Y, YR, YG, YY, YYR
and YYG, presere graf conredivity.

Proof. Structurs Y, YR and YG consi$ of bi-
dirediond edges tha is alges seéctal by both
endpoins in the Yao construct Suppo® tha nodce B,
has sekctad node A; in ore d its seva regiors as tle
closes node bu nock A; sekctad nock B, inits regiom
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containing B;. Therefore B;A; is a deleted edge,
[0B,AB; < 113, BJA; = AB,, and thus BB, < B,A;. If
A;B, is directional edge then similarly there exists A,
such that AvA; < A:B, and AB, = B,A,. Consider the
chain of such directed edges B;A;, AiBs, BoA;, AsBs,
BsAgs,... It has the property A,.1B, = BA, = ABh.1, due
to choices of closest nodes in corresponding ranges.
We will show that this chain ends, with the next edge
being bi-directional. That is, the sequence of directed
edges is finite, and, following the last directed edge
B.A,, the next A,B,.1 is bi-directional. The last directed
edge can be indexed alternatively as A,.1B,, with edge
B.A, being bi-directional, with analogous proof.
Assume that, on the contrary, the chain is infinite.
Since the set of points is assumed to be finite, the
number of choices for nodes A or B is finite (the two
sets are not necessarily disjoint). Therefore there exists
an edge B,A, (or alternatively A.B,) that appears
twice in the sequence, BjA= BnA, (more precisely,
B=B, and A=A,) for j>n. Then BA, = ABn, 2
Bn+1An+1 2 ... 2 BA= ByA,. Therefore B,A, = AiBni1 =
Bn+1An1 = ... = BjA= BpA,. Let A be a node from A,
Ans1, ..., A with the smallest key= (degreg X, y).The
chain contains edges B;A;, ABi+1, Bi+1Ai+1. This means
that node B;,; selected node A;,; instead of node A; in
the corresponding angular range. Since Bi.1 A:1=Biw1 A,
and A; has smaller key than Ay, this is only possible if
A=Ai.;. But then the edge Bj.1A is bi-directional,
which is the fact we wanted to proof.

Suppose that the second step is completed, with
some edges like AB being deleted. Consider now a
minimal spanning tree (MST) of unit graph, GG or
RNG, constructed in the following way. Sort all edges
AB according to key (length survive), where lengthis
edge length, and survive is integer variable with value
0 if AB is bi-directional after applying Yao structure,
value 1 if it is directional, and value 2 if it is not in Yao
structure at all. The keys are compared as follows:
(lengthl survivel) < (length2 survive2)if lenghl <

length2 or lengthl=length2and survivel<survive2.

Ties are broken arbitrarily (more keys are needed for
uniqueness, but they are not needed in our analysis).
Consider the algorithm that constructs MSThy sorting
all edges in increasing order, according to their keys, as
defined. Following well-known algorithm, each edge in
the sorted order is added to the MSTif its addition does
not create a cycle together with previously added
edges. Thus among edges of equal length, all bi-
directional once are first considered, then all
directional ones, and finally all that are not selected for
Yao structure by any of endpoints. Therefore edges of
Y, YRor YG have priority for inclusion into MST over
other edges of equal lengths.

Consider now an edge AB of unit graph, GG or
RNG.If AB is not selected for Yao structure by any of

two endpoints then there exists node C, selected by
(say) A, such that AC < AB, and BC < AB. Both AC
and BC are considered before AB for inclusion into
MST. Note that if BCis not in GG or RNG then B and
C are connected via other edges, all shorter than BC.
Thus A and B will be already connected in MST
structure, via other nodes, at the time its MST
membership is to be decided. This is due to the fact
that consideration of any edge, such as AC, for
inclusion in MST makes A and C connected, with or
without inclusion of AC into MST, by the definition
(edges are not included to avoid cycles, thus when they
are already connected within MST).

If edge AB is directional, say BA= B;A; then
there exist a path between then, consisting of shorter
edges AiAs, ANAs, ... AniAn ABn, BiBhg, ..., BBy,
where A,B, is bi-directional edge, whose existense is
proven above (again, some of remaining edges may not
be in GG or RNG but then they are replaced by paths
consisting of even shorter edges). All these edges in the
path are considered for MST before AB is, and
therefore AB is already connected in MST,without the
need for inclusion of it. This means that no directional
edge belongs to so constructed MST. The constructed
minimum spanning tree connects all the nodes from the
originally connected unit graph, RNGor GG and thus
the performed second step preserves connectivity.

YY, YYRand YYG are supergraphs of connected
graphs Y, YRand YG,and are therefore connected. The
connectivity of YYis also proven in [LWWF]. ¢

It remains to determine master and slave roles in
structure X (where X is one of Y, YR YG YY, YYR or
YYG) which is the third phase in the scatternet
formation protocol. We shall describe two such
solutions here. The third solution is based on clustering
scheme (described in detail in [LS]), and does not have
localized maintenance property that is the goal of this
paper: local changes may trigger global updates. We
shall describe only configurations with localized
maintenae in this paper, which refers to techniques
that limit all configuration changes due a single node
movement and changes in activity status to the locality
of the node that caused reconfiguration.

The first solution is based on higher degree
node being master node, and is also used in a solution
from [LS]. Each node creates a key (degree ID) where
degree is again the number of its neighbors in X, while
node coordinates (x,)) can serve as ID. Two
neighboring nodes A and B compare their keys, and the
one with higher key becomes the master node, and the
other node is the slave node. Therefore, for each edge
of X, node with higher connectivity becomes master
node, and the other node becomes its slave. The
purpose of such role is to avoid slave roles at high
connectivity nodes. The undirected graph is, in effect,
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converted to the directed one, in this third step of
formation algorithm. Let usrefer to the algorithm that
creates such scatternets as dX (that is, dY, dYR, dYG,
dyy, dYYR or dYYG).

The second solution (which is the main
contribution of this paper), is to apply the dominating
concept by Wu and Li [WL]. More precisdly, gateway
node concept [WL] will be applied on X. Each node
creates a key (domin, degree, ID) where domin is true
if the node is a gateway node, and false otherwise.
Nodes bel onging to the dominating set have priority in
receiving master roles. Between two gateway, or
between two non-gateway nodes, the above discussed
highest degree criterion is applied. The degree key can
be further subdivided as (degree in X, degree in
dominating set of X); that is, ties in degrees are
resolved by number of gateway neighbors, with 1D
applied only if that is also a tie. We will adopt this
definition, and will refer to the obtained scatternets as
oX (that is, gY, gYR, gYG, gYY, gYYR or gYYG). Note
that some variations can also be applied here. For
example, each non-gateway node might be assigned to
only one master gateway node (for instance, the closest
one). Also, piconets between two non-gateway nodes
are not needed for connectivity of overall structure.

5. Futurework

Experiments should compare dY, dYR, dYG,
dyy, dYYR, dYYG, gY, gYR, gYG, gYY, gYYR and
gYYG structures in terms of various characteristics,
such as average piconet size, average percentage of
nodes with various roles. S (save only, possibly to few
piconets, this can be further divided as S, where p is
number of piconets where dave node serves), M
(master only), MS (master of one piconet and dlave in
another), or in general MS, master in one piconet and
davein other p piconets. Since designed algorithms are
the first scatternet formation schemes with localized
maintenance property, it is difficult to compare them
fairly with structures described in [LS] which do not
have such property. In particular, clustering based
structure leads to reduced number of piconets as a
trade-off for losing localized maintenance property.

The distances between nodes are used as metric
in this paper to definelocalized structures. It ispossible
to replace it my different metrics, such as minimal
power for the communication, delay between nodes, or
a bandwidth related metric. The RNG concept then can
be generalized using such metric instead of distances.
An edge AB isnot in RNG only if there exist a node C
such that m(AB)>m(AC) and m(AB)>m(BC). The
metric m may be defined so that all edges receive
digtinct values (for instance, by using id of endpoints
for breaking ties). All results presented in this paper

and in [LS] arevalid if mis monotone in distance (i.e.
if x>y then m(x)>m(y)). Otherwise, RNG may not be
planar, and degree limitation process may disconnect
the graph.

The main problem left for future research is the
discovery of all neighborswithin atransmission radius.
This paper assumes that this problem is successfully
solved with reasonable time delay (clearly the issue is
not in technical feasibility, but in time bounds for
achieving this goal). Some results in this direction are
given in [MK, KKLYMM]. Two basic approaches are
suggested here. The one is based completdy on
Bluetooth  neighbor  discovery  process  with
synchronizing  frequency-hopping patterns, and
exchanging information about discovered neighbors.
The other is based on using a single common
frequency and |EEE 802.11 medium access protocol in
the neighbor discovery process, and switch to
frequency hopping after the master-slave relations are
established. Each node announces its own location on
this channd, or, if thelocation isnot known accurately,
uses signal strength and/or signal direction and
available information to derive its own location and/or
location of its neighbors. The two methods can even be
combined. A time dot for location exchange messages
can be synchronized, and the frequency of switching to
such slot may depend on the overall mobility rate. A
smple broadcasting agorithm can  achieve
synchronization of time dots for this purpose. Other
time dots are then used for freguency hopping
synchronization. If mobility rate is rlatively high, a
regular time dlot for using common freguency can be
maintained. Otherwise, if the mobility is low and
network is mostly static, any node that moves can
initiate limited broadcasting within local portion of
network in order to reserve a common time dlot for
neighborhood, in which the node can announce its new
position to new neighbors. Alternatively, moving node
may use existing scatternet network organization to
announce its new position to local neighborhood, and
initiate scatternet modification. The details of such
protocols are | ft for future devel opment.

The next important problem is to choose the
structure that also provides efficient routing on the
designed scatternet, in terms of hop count, power
consumption, and delay in message delivery (the delay
depends on the amount of multiple roles performed by
various nodes). Most designed structures are planar and
therefore suitable for routing with guaranteed delivery
[BMSU], which is an additional benefit of proposed
structures. The performance for broadcasting task in
Bluetooth scatternet structure can also be considered.
Scheduling packets in inter and intra piconet traffic is
also a problem that needs further study (e.g. [BCG]).

TEEE .2

COMPUTER
SOCIETY

Proceedings of the International Parallel and Distributed Processing Symposium (IPDPS’02)
1530-2075/02 $17.00 © 2002 IEEE



Othe interesing problens ari® fran the
scdternd formation The protocas in this pape shoud
be enharced to include the case when a node enters
moves within a leaves the network sud tha the
reorgankaion incured is minimum Although
locdized approab minimizes canmunicatio
overhead exa¢ detaik d Bluetooth protoctd neeal to
be described Anothe varigion could be t conside
services assigne by eachnode ard form a scéterne
sud tha inter-piconé communicatia is minimized.

Findly, the presents algoithms ae gplicable
only when nodes ae locatel in a plane Scadterne
formation for nodes in threedimension& space (sub
as devces locatedl on sverd floors d a bulding)
remairs an interesing chdlenging problem.
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