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‘ IIegteyopeva

* Clustering ad hoc owkTV®V
— Multi-Point Relays (MPRs)
— Weakly Connected Dominating Set (WCDS)
— Maximal Independent Sets (MIS)
— Max-min d-cluster aiyopiOuog
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H svvoix oo MIS

Eoto un katevbovouevo ypaenuoa G(V; E)

* To vmoovuvoro S c V givar éva Independent
set edv kavéva Cevyog KOUPwV Tov S oev
etvon 1-hop yeitoveg, m.y., S={v1,v8}

*  Yndpyovv moAAQ

« Maximal independent set (MIS): sivar £va
Independent set 6to omoio dgv pumopovLE Vo
npocOccovue emmAcov kOUPo, m.y.,
Sa={Vv3,v4,v8}

*  Ymapyovv moAAQ LE daPOPETIKA LEYED

« Maximum independent set: to MIS ue 1o

uéytoto péyebog, m.y., Sym=1v2,v3,vb,v6}
e ITiBavov va vitdpyovv TOALAL , aAAQ OAOL LE TO
1010 uéyeboc

— NP-complete
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Katw ogro snidoorg

Ocopnuo:

X asynchronous acVppata ad hoc diktoa
TV ooimv o unit-disk-graph sivon daktdAlo¢,
0 aplOUOC TV unvouatmy mov o oteilel
OTOLOGONTTOTE KATAVEUNUEVOS AAYOP1OLOG Y10l
nontrivial CDS, eivat tovAdyiotov (nlogn)
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Message-Optimal AlyopiBpog CDS

AmoteAgital amd Ovo PAGELC:

1. Koataokevn tov Maximal Independent Set
(MIS)

2. Dominating Tree
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Bonbntuxot ogiopot (1/3)
 Independent set or stable set Is a set of vertices

In a graph no two of which are adjacent

« That is, It Is a set V of vertices such that for
every two vertices in V, there iIs no edge
connecting the two

« Equivalently, each edge in the graph has at
most one endpoint in V

* The size of an independent set Is the number of
vertices It contains
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BonOrnturot ogiopot (2/3)

« Maximal independent set or maximal stable

set IS an independent set that iIs not a subset of
any other independent set

« That is, It Is a set S such that every edge of the
graph has at least one endpoint not in S and

every vertex not in S has at least one neighbor
In S
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Bonbrnturot ogiopot (3/3)

« A maximal independent set Is also a
dominating set in the graph, and every
dominating set that iIs independent must be
maximal independent, so maximal independent

sets are also called independent dominating
sets

« A graph may have many maximal independent
sets, of widely varying sizes; the largest
maximal independent set is called the
maximum Independent set
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Koatoonson oo MIS

* Agdouévo €va rooted spanning tree T

» Eninedo evoc xduPov eivail o apOpdg hops
and ™ pila Tov Spanning tree

* Rank evoc kopPov eival to ta&tvounuévo
CeVYOC TOV EMTEOOL TOL Kol Tov ID tov

o A&CIKOYPUQPIKT) O1ATAC OAMV TV KOUP®V
« Ranking owdikaocio
 Color Marking
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Awxdiractoe Ranking

Aoun:
1. Kabe kopPoc owatnpel 0vo Tomikec LeTaPANTES Xq, X,

- Xy = # 10V yerTOVOV TOV 0oLV TO EMITEDN OV £XOVV
avayvoplotel akouo (apyikd eivat o # tov YEITOVMV)

- Xy, = # TOV TOO1OV TOL OEV £YOVV AVOPEPEL OKOULOL TNV
nepdtmon (apykd ivol o # TV TodlHV)

2. Kabe xopupoc dwarnpei o levelList

- AmofOnkevel Ta eninedo TV YEITOVOV TOV (apytkd ivat
KEVN)

3. Kabe kouPoc owatnpet tnv tomikn petaPantm y
- AmoOnkevel tov ap1Oud tov lower-ranked yertdvov
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Awxdiractoe Ranking

* PiCa avakowvavel 10 enineod g 0 ue
broadcasting evo¢ unvouoatog LEVEL

* Otav AneOet éva unvouo LEVEL:

— levelList += (sender’s level, sender’s rank)

— Xy~ -

Edv sender = its parent oto T to1E

— 1ts level = sender’s level + 1

— Broadcast its LEVEL message

Edv x;=0

— y =# lower ranked yeitovec, vmoloyiouévol oo N
levelL.ist
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Awxdiractoe Ranking

* Ed&v X,=0 (eivar ¢OAL0) ka1 to level tov €yet tebei

— Metdodoon evog unvouatog LEVEL-COMPLETE otov
TOTEPO,
— Ed&v etvon non-leaf:
« X,= # of children

— Edv gtvon root:
 X,=# of children
e Tepuoatiopodg

e Otav AneOei pvouo LEVEL-COMPLETE:

_X2__
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Awbinaaioa Color Marking

« Apywkd marked pe white ypouo

« Kd&0e koéuPoc owarnpet blackList (ids of its black
neighbors)

» Root marks black, broadcasts BLACK message

e Otav AneBei umvoua éva unvopo BLACK:
— blackList += sender’s ID
— Ed&v node = white
« Mark itself gray
« Broadcast GRAY message mov mepi€yet to level tov

e Otav AneBei umvoua Eva unvouo GRAY':
— Edv sender’s rank < its rank
« A white node decrements y by 1
« |fy =1 after update, marks itself black, broadcasts BLACK message
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Awbinaaioa Color Marking

* Ortav éva eouidro yiveton marked (ue gray 1 black),
otéivel unvopo MARK-COMPLETE otov

TOTEPA TOV
e Otav AneBet éva pnvopuo MARK-COMPLETE:

— X2_ -
— Edv X, = 0 ko not root:
* Metaoider pnvopo MARK-COMPLETE otov matépa tov

— Edv X, = 0 xon root:
« X,= # of its neighbors
e Tepuatiopodg
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Koataoxevn tov Dominating Tree T#

Aoun kd0e koppov:
* Awotnpei o tomikn boolean z
— Apykd eivan 0, tiBeton oto 1 edv kavet join oto T*

 Local variable parent
— Amobnkevel ID of its parent In T*, apyikd kevn

e childrenList
— ID of its children in T*, apyikd kevn

H piCa tov T* givon €Evag gray yeitovac e piCog tov
T pe to peyarvtepo apOuod black yertdvmv

Ewwd, n piCa oto T owatnpet n petaPAnt root, kot
degree, apywomomuévo oto 0
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Koataoxevn tov Dominating Tree T#

* Emioyn wa piCagywto T*amdoto T

* IIpockdiece kOpPovuc yia va evwboidv oto T*

« Ot internal k6ot tov T* oynuatilovv Eva
CDS
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Emhoyr oilog yio To T*

Baowkn 10éa: wo piCa tov T givon yeitovac g piCoc
oV T mov €yel Tov peyorvtepo apduod oo black
YEITOVEG

* H piCa tov T O€ter mn petafAnt X, ion pe tov aplopno
TOV YEITOVMV, Ko Kdvel broadcast eva umvoua QUERY

e Otav AneBei to unvoua QUERY amd Evav gray:

— O kouPoc petaoidel otov anoctoréa Eva unvopo REPORT
nov weplEyel Tov # tov black yeitovov tov

— PiCo ehottdvel X, katd 1; Octer degree ico pe #black
yerrovev eav etvar peyoldtepn; Octer root variable ico pe
avto 1o Id.

* Eav X; =0, otékver ufvopa ROOT otov ko6ufo mov 1o
Id Tov givan oty root variable

* Avtoc 0 kKOuPog yiveton n piCa tov T*
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ITpooxinor xopfwv
H pilo tov T* Oéter z=1 ka1 broadcasts pivopa
INVITE2

Otav AneBei to unvoua INVITEZ
— Edav color=black, z=0 tor1¢
e Méter1z =1
e Parent = sender’s ID

« Metadoon JOIN punvouatoc otov amoctoréa (Sender)
 Broadcast uiqvoua INVITEL

Otav AneBet unvoua INVITEL
— Edav color=gray, z=0 to1¢
e Oéterz=1
e Parent = sender’s ID
e Metdooon JOIN unvouotoc otov amostoAéa
 Broadcast uiqvoua INVITEZ2
Ortav AneBet unvoua JOIN amd Evav kouPo

— IIpocsOnkn tov sender’s ID otnv chidrenList
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‘ Koatoonson tov MIS »ot Dom. Tree T#

Kataockevn MIS
(@) - (9)
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Katooxeon tov MIS xot Dom. Tree T*

i)

Koataokev) DomTree

(h) - (k)

L]
*
1
L]
[ ]
]
n

T

L]

CDS = {12,0, 5,7, 2, 3}
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Avdivor emidoong

« Approximation factor <=8

* TToAvmhokotnTo Ypdvov: O(n)

* TToAvmhokotnTa unvoudtov: O(n*logn)
 Nontrivial CDS
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‘ IIegteyopeva

* Clustering ad hoc owkTV®V
— Weakly Connected Dominating Set (WCDS)
— Maximal Independent Sets (MIS)
— Max-min d-cluster aiy6piOpog
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Ertcaymyira

Etoaue 0Tt emPadirovue oounon ce eva MANET
otapEcsov tng dnurovpyiac clusters

Ta clusterheads ocynuatiovv éva d-hop dominating
set

Ta clusterheads armotehovv Eva virtual backbone kot
YPNGILOTOIOVVTOL Y10, OPOUOAOY|OT TOKETMV GTOVG
Koupovg evtoc cluster

Alyop1Bpoc oynuatiopov d-clusters oe éva MANET

— Extoc¢ tov clusterheads, o alyopiOpog meprypdpet ko
ololKaGio avayvopilong tov gateway koupwv

— O alyopiBuoc £xet time complexity e taéng tov O(d)
YOPWV
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XaQoxtneoTind veou adyoifuou

Aev amoutovvtor synchronized clocks

[Iepropilel TOV #UNVOUATOV TOV OVTOAAAGGOVTOL LETAED
TV kKoupov oe O(d)

EAayiotomoiel to péyebog tov Pondntikawv oouwmv
OEOOUEVIV

ELayiotomoiei tov apiOud twv clusterheads wg cuvéptnon
Tov d

Yymuatiouoc tov backbone pe ypon tov gateways

Emav-exAoyn tov idiwv clusterheads dtov sivor dSuvortov:
stability

‘Eleyyoc Tov apBpov tov clusterheads ko g mokvotnToc

twv clusters density diapuécov e Tapauétpovd

Kortavoun e evbvvng dwayeipione tov clusters icotiua
uetald OAmv tov kouPwv: fairness
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Max-min d-clustering (1/7)

O aAyopBuog exteleitan yio 2d yOpovg avtoAloyng
UNVOUATOV

Kd&0e kopPoc owatnpet ovo wivakeg, WINNER kot
SENDER, xd0¢ évac unkovg 2d node ids: éva I1d avd
YOPO OVTOAAQYNG UNVUUATOV

Bipal: Apyucd, kdBe kopPoc 0¢ter to WINNER ico pe 1o owd
Tov hode id

Bijpo2: (Floodmax) — Kabe kéuPog ekméumetl Tomkd tn o1k ToU
Tiun WINNER wpoc 6Aovg tovg 1-hop yeitovég tov. e Eva yopo,
0 KOUPog emA£yel T peyaldTEPT TIUN, LETOED TNG OTKNG TOV
Tiunc WINNER kot tov tiueov mov Aaupdvel 6to yupo avto, og
véa i WINNER vy tov eavtd T00. Avtni 1 oteoikacia
ocvveyileton yio d yopovg
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Max-min d-clustering (2/7)

* Bnpa 3:'Eneton tov Puatoc Floodmax kot dropkei emionc
d yOopovc. Eivou id10 pe to frypa Floodmax extdg tov 6t
Evog kOuPog emA£yEL TN LIKPOTEPT), OVTL YL TNV
ueyaAvtepn tiun, o¢ véa WINNER tiun

* Bnpua 4 (overtake): 1o téloc kdOe yOpov TAnupvpidoc,
evog koupoc amopaivetal dv Ba dlaTnpNoEL TNV TPEYOLOA
Tiu WINNER 1 8o v aALdéel og kdtL mov élafe otov
TPOTNYOVUEVO YOPO TATUULPIOOG

* Bnua 5 (node pair): 'Eva node pair givot omotodnote hode
Id, TO0 0TO10 TPOKVTTEL TOVAAYLIGTOV L0 POPEL (G
WINNER tavtdéypova otov 1° (Floodmax) ko otov 2°
(Floodmin) amd tovg d yopovg mAnuuvpidag yia Evo
Koupo
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Max-min d-clustering (3/7):
Kottnota smhoyrg clusterheads

Metd ™ cmwtkﬁpoocm TOV 29V om(’) Tovg d YOpOLG, KAOe
KoOuPoc kortdlet T1g ‘EYYPUPES™ TOL Y10l TOVG 2d yHpovc
rounds Tinuuvpidoc. Ot ETOUEVOL KOVOVES sinyouv T0, AOYIKAL
Bruata Tov alyopiBuov mov exteAel KAbBe kOuPog mavm oTIC
EYYPOUPEC TOV

Rule 1: ITpota, ka0 kOuPog eAEyyel v Exel AdPel TO 01KO TOL
apyikd node id oto floodmin. Edv awtd couPaiver, tote onidvet

tov eavtd m¢ clusterhead ko dev ektelel Ta LITOAOITO OWTNC TNG
paonc. AAng, extedei tov Rule 2

Rule 2: Ka0e xouPog wayver yio node pairs. Apov £vag KOpPog
avayvopicel Oho ta Node pairs, emiyet to ekaxtcsro minimum
node pair wc clusterhead. Edv o xéuPog dev Bpel koo node pair,
T0TE z—‘,ma?»a{ tov Rule 3

Rule 3: ExAéyetan To maximum node id otovg Tpdtovg d yupovg
¢ TAnupvpidag ¢ clusterhead yio tov kopfo

TpApa HMMY, MavemoTthpio Osoocaliag



28

Max-min d-clustering (4/7):
Emloyy gateways xot convergecast

e [ eMdTTOOMN TNG TOAVTAOKOTNTOG, 1 EMIKOVOVIOL
Eexvd amod T TapveEg evog cluster, gateway nodes,
eowteptkd mpog to clusterhead

* Edv xdmorol kOuPot yeitoveg evog kOuPov £youvv
emAe€el dapopetikd clusterhead, tote o kO6uPoc
etvou gateway node (1-hop local broadcast)

* H ooun oedouévoov SENDER ypnowpomoteiton yio vo
TPOGOIOPIGTEL GE TOLOV EMOUEVO KOUPO VoL 6GTAAEL TO
convergecast unvouo

« O akyopte [LOG LLEYIGTOTOEL TOV ap1Ouo Tov gateways
onpovpydvrag vo backbone pe moAAamhd
novomartio petalL yertovikmv clusterheads (yio
Loyouc a&lomioTiog)
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Max-min d-clustering (5/7):
Emloyy gateways xot convergecast

J-cluster formation in a network of 25 nodes.
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Max-min d-clustering (6/7):

30

Emloyy gateways xot convergecast

28 41 &t 1t 48 3 13 38

73 G110 1My £33 A9 100 61

Neods |10 1 7 35 § 23 22 21 65 37 31
Max1 |35 10 73 73 35 65 33 23 65 835 &5 37
Men2 (38 73 100 100 73 85 &5 35 33 100 £5 85
Mexnd |72 100 100 100 100 104 83 63 100 100 100 100
Mini |73 73 100 100 73 10065 &5 95 100 100 10D
MinZ |73 73 73 43 &5 73 65 &5 68 &3 88 100
Mind |65 73 73 &3 G5 63 65 &5 &3 65 65 B
Result |73 73 /3 73 73 B35 A% 63 63 65 65 83

I §35 16 100 73

100 45 100 100
lm 100 (00 100 160

10G 100G 100 100

100 100 100G 100 10 B5 100 10D
100 100 100 100 100 100 100

100 100 100 100
100 1od 100 100
10D B2 73 100

73

100
100 10D 100 100 100 100 100 10D
100 100 100 100 100 100 100 100
100 1060 103 100 10O 100 100 100

10 BS (100 100

73

WINNER
3-cluster formafion In & network of 25 nodes.

160 100 10 10r 1640 100 LoO 1D
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Max-min d-clustering (7/7): Og0otrna

* Yn60eon 1: Katd ) dadwokacicg floodmin ko
floodmax, kovévo node 1d dev Ba petadobel oe
andotaon peyoAvtepn amxd d-hops amd tov apyikod
KOuPo and 6mwov tponAde

* Yn00eon 2: OLot o1 kOuPotl mov emPrdvovy and

™ dwdtokacio floodmax ekiéyovv Tove e0vToVC
tov¢ o¢ clusterheads

o Anuua 1. Edv o xopPoc A ekAécer tov koupo B
¢ ko tov clusterhead, tote o B yivetou
clusterhead
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ITaxpaderypo

J-cluster formation after topology change.
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[Tapdoerypo tomoAoyiog
OIKTOOV TTOL TAPAYETOL LUE
EKTEAECT] TOV OAYOpiOLOV
Tavo oe 25 KopuPoug.
BAémovpue t€ocepa
clusterheads ce pikpn
anOGTUCT] LETAED TOVGS, TO!
omoia gtval o1 kOuPor 65,
73, 85, xon 100
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ITapadetypa (yeip0ten eniboom)

10 15 100 101 200 220
@ &

221

2EVAP10 YEPOTEPTC TEPITTMOONG YL TOV 0AyOptOuo, d=3

TpApa HMMY, MavemoTthpio Osoocaliag

33



34

IToAvmhoxotn TRl

* A@ov kaveic kOuPoc ogv PplokeTon 6€ AmOGTACT
ueyaAvtepn oo d hops amod to clusterhead tov, 1
dwdtkacio convergecast 0o owoutroer O(d)
YOPOVE UNVOUATOV
— Emouévag, n time complexity tov aiyopibuov eivor

O(2d + d) yopor = O(d) ydpot

« KdaOe xopupocg mpémer va drtnpet 2d node 1ds ot
oour WINNER, ko tov 1010 ap1Oud amd node ids
otn oour SENDER

— Emoupévmg, n storage complexity eivon O(d)
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