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‘ Iotooelibn Tov podnpotog
e http://skyblue.csd.auth.gr/~dimitris/courses/mpc_fall05.htm

* http://skyblue.csd.auth.gr/~dimitris/courses/mpc_tall05/
— books/
— lectures/
— papers/
— proj_papers/
— present_papers/

e TomoBetovvTon 01 dPAVELEC TOV EMOUEVOL LOONUATOC

« TomoBetovvton Ta research papers wov avTiGTOLYOVV GE KAOE
otdAecn. Ta onuoavtikd pe tpobepo MUST BE READ
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‘ Ilepteyopeva

* Kivntd Ad Hoc oiktva

— Clustering o€ ad hoc diktva
* AlyoprOpoc ne Maximal Independent Sets

* AlyopBuog pe Weakly Connected
Dominating Sets

e 2ynuoaticuog max-min d-cluster

* AcOpuata Aiktvo AlcOnmpov
(Wireless Sensor Networks)

— A1Qve1M TANPOPOPIOC GE GV PLOTO
otKkTLa CIGON TPV
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Katw ogto

Ocopnpuo:

>.€ asynchronous acvpuato ad hoc otktva
TV onoimv o unit-disk-graph eivail 0akTOAL0C,
0 ap1OUOC TOV Unvoudtov Tov Oa cTeilel
OTOLOGONTOTE KOTAVEUNUEVOC OAYOP1OLOC Y1
nontrivial CDS, &ivai tovAdyiotov (nlogn)
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AlyopiBpog

Amoteleiton otd OVO PAGELC:

1. Koatookevn tov Maximal Independent Set
(MIS)

2. Dominating Tree
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Koatooxeson too MIS

* Aegoouévo €va rooted spanning tree T

* Rank gvoc kouPov givon to ta&tvounuEvo
CeVYOC TOL EMTEOOL TOV Kol Tov ID T0V

» Ranking ownoikacia

* Color Marking

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog



Awxdiracioe Ranking

Aoun:
1. KdaOe xopPog owatnpet 0vo tomkeg petaPAntes X, X,

- X; = # TOV YEITOVOV TOV OTOI®V T EMITEON 0LV £YOVV
avVOYVOPLGTEL akOua (apyIkd tval 0 # TV YEITOVOV)

- X, = # TOV TOOLDV TOL 0LV £X0VV AVOPEPEL AKOLLOL TNV
nepatmon (apykd eival o # TV TOUOLDV)

2. Kad&Be xouPog owatnpei o levelList

- AmoBnkevel ta enimeda TV YEITOVOV TOL (apyuKd eivon
KEVN)

3. KdaBe xopPoc oratnpet tnv tomikn petaPAntm y

- AmoOnkevel Tov apOuo towv lower-ranked yertoveov
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Awxdiracioe Ranking

e PiCa avakowvavel 1o eninedd g 0 pe
broadcasting evoc unvouatoc LEVEL

e Otoav AneBei Eva umvouo LEVEL:
— levelList =+ (sender’s level, sender’s rank)
— X,- -
* Edv sender = its parent 6to T 1071€
— 1ts level = sender’s level + 1
— Broadcast its LEVEL message
* Eavx,;=0
— y = # lower ranked yeitoveg
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Awxdiracioe Ranking

* Eav x,=0 xau its level 1s set

— Metaooon evoc unvopatoc LEVEL-COMPLETE ctov
TaTEPQL

— Ed&v etvon non-leaf:

* X,= # of children

— Ed&v gtvou root:
* X,= # of children

* Tepuoatiopog
e Otav Anedel uqvouo LEVEL-COMPLETE:

— X2__
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Awxbdiracioe Color Marking

e Apywd marked pe white ypopo

o Kd&OBe kopPoc owatnpet blackList (1ds of 1ts black
neighbors)

« Root marks black, broadcasts BLACK message

e Otav Anedeil urvopua Eva unvopuo BLACK:
— blackList =+ sender’s ID
— Ed&v node = white
« Mark itself gray
* Broadcast GRAY message

e Otav Anedetl uivopua Eva unvopuo GRAY':
— Ed&v sender’s rank < its rank

» A white node decrements y by 1
« Ify =1 after update, marks itself black., broadcast BLACK message
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Awxbdiracioe Color Marking

* Otav &va @OAAO yiveton marked, otéAverl pnvoua
MARK-COMPLETE ctov natépa tov

* Otav AneBet Eva umvoua MARK-COMPLETE:
— X, -
— Eav x, = 0 xat not root:
e Mertaodioel pnvopua MARK-COMPLETE otov motépa tov
— Eav x, = 0 kot root:

* x,= # of its neighbors

* Tepuatiopodg
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Koataoxevn tov Dominating Tree T#

Aoun kdbe kouPov:
* Awatnpel po tomkn boolean z
— Apykd givon 0, tiBeton oto 1 €dv join T*

* Local variable parent

— AmoOnkevet ID of 1ts parent in T*, apyikd Kevn
* childrenList

— ID of 1ts children in T*, apyud kevn
Ewwd, n piCa oto T owotnpel tn petafAnt) root, ko
degree, apyucomoimnuévo oto 0
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Koataoxevn tov Dominating Tree T#

* Emiioyn wa piCagywoto T* and to T
* IIpoockdiece kOouPovg yia va evobovv oto T*

* O1internal kouPot tov T* oynuoatiCovv Eva
CDS
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Emhoyr oiog yio to T*

Baown 10éa: no piCa tov T* givon yeitovac g
piCog tov T wov €yet Tov ueyaAutePo aplOpd amod
black yeitovec

* PiCa tov T kavel broadcast &va unvouo QUERY

e Otav AneBet to uvoua QUERY::

— O kouPog petadidel 6Tov amocToOAEN EVOL UVL LA
REPORT mov mepiéyetl tov # tov black yeitdvmv

— Pia ehattover X, katd 1; Ofter degree ico pe #black
YELTOVOV €AV €lval peyaldtepn; OEtel root variable ico
LE ato To 1d.

* Eav x; =0, otéhvel pnvopa ROOT otov kopuPo
mov 1o 1d Tov €ival otV root variable
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ITpooxinon xopfwv

* H piCa tov T* broadcasts unvoua INVITE2
e Otav AneBet to unvoua INVITE2

— Ed&v color=black, z=0 tote
e PMéoe Setz=1
e Parent = sender’s ID

* Metdooon JOIN unvouatog otov amocstoréa (sender)
* Broadcast uiqvopo INVITEI

e Otav Anedel unvoua INVITEI
— Edv color=gray, z=0 tote
e Qéoez=1
» Parent = sender’s ID

¢ Metdooon JOIN unviouatog 6tov amosTorEd
e Broadcast uiqvouo INVITE2

e Otav AneBet umvoua JOIN
— IIpocsOnkm tov sender’s ID otnv chidrenList

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog
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‘ Koatooxson tov MIS »ot Dom. Tree T#

Kotaokegvn MIS
(a) - (g)
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Kataoxeon tov MIS xot Dom. Tree T*

0 ] 0

Kotaokevn) DomTree

(h) - (k)

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

22/12/2005

Approximation factor <= &
[ToAvmAoxkotTnTa Apovovu: O(n)
[ToAvmthokotnta pnvoudtov: O(n*logn)
Nontrivial CDS

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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‘ Ilepteyopeva

22/12/2005

* Kivntd Ad Hoc oiktva

— Clustering o€ ad hoc diktva
* AlhyopBuoc pe Maximal Independent Sets

o AkyoprOpoc ne Weakly Connected
Dominating Sets

e 2ynuoaticuog max-min d-cluster

* AcOpuata Aiktvo AlcOnmpov
(Wireless Sensor Networks)

— A1Qve1M TANPOPOPIOC GE GV PLOTO
otKkTLa CIGON TPV

Tunpa Mnxavikwv H/Y, TnAemikoivwviwy Kail AIKTOwyv, MMavemoTtApio Oscoaliag
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Clustering ad hoc dixtva

* EmBounto va onuiovpyncovue pio apnpmnuevn
OOUN TTAV® OO TO OIKTLO, £TCL MOTE TOMIKEC
aAAOYEC VO UMV YPELACETOL VO YIVOVV YVOGTEC OE
OAO TO OIKTVLO

* Mg ypnrion vrooouwv mov AEyovtal clusters

* Clustering: n ol001KOGi0L OPIGULOD AVTOV TOV
VTTOOOUMV LUECO GE OAT] TNV TOTOAOYIO TOV
OIKTVOV

e O xoufor otakpivovton Ge:

— Clusterheads
— Gateways
— Ordinal nodes

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog
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ITaxpaderypa ad hoc 6ixtvov

MaUpoi képpor: clusterheads

Mauvpec akpéc: ouvdEoelC
peTal Twy clusters

22/12/2005
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M6 dominating set

22/12/2005

Xpnon tov kouPwv evoc dominating set g
clusterheads

Avabétovue kB kOuPo 6’ ekeivo to cluster Tov
AVTIGTOLYEL TNV KOPLPT] TOV KLPLUPYEL TAVED TNC

Muikpog ap1Ouog and clusterheads yia va
OTTAOTTOL)GOVLLE T OOUT] TOV OIKTVOL

Q¢ Yv®GTO, 1 €0pECT TOL EAQYIoTOV dominating
set etvon NP-complete

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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‘ Connected dominating set

* 'Eva connected dominating set (CDS) evog ypaopnuatog G
etvar éva dominating set Tov omoiov 1o induced ypaenpa

eIVl GUVOEOEUEVO

e Xpnoiuomoleitor E0KOAN Yo routing
UNVOUATOV HETAED TV clusters

« H eVpeon evdg eldyrtotov

CDS 1s NP-complete

O ap1Oudc tov clusters peydiog

22/12/2005 TuRua Mnxavikwy H/Y, ThAsmikoivwviwy Kai AIKTuwy, MavemoTtipio Osooaliog
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Weakly induced subgraph

« EAdttooon tov aptBuov tov clusters pe v
“yaAdpwon’’ TNG amoiTNGNE Y10, GUVOECUKOTNTA

* To vmoypaenua mov eival weakly induced amo 10
S(ScV) etvan to ypaopnua (S),=~(N [S], E 77 (N
[S] X9)).

e (S), meprhapuPdvel Tovg KOUPOLS TOL S Kot OAOVS TOVG
KOUPovg mov gtval YEITOVEC VTV MG GLVOAO KOUP®V
TOV (S),,

* Ot akpeg tov (S), stvar OAeg ot akpeg tov G, Tov
£XYOVV TOVAGYIGTOV TO £VO AKPO TOVG GTO S

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog



IToepad. weakly induced subgraph

2. OvoAo Koppwyv: pavupol Koppol

2.UvoAo akpWV: HavpeC YPAUUEC

22/12/2005 TuAua Mnxavikwv H/Y, ThAemikoivwviwy Kai AIkTOwy, MavemoTtApio Osooaliag
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Weakly-connected dominating set

* 'Eva vmocuvoro kouPwv S eival Eva weakly-connected
dominating set (WCDS), eav 10 S eivou dominating set
Kol 10 (S),, €lval GuVOEdEUEVO

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog
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AlyoptBp. yio svgeor mxgod WCDS

o AlyoprOpor I ko II: Avo centralized
aAyoptOpuol

o AlyoprOpor III ko I'V: Distributed
vAOTOMGELS TOV aAyopiOumv I ko 11

* ALyoprOpocg V: Distributed Asynchronous
TPOGEYYLON

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog
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AlyotBpog I (negidndn)

* Agoouévov evoc ypaopnuatoc G=(V,E), kdbe
Koupoc ocvoyetileton pe Eva ypopo. (White, gray, 1
black)

* 'O)Lot ot kOuPot apyikd eival white

e Y& KaOe emavainymn, o aAyoptouoc ypouotiCet
black é&vav white 1] gray kouPo kabng emiong
YPOUATICEL gray OAOVLC TOVLC YELITOVIKOVC TOV
KOupPovug

* X210 T€AOC, 01 black kouPor cuvietovv Eva weakly-
connected dominating set
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Ogoloyio: ) evvoia “piece”

* Piece avapépeTal 6e L
EMUEPOVC VTTOOOUN TOV
YPOPNHOTOG

« 'Eva white piece gival amAd

gvog white koppog

« 'Eva black piece mepiéyet
¢vo maximal cOvolo amo
black koupovg twv onoiwv 0
weakly induced vroypdonua
eVl GLVOEDEUEVO GLV OTTO101

TPOCKEiEVOL gray KOpupot Ta pieces ohuatodoTouvTal
pe dotted mepioxéc

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog
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Ogoloyia: 1 evvola “improvement”

* To improvement evo¢ (non-black) koppov u

22/12/2005

etval 0 oplduoc Tov pieces mov Oa
cuvevavoviay o€ Eva Lovo black piece edv
0 u ypouatTiCotav black

2TO TEAELTOUO TTOPAOELYLLOL, Y POUOATILOVTOG
tov KOpuPo 5 black Oa cuvévove 4 pieces,
evo ypouatiCovrog black tov xkoupo 4 Oa
GLVEVOVE 3 pleces

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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AlyoBpog I (Aentopéoeteq)

e X€ KAOE emavaAN Y, 0 aAyOp1OUOC EMAEYEL
eva Lovo white 1 gray kouf3o yo va
ypouaticel black

* H emAoyn yiveton pe drAnoto tpomo: a
EMAEYETOL O KOUPOC HE TO PEYAADTEPO
Improvement

o Méyptva amoueivel LOvVo €va piece

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog



ApXIKa oAol ol koupoi eivar white
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TTpwTtn gmavaAnyn
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AeUtepn emavaAnyn
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TpiTnh emavaAnyn
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TérapTn emavaAnyn
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Eni6oon 1o WCDS

* To p€yeboc Tov weakly-connected

dominating set mov oynuatiCetal amxd Tov
AlyopiOuo I eivatl to moAv (InA+1) [OPT)]

* OPT ovuPorilel to ehdytoto pueyebog tov
weakly-connected dominating set yio tov G

* A ovpPoArilel o peyioto Pabuo tov G

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog
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AlyopiBpog I1

e O alyop1Opog Cexiva pe TNV ETAOYT EVOC TLYOLOV
KouPov tov G yuo va tov ypouaticel black

e XTI EMOUEVEG EMAVAAYELS, EMAEYETOL VL
ypouatiotel black o vmoyneroc kouPoc pe tov
ueyorvtepo ap1Oud white kouPwv oty yertovid
TOV

* To uéyeboc tov weakly-connected dominating set
etval to woAv (IgA+2) (OPT)|

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog



AlyoptBpor IIT »o IV

e >¢ ad hoc oiktvo, 0 mobile host ogv
Yvopilel TN OoUT] TOV OIKTVOL TTEPU OO TN
YELTOVLA TNG

 Distributed exoocelg twv AAyopiOuwv I
Ko 11

* ECakoAov00o0V va elval KANPOVOLLKA
aKoAOLO10KOL, PO LOVO £vac KOUPBOG
umopel va ypopotiotel black ce kdbe
ETOVOANYT

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog

44



45

AlyopiBpog V

22/12/2005

[TANpw¢ distributed mtpocéyyion
Enéxtaon moAloamAmv black pieces mapaAinia

2 KABe emavaAnyn, kdbe piece vtoAoyiCel TOVC
OLKOVC TNC VITOYT(PLOVG

‘Evog vroynelog kouPoc Ntav gite gray kouPoc 1

white kouPog mpookeipevog o€ kdmolo gray koupo
Kd&0e piece emAeyel amd TOLC OUKOVE TNG
VTOYNPLOVE KOUPBOVES TOV VTOYN PO LE TN
HEYOAVTEPT Improvement Ko TOV ¥pOUOTICEL
black kaBm¢ ko Tovg yeitoveg Tovg gray

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag



TTpwTn emavaAnyn
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AeUtepn emavaAnyn
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‘ Ilepteyopeva

22/12/2005

* Kivntd Ad Hoc oiktva

— Clustering o€ ad hoc diktva
* AlhyopBuoc pe Maximal Independent Sets

* ALhyopBuog pe Weakly Connected
Dominating Sets

e Yynuotiopnos max-min d-cluster

* AcOpuata Aiktvo AlcOnmpov
(Wireless Sensor Networks)

— A1Qve1M TANPOPOPIOC GE GV PLOTO
otKkTLa CIGON TPV

Tunpa Mnxavikwv H/Y, TnAemikoivwviwy Kail AIKTOwyv, MMavemoTtApio Oscoaliag
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Eooymywa (1/2)

* An ad hoc network may be logically represented

22/12/2005

as a set of clusters. The clusterheads form a d-hop
dominating set. Clusterheads form a virtual
backbone and may be used to route packets for
nodes 1n their cluster.

In this paper, the author shows that the minimum
d-hop dominating set problem 1s NP-complete and
then presents a heuristic to form d-clusters in a
wireless ad hoc network.

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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Ecoymywma (2/2)

« Besides of the clusterheads, 1t also propose an

22/12/2005

efficient algorithm to construct gateway nodes
which are at the fringe of a cluster and typically

communicate with gateway nodes of other clusters.

Furthermore, this heuristic has time complexity of
O(d) rounds which compares favorably to O(n) for
carlier heuristics for large mobile networks. This
reduction 1n time complexity 1s obtained by
increasing the concurrency in communication.

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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2 (EOLUOTINEG ETULAOYEG

* All nodes maintain knowledge of the overall

22/12/2005

network and manage themselves. (high
communication overhead)

Identify a subset of nodes within the network and
vest them with the extra responsibility of being a
leader (clusterhead) of certain node set in their
proximity. (LCA, LCA2. Degree )

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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XaQonTnEloTind veou adyoifuou

22/12/2005

No need for synchronized clocks

Limit the No. of messages sent between nodes to O(d)
Minimize the size of the data structures

Minimize the number of clusterheads as a function of d
Formation of backbone using gateways

Re-elect clusterheads when possible: stability

Control the number of the clusterheads and cluster density by
the parameter d

Distribute responsibility of managing clusters is equally
distributed among all nodes:fairness

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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IToAvmAoxotnto TV d-clusters

« Reduce from 1-hop cluster problem which 1s also called
dominating problem and has been proven as NP-complete.

* Auxiliary approach: Construction of the unit disk graph
G. Define 0 = 1/(2d+1) unit as the radius of the unit disk
graphG,. For each unit length in G we add (2d+1) new
1ntermed1ate vertices in equal distance © . Thus, for each
original edge (u, v) in G of length 1 ., we add (2d +1)x
1, , Intermediate vertices. Moreover we add (2d+1)
auxﬂlary vertices ul,u2...... ud-1 sequentially form origin
vertice u at each distance d.

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog



Evgesatinn enidvor (1/6)
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The heuristic runs for 2d rounds of information
exchange. Each node maintains two arrays,

WINNER and SENDER, each of size 2d node ids:

one 1d per round of information exchange.

Stepl: Initially, each node sets its WINNER to be equal to
its own node 1d.

Step2: (Floodmax) - Each node locally broadcasts its
WINNER value to all of its 1-hop neighbors. For a single
round, the node chooses the largest value among its own
WINNER value and the values received in the round as its
new WINNER. This process continues for d rounds.

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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Evgesotinn enidvon (2/6)

e Step3: This follows Floodmax and also lasts d rounds. It is the same as
Floodmax except a node chooses the smallest rather than the largest
value as its new WINNER.

» Step4 (overtake):At the end of each flooding round a node decides to
maintain its current WINNER value or change to a value that was
received in the previous flood round.

« Step5 (node pair): A node pair is any node id that occurs at least once
as a WINNER in both the 1st (Floodmax) and 2nd (Floodmin) d
rounds of flooding for an individual node.
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Evgesatinn emidvor (3/6): Kotrtnoa

emthoyNg Twv clusterheads

22/12/2005

After completion of the 2nd d rounds each node looks at its logged
entries for the 2d rounds of flooding. The following rules explain
the logical steps of the heuristic that each node runs on the logged
entries.

Rule 1: First, each node checks to see if it has received its own original
node 1d in the 2nd d rounds of flooding. If it has then it can declare
itself a clusterhead and skip the rest of this phase of the heuristic.

Rule 2: Each node looks for node pairs. Once a node has identified all
node pairs, it selects the minimum node pair to be the clusterhead. If a
node pair does not exist for a node then proceed to Rule 3.

Rule 3: Elect the maximum node id in the 1st d rounds of flooding as
the clusterhead for this node.

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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Evgsotiny enthvon (4/6): Emihoyn

TWY gateways AL convergecast

* To reduce overhead, the communication starts
from the fringes of the cluster, gateway nodes,
inward to the clusterhead.

 If some nodes of a node’s neighbors have chosen
different clusterhead, then the node 1s a gateway
node. (1-hop local broadcast)

 The SENDER data structure is used to determine
who next to send the convergecast message.

* The heuristic maximizes the number of gateways
resulting in a backbone with multiple paths
between neighboring clusterheads. (for reliability)

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog




58

Evgsotiny enthvon (5/6): Emihoyn

TWY gateways AL Convergecast

Mode 1 1 2 7 35 B 23 22 21 w5 A7 3l 19 =®5 16 100 73 28 41 a1 11 48 3 15 38

Mlax 1 A5 10 73 073 35 65 35 23 65 EBS 65 37 OES 100 B5 100 10k TR 61 O 100 25 48 1040 61

Ml 2 | 35 73 100 1040 73 O ES5 65 35 &B5 100 85 H5 10400 1040 1OO 100 1o 1O0 1000 100 1o 1o 55 10400 100
Pelax 2 | 73 1O 1030 100 10O 1O 825 65 100 1OO 1000 DO 1000 10400 [OO 1000 1000 1o 1000 1000 TO0 100 108 1000 100
Mlim 1 T3 OOTER 100 100 T3 10 65 65 25 1000 1O DO 1000 1000 1o 100 10 DOdGr To00 1O Tod0y 1Oy TOCr 100 1O
Mlin 2 T3 T3 T3 73 65 T3 65 65 65 85 8BS L0Hy 100y 1Oy 1O 1oMd T0HY DO 100 1O 1Oy TCEY DOy 1 Od 1O
Mlinm 3 G5 T3 OT3 65 65 65 65 65 65 65 65 BS O 100 285 73 100 T3 10O 100 1000 1000 1Oy L0 1O 1O
FHesult | 73 73 73 73 T3 65 65 65 65 65 65 #5 100 25 100 100 73 1000 1000 1O 1000 100 100 10400 100

WINNER
J-cluster formation in a network of 25 nodes.
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Evgsoatiny) entdvor (6/6): Opbotnta

* Assumption 1: During the floodmin and
floodmax algorithms no node’s 1d will propagate
farther than d-hops from the originating node itself
(definition of flooding).

« Assumption 2: All nodes that survive the
floodmax elect themselves clusterheads.

« Lemma 1: If node A elects node B as its
clusterhead, then node B becomes a clusterhead.
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ITaxpaderyuo

Figure 5 shows an example
of the network topology
generated by the heuristic
with 25 nodes. Here we see
four clusterheads elected in
close proximity with one

another, namely nodes 65,
73, 85, and 100.

J-cluster formation after topology chanee,
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‘ ITaxpadetypa (YeiQ0TeQn ENI6G0OGT)

10 15 100 101 200 220
@ &

221

Worst case performance scenario for the proposed heuristic, d=3.
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ITaxgaderypo (moAvTTAOXOTY|TH)

22/12/2005

Since no node 1s more than d hops from 1ts
clusterhead the convergecast will be O(d) rounds
of messages. Therefore, the time complexity of the
heuristic 1s O(2d + d) rounds = O(d) rounds.

Each node has to maintain 2d node 1ds 1n its
WINNER data structure, and the same number of
node 1ds 1n 1ts SENDER data structure. Thus, the

storage complexity 1s O(d).
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‘ ITegteyopeva

22/12/2005

* Kivntd Ad Hoc oiktva

— Clustering o€ ad hoc oiktva
* AlhyopBuoc pe Maximal Independent Sets

* ALhyopBuog pe Weakly Connected
Dominating Sets

e 2ynuoaticuog max-min d-cluster

* Acvpuoto AlkTvo AtecOntypov
(Wireless Sensor Networks)

— Aldyvon TAnpopopiag GE acLPUOTO
otKkTLa CIGON TPV

Tunpa Mnxavikwv H/Y, TnAemikoivwviwy Kail AIKTOwyv, MMavemoTtApio Oscoaliag
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Katnyopieg duttdmv atabnnomy

* Epopuoyeg
e Kivnta vs. ototika
— YBprowad

e OuoYeEVN VS. ETEPOYEVN
— Sensors vs. relays
* Emnineoa vs. 1epapyucd
o Ap1Buoc kol 0éom tov sinks
e TOmOC UECOV EMIKOIVOVIOG
— Evovupuota?

— Acovpuoata RF, ontikd, akovoTikd
— YBproka
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4
Equouoyeg
0 Ecological Habitat Monitoring
O UCB/Intel Berkeley: Great Duck Island
O UCLA-CENS: James Reserve
O Princeton: ZebraNet in Kenya
0 Structural Monitoring
O UCLA-CENS: Factor Building
O USC: Networked SHM
O UCB/Intel Berkeley: SF Golden Gate Brid
O Biomedical Applications
O Artificial retina
O “Bio-monitors”
0 Industrial and Commercial Apps

O Ember Corp: Thermal Process Control, em ber

Shipment Tracking embedded RF

S
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‘ KopBot dixtowy ctantnomy

WINS (Rockwell) MICA 2 Mote (Berkeley)

GNOMES (Rice) MANTIS Nymph (Colorado)
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‘ Bootxo vaixo (hardware)

22/12/2005

SENnsors

Memory/Storage Processor

Radio Transceiver

Power Source: Battery/Harvest

Tunpa Mnxavikwv H/Y, TnAemikoivwviwy Kail AIKTOwyv, MMavemoTtApio Oscoaliag
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Berkeley Motes

MICA 2.
Runs TinyOS, programmed using NesC

ATMEL Atmega 128 Processor ATMega 128L 8-bit, 8MHz, 4KB
EEPROM, 4KB RAM, 128KB flash

3 Chipcon €CC100 multichannel radio 38.4 Kbaud, (Manchester
encoding, FSK), 500-1000ft max range.

7 Standalone sensor boards

Q

a 4

1 TOSSIM software to simulate a mote-based sensor network™

* ZuvioTaral avemi@UAAKTa yia AemtTopeph £pya mpooopoiwaonc!
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Eoaopoyn oto Great Duck Island

3 Petrel habitat on Great Duck Island in Maine.
a9 EpwTtnosic mpo¢ amavrnon:
O pattern xphong Twv nesting burrows yia Tov KUkAo
24-72 wpwv
O  AAAayéc oThv burrow Kai emiQAveEIGKWY
TEPIPAANOVTIKWY TTAPAPETPWY

o Aiagpopéc oTa micro-mepiPAAAovTa Pe Kal Xwpic
HeydAoug apiBuoug amd nesting petrels

O  PuBpoi deiypatoAnyiag

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog
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‘ ITAeovextrpoto SixtOWY ctabnTnE®y

* AmOAVLTN GUVOEST] UE TO TEPIPAALOV
* Oyr-emBetikad

o Acpain

e OKOVOUIKQ

— M eykaTdoTOGT), TOAAATAES YPNCELS
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‘ Iepaoynn synotaoToo

e 3 emimeEOO

22/12/2005

— KouPBot aieOntpwv Gateway
— Gateways
— 21o0uoc Pdong

— “G1zmo”. Base station

Tunpa Mnxavikwv H/Y, TnAemikoivwviwy Kail AIKTOwyv, MMavemoTtApio Oscoaliag
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KopBot

e AlcOnmpec:
— Mica 1 mote.

— Sensor board ue Oepuokpacia, pwc, Tieon, vypacia,
Oepuotnra.

* (ateways:

— Mica 1 mote GuvoedeueEVn 6€ Eva mote Kol GTOV
otaOuo Pdong
— Epoowcuéva pe directional antennae

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog
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Evegysta

22/12/2005

IIepropropevoc xpovog CmNG tC Umatopiog
Ouowopopen Acttovpyia yioo 9 unvec

O1 KOpPot EKTEAOVV OLOUPOPETIKEC
Aertovpyiec

2uykekpuevo (tabulated) kdotoc v T1g
Baocikég Aettovpyiec

Katdotaon vmvov (sleep mode)

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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ZNTNPOTO EYXUTOUOTUON|G

22/12/2005

32 motes, 9 1n burrows
Recorded- kot live data
Duty-cycle based broadcast
Multi-hop

Network management
— Re-tasking

— Fault detection/diagnosis

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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'Eévntvn oxovy (Smart Dust)

* 2¥E0L0GTIKOL GTOYOL

22/12/2005

— Cubic millimeter.

— IToAD younAn KotavaAmGo™ EVEPYELNG

ATOTELEGNO: TO TTOKETO oONTNpO TEPLEYEL

— AlroOnmpeg

— OnTIKO avouetao0Tn (passive Kot active) ko
mmtn (receiver)

— Emelepyooio oNuatog

— HMokn nyn evépyerog

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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Egoppoyeg g smart dust
* ITapakoAoOOnon mep1PdAAovToc

— Evtoua

— Metemporoyikd povoueve,

* E101KéC Asttovpyieg

22/12/2005 TUANO MNXOVIKWYVHY, TRAETTIKOIVWVIWV KOI AIKTU (v ——



2uviotwaoesg g smart dust
////
&4

N

[
Passive Transmitter wi 1h Actlve Transmitter with Laser

Corner-Cube Retroreflector Diode and Beam Steerlng /S / /

Recelver with Photodetector

Sensors ' ~_— Analog I/O, DSP, Cortrol

Z Z Power Capacitor

Solar Cdll

Thick-HIm Battery

< 1-2 MMmM——»
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Passive petadoostg

22/12/2005

Avaxioaon emtevnc axtivag (amd to BS)
TLoW 6TO GTOOUO LUE KMOTKOTOINUEVA
0EO0UEVAL

O BS amokmoKomolel To 000 UEVAL LUE
avayvmon tov “on” kol “off” avakAdcemv

PvOuoti uéyxpr 1 kbps yio 150m
AMAG, uninterrupted LoS pe BS

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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‘ Smart dust: passive transmission

ModulatedDownlinkDataor
Unmodulatedinterrogatio
BeamforUplin :

Photo- 1
detector -

Downlink
—
Dataln

DataOut!

<<_Uplink
Dataln

Corner-Cube

~ Signal Selection
‘ |and Processing

I
v v

‘ T | | | ‘ odulatedReflected = Retroreflector |
\ I BeamforUplink 1 l
"" — | DustMote |

Uplink Uplink
Data --- Data . :
Out1  Outn High power laser emitted from BS for

. _Base-StationTransceiver | downlink and uplink communication.
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Active transmissions

e [ aser

* Multi-hop yio pucpn evépyeia

* Data rate vs. range vs. power trade-off

22/12/2005
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Smart dust: TgoxAnostg

22/12/2005

Amaitnon LoS vs. kivntikotnta
Katevbvvon civoeong

Evépyewa, puOuog 0e0opEVmV, Kot omtOGTAG
trade-off

Link unidirectionality kol acopuetpio
Tomkota

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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Brotatoineg epoppoyeg

e [Tapatnpnon vyetoc

— Emineoo yAvkolnc
— Ientikd cvGTNUO
— Mviko cvoTnua

— Kapowayyelakod cvotnua, K.T.A.

* Teyymtog auPIPANCTPOEIONG

22/12/2005
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‘ALO'O TYOEC VIO TNY OQUO
NTNQEG Y& TNV 0QXKOT]

!

Neuro Chip/Biological Interface

GP-KS462 Miccrocamera Data Signal Generator ~ Human lijterface  Neuro Chip Dri

I GZmm |

Retina Prothesis Chip

|
Laser Ranging System \
Receiver/Power

- Conversion Unit
Retina

Power and Data Transfer

(induction)Circuitry Optic nerve

NTSC Camera Control Unit Application Specific Processor
DSP System and . Visual Interpretation and
Data Interface Programing |~ Edge Detection Programrming
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2UVOTITINA Ol TTQOAAYGELG

22/12/2005

ITeplopIGUEVEC OLVATOTNTEG: EVEPYELQ,
eneCepyacia, amodNKeLOT, Kol ETIKOIVOVIN
20vEYNC AEtTtovpyio

Evpwotia kon fault tolerance

Kupdkmon

AVTO-0LLOPPMOCT], AVTO-OLOYELPIGT], VTO-
eMO10pHYmon

ZNTNUOTO GYETIKA LE TO, OEOOUEVOL

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag



85

ZNTHPOTO UVEL EQAQUOY

* Ileproprouoi vAIK®OV
— Blo-ouppatotma
— Avocowakpira
* Minovueva to mepiBdAilov
e Mn-aviyveboua: m.y. stealth wton
* AcpdAield
— [DiwtikdTOl
— Interference
o Zntuoto vopolesiog
— Onoc aroutioeig g FDA
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‘ IIeptoglopevy) bTOAOYLIOTINY Mol
aobnrsuTINy Loy LG

e 2vvepyocio LETOED KOUPB®V

* 2V60MPEVOT) ocoouEvaV (data aggregation)
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IIeproglopevn evepyeta

o XOoUNANG eVEPYELOC AEITOVPYIKEC GUVICTMGEG
e Alxyeipion EvEPYELNG
— AL4QOopeC AEITOVPYIKEC KOATOUGTACELG
e XaunAd K0610¢ HeTAPaons and-ce KaTdoToo
« Deep-sleep, Sleep, On
* ITapoyn owpopetikng QoS
e ALOYELPIOT EVEPYELNG
— Métpnon evepyelog
— Katavour tov mpoimoloyicuov evEPYELNG

— MetaPdoelg petacd O10POPETIKMOV KATOUOTAGEDV
EVEPYELOG

22/12/2005 TuAua Mnxavikwv H/Y, ThAemikoivwviwy Kai AIkTOwy, MavemoTtApio Osooaliag
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AcLQuaty emnovmviK

* Méco emkotvmviog

— Radio Frequency: napakorotdnon “cuvndeidv”,
Brotatpucol ausOnMpec, K.T.A.

— Om¢ (active kot passive): Smart Dust.
— Acoustic: vmoOoAidcaoia diktva arednTpOV

* Ad hoc vs. apylteKToVIKY LE VTOOOUT)
* 'EAgyy0C TOTOAOYIOC
e Apouporoynon

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog
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Ad hoc vs. infrastructure smxoymyLeL

* Emikowvavia and cucOntipa o€ aicnmpa:
— Mikpn) amocTocn
— Ad hoc
* Emkowvovia and cusOntpo pe otofuo Pdonc:
— Mokpivic amdoTacnS ETKOVOVia amod aiedntipa
TPO¢ 10 oTaluUd Pdonc
— Ymoooun

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog



Tomoloyix

* 2t00ept) TOTOAOYIN

— Baociouévn og tree

— Boaoiopévn g clusters

* AuvouiKn TOToAOYid - KIVNTIKOTNTO

22/12/2005

— Ad hoc
— Ymoooun
— Mewkt

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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Ytolseg Tonoroyieg (1/2)

* MetaPoin # yertdvav 0 o 2 o o o

« Trade-offs
— Ap1Buog tov hops

— AplBudg tov yeIrtovov

* Extipnon ypnong evepyeiag
* 'Eleyyog power-aware opopordynong |

30

* AmoteAéopaTo

— Power-aware routing reduces
power usage.

— 3D eivol kaAvtepa amo 2D .
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‘ Xtolspeg Tonoroyieg (2/2)

Cluster-based Tree-based

O mpoaoeyyioelg Baotopeveg os clusters maeyovy
UAADTEQY| ATTOOOTIXOTY| T GE EVEQYELX UTTO OTL Ol
noaeyyioels BuoloPeVeS ae tree
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NPT OYETIA Ue To Oedopeva

* Trade-off petald kabvotépnonc (latency) ko
EVEPYELOC

e AvamopioTooT) 0E00UEVMV

— Raw/ocvumiecpéva dedopéva

— Ty oerypotoAnyiog: AmOALTN/ZYETIKN
e Awoxkpifoon ceaAUATOC

— Oy mpOGPacm GTIC TPAYUOTIKEC TIUES

— IIpoxdmtovv and dArovc areOnTpeg

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog
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2LVEYNG ASLTOLOYLN

e 2VAAOYTN OEOOUEVMV Y10, LEYAAQ ¥ POVIKA
OLOG TN LOTOL
o AVOVEMGIUN EVEPYELQ
— HAwouc evépyela
— MnyoviKEC TAAOVIOGELS
— Radio-Frequency enaywyikn aviictoon

— Infrared emaywywn avtictaon

22/12/2005 TuAua Mnxavikwv H/Y, ThAemikoivwviwy Kai AIkTOwy, MavemoTtApio Osooaliag
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Evowaotia »ot fault tolerance

e Avto-mpocapurolouevol arcOnmpec:
— IIpocapupoyn oe aAlayéc meptPdAlovtog
— IIpocoapupoyn oe aAlayEC EVEPYELOG

* Koataveunuévo oikrtvo:

— KaBe aiesOntpag Asttovpyel avtdvoua amd Tovg
YEITOVEC TOV

— AAMNAO-EMIKOAVTTOUEVES TEPLOYES ECLTNPETNONG
— Oyt novo onueio amotuyiog
* [TopakoroVOnon katdotoaong “vyesiac”

— ILy., ava@opd evépyelog KaTd T OLAPKELN LETAOOGTC
OE00UEVMV

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog
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Enpulaéetg

22/12/2005

Ymdpyel Lovaodikn AVGT KATAAANAN Yo OAEC TIC
EQOPUOYEC?
Ta mo onuovtikd Cntmuoto otn oyeoiaon:

Kootoc?

Katavoun mopwv?
Awoyeproipotnro?
Eyxaipotra?
Avoampocapuoyn Asttovpyioac?

KAudkwon?

Exoatoppvpio kOupov aieOnmpwv?

TuApa Mnxavikwyv H/Y, TnAemikoivwviwy Kal AIKTOwyv, [lavemoTiuio Oecoaliag
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‘ ITegteyopeva

* Kuwnta Ad Hoc oiktoa

— Clustering o€ ad hoc diktva
* ALyOp1Buoc ue Maximal Independent Sets
e ALyop1Buoc pe Weakly Connected Dominating Sets

o Yynuoticuoc max-min d-cluster

o Aocvpuota Aiktva AteOntmpov (Wireless
Sensor Networks)
— Au@yvon TANPoPopPLaS 6E AGVPUATO OLKTVO
acOnmpov: To tpmtoxoiio Directed
Diffusion

22/12/2005 TuApa Mnxavikwv H/Y, TnAsmkoivwviwy Kail AIKTowy, MavemoTtipio Osooaliag
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To vnoAoyloTI0 TTOLEASEY A

o Aedopevo-kevTplko (Data Centric)

— To dikTUO aICONTAPWV ENEPWTATAI YIA CUYKEKPIMEVA
dedopeva

— No sensor-specific query
— TauTtoTnTa TNC NNYNG TwV OeOOUEVWY €ival AOXETN
e EEc1dikeupevo via KGBe epapuoyn ~
— In-sensor ene€epyaania _\‘>‘:>> ‘—»
- In-sensor caching v -
e Tonikoi (Localized) aAyopiBpuoil

— Enmituyxavouv Tov KaBoAikO okomnd Jeoa ano TNV TOMIKN
OUVEPYAOia Kal CUVTOVIOHO
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Ovopuatiopog 6edopevmy

e Ovouaoia pe Baon 1o nepiexouevo (Content based
naming)
- “Epyaoiec” exouv ovoua: (euyn ano (Attribute - value)
— EmiAoyn Tou oxNUATOC ovouaTIOWOoU €ival onUavTikn
— 'Ox1 kaBoAika (povadika) ID kOpuBwV: HOvVo TOMIKA Hovadikda

Request: Interest Reply: Data
type = four-legged animal type = four-legged animal
interval = 20 ms interval = Is
duration = 10 seconds rect = [-100,100,200,200]
rect = [-100,100,200,200] timestamp = 01:20:40

expiresAt = 01:30:40
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Interest & Gradient

* Interest meprypdeel o evépyela mov Tpénel va €pbet o
TEPOG amO TO OIKTVLO oGO TPV
— Toa interests eyy€ovtot 610 dikTvOo OO TO Sink
— To sink exméumer (broadcasts) £va interest
— To interval xaBopiletl Eva pvOuo6 Y10 TO event data

— Apywcd, o artovuevo interval eivor moAd peyolvtepo and Ot
ypeLdLETOL

— KdabBe kopupog owatnpel o “interest cache”
« KdO¢ interest entry owatnpei gradients
— KaBopilel to pubuod dedouévav ko pa direction (neighbor)

— Ta oedouéva p€ovv amd v Ty TPog To sink Katd UKog g
gradient

22/12/2005 TuApa Mnxavikwv HIY, ThAemikoivwviwy Kail AIKTowy, Mavemiotipio Osooaliog



101

‘ Awxdoor Tov interest

e IIAnuuvpioa (Flooding)
e Constrained 1 Directional flooding avdioya pe tn tomoBecia
* Directional Propagation PaciCetal ota mponyovueva cached

data
N
L

Interest

S a('

o

—> Gradient
—>

X
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‘ Axboor Ty dedopevmy

« Evioyvon, mote dwavoun o€ £va, LOVO LOVOTATL

e Atovoun amd TOAAATAG LOVOTTATIO LE TIOOVOKPOTIKT)
TpomOnon

* Awavoun amd TOAALATAG LOVOTATIO LLE ETAEYUEVT
TOLOTNTO KOTA UNKOC OLOLPOPETIKAOV LOVOTTOTLOV

~. —> Gradient
. ’_>
\:/V - bata
i

| :
\ % & @-

.\‘

. e

e

re—e—

7/
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‘ Evioyvor (Reinforcement)

* Evioyvon evic amd toug YeiToveg LETE T ANYT TOV aPYIKOV
OE0OUEVMV
— T'eitovac/ec and Tov/T0VC 0MOio/0Vg EANPON GOV VEQ events
— T'eitovac 0 0moio¢ GLOTNUATIKE “amO010El” KAAVTEPD, OO TOVC AAAOVC
— T'eitovac amd Tov omoio eANeONcav Ta TEPIGGOTEPQ events

—> Gradient
—> Data
—> Reinforcement
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Agvntixn evioyvon (Negative
Reinforcement)
e Pnt) vrofdOuion tov povomatiov peE amocToAn Eava EVOC

Interest pe yaunAotepo pvouod dedouévmv (data rate)
e Time out

Reinforcement

~. —  Gradient
\\\ ! —> Data
', —
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20vodm tov Directed Diffusion

e H petdooon oeoouEvaV 6e ETITEOO EPAPLOYNG
EYEL TN OLVATOTNTO VO EAOTTMOGEL CT|LULOVTIKA TNV
KOTOVAA®GT) EVEPYELOG

— A€0OUEVO-KEVTPIKN OLAYLOT TANPOPOPTOG
— Evioyvon (Remforcement) Baciopévn o€ mpocapuoyEC
TV LOVOTOTLOV

— E&alewyn ko cucsompevon (suppression, aggregation)
TOV OITAOTOTOV
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