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Oorrla moclel [r 2] on{, of the tlvo theoreticâl models Propoqed so far {or robot

ne,t*orr.". rrre n.i moael proPosed iû the literature was ittroduccd bv Suznkv

End Yâmâshitâ [3,4,5] In this m.rdel robots are oblivious and Per{orm â cvclejr

of clementàry aàtions æ follols : obseNs'tion (the robot obsen€s the eNirorl

rrrent). computation (the robot coûrputes its rext Position Lâsed o]r the informâ

rl,r' 
"ottectca 

in tt c oUser\"àtion phàse) ând notion (ihe robot changcs iis Posi.

tion by moving to the coordjnâtes returned bv the cornputaiion Phâse) In ihis

rno,leirobots can"ot be iderrupted durins the execùtion of a cvcle The Cordâ

rnodel braâks thc exetution cvcle'in elementârv actions Thât is, à robot cân

l,c aciivâted/tùrned ofl $'hile executing :r cvcle Hencei robots 'lire not arvmorc

In both Corda and Suz!1<i-Yamâshita model seveml problems hàve been stÙd

k{t under dilTercnt àssùnptions on th€ environment (e g schedulers, fÀùlt

tolerance). robots visibilit)', âccuracv of conpàsses: circle {ornatiou, pattern

tormâtio;. sâthern,s [6,7.8,9,10,11.12] 
-uÊ 

llochins ?rcàlar fllthoush ]âxsel:

disc,rssed f<,r real robots (113,1a1 ârd [15]) às stùdied Èom theoretical point

of view principàl]y by Prencipe [16,17]. The âuthors prcpose nommiform âl-

{orithnis where robots piày tço roles: leadr:r or follower' The leàdcr is unique

nncl all the follosers kno{ it Obviouslv. $hen the lead€r cmshcs, disappeàrs or

duplicatcs the flock callrot finish its tâsk. Our âpproà'ch is dificrent' the leadcr

h noi known a prtory but it is elected via àlgorithnic tools When the current

ioûder disâppears from ihe system ânothcr leàiter is €l€cted âùd ihe tetwork cÙl

tnish iis t;k. In order to be soùnd oùr flocki s àrchitêciure includes às ba'sic

building block a lcader el€ction ûrodule
The icader election problem hâs been studied uûder â broàd clals of mod€ls'

Reccnt works propose solutions in the populâtion protocol model, [18,19] TIte

rlimè problem has â]so been studied in the mobile agenis mod{t [20] These mod

" t . , ' a v . " "  " . i r " r t , '  
r o  r  h '  r " L o  "  m o d " ,  h n s e \ p r  i n  r l ê " '  m o d ê l '  à 8 p r ' r q  ê i r  h r  l

1, , , ' r  u po' .r  ' .  po,nr inr"rr"r ion $i  l ,  " imulrâoeou. 
châûg" o[ r l 'ê ir  I"s l ' " rr !c

ttrtc or assume a speciÊc topology of the net$ork guesting the agcllis (e S rings)

or màke additional àssumPtions like ihe {:xistence ôf whiteboârds on the nodes

visiied by âgents.ln the robot net'À'orks l,herc is no such âssumptions sinc€ robots

xrove in a Cartesiân two din€nsionâl spacc helped onlv bv the iûformation thev

chn colled ât each àctilâtion
ln robot nciworks lcâder election hâve been màinlv studied ln isl The authors

propose a solution vhere robots share the saùe coordinâte svstem Further in

irLiis propose,l ar atgorithm lbr lead€r dection bàsed oD Lvûdon words \'!'hich

woit<s if the Dumber of robots is prime and robots àre not disposed in à regùlar

ru-gor. Thê previorLcly cited !'orks focùs ihe SuzùkrYanushità model' ln l22l the

nuihor prove ihc leacler elcction impossibilitv it Cordâ model whel] the nùnber

Our cantribution. In this pâper vc propose ând prol€ conect an ârchitecture

lirr â self-orgânizing âûd stabilizlng flo&ing svstem Contrary io existing work



-

L l )  (  , '  '  l ' r  r ' r ( l  \1  ( l s l i f  iù  l ' rn ' l l ] i ù ln ' rnL

,: ;r ,l;,: : ,,:'" ;;'..'-"
, , ; ;:1,: 

",1,,,-t :,, ;;; ;l: r;,,t:ti l" , :
,  t  L ! , i r  r ' t r ^ l ' L l '  r r I L ê l r ! ! r _ i r ! I I r r L r L l  

1 ! !

,,:,,,ii,,,,, ',,,, :,i 
,, i, r; , :,l l' ," ll '.,

,.'::. ;l :1 ,,.,,'; I ' ;l'':' i'" ,:;;': , ; t,: :, .l ,
I :, 1,i,"'. ,''' i ,,;:': ,:, , : ' , ;, : .l' '-'

2 Nlodel

rïîiTiiri$îïiiiii:iî i'niilïîlr;llq1iiii;;li ;
iiimirt--*li:*ii:1' ;tr*iryîiï:*iliil
iï'lffiii:l''*Xilt**l;l:fi.$: îir î'[:i]
"'ïi;ii,,',,,'.,,., ,i',,k,Ic1âslr,ï:es "'","",''""'î',];]]:ll;ï:ili:il":lllll

:liilï:Ï,iiirï T:ll; illî:T,:{Tliiirilnjj'rl ;::'llrrr
*iï *1li::l':li', :îÎ:Ï;;ii'lill,i:îl i:"1,1':;1";il,i:l',,'î;l'illlll'l'
i,,," i:,,,i,",".", u", â1',,:n'ri\.n,us. ù.ânjlrr4fiï1,:1il 

iïîï,:î:::ii:ïlill

iîït rnîr;.î,.Ë ll#r"'--ilti;+rlil:'ri::i*:li:ln::l l I
!r illât hâl)lmied in th. slsleu pro'rruslv ud hÊrte 'rrrtroi l)o l)â!e(L 1)rL

r*l* :lltllx'll,t[,1],'1,î:ïi:1"'" "b'É âlc iùo". rru'I:' niea!"

liï :î\illii:ïlïï;:l';::: I niil iirldL,iTi'lrlirrTi:lit'
O,,-ir'*" r.itri'rn)'s nr)sl 'l ihe prnrfs âff pr'pose(l nr rh' lrtPnr1'll r'rsr

. l  th i '  N . rk  [2 iJ



Stâbiljzirg Flir.kiùA Vià Leà'ler Eleciion in ltobot NetworLs 55

hâve to acquir€ information liom their fcllows is b)' obseNiûg their positions'

The rcbots are uniform, mea.nnlg thât thcv exedlte ihe sàmc âlgorithm' ithich

or."" r" l"p* the obseFcd positions of irhe robots, and returûs à dcstinâtion

poini towârds which the executing robot nioves

S.ledulcru. A scheduler decides at each conÊguration the set of robots âllowed

io p"r{or- thei.,'cii."s. A scheduld is fâir if, in a'n infinitc execùtic'n' a robot

i" â.ti*t"a irrn.it"ty o{ten In this paper we consider ih€ fàir velsjoll of the

folowins schedulers:

È-ôornded: bets'acn two consccutilc âctilatioff of a robot' ânothcr robot

càn bc âcti\âted ilt most & timcsi
- arbitrary: ât each con{igurâtiiD àn iirbitrarv subset of robots is àctilâted

In short, robots move àsvncnrorlousr)', are obliviotrs, s'nonvmous ând ùniforlr'

ljâiti"""riy, their actnâiion is mânased bv â scheduler who decides in eàch

<,onfigu.rtlà" the set of active robots That is, in this papcl w€ consider thc

Cordi noder refined {'iih the above mcniioned fair schedulins strâtesies (i e'

k-boùnded and ârbiirâry)

3 Leader Election and Flocking Problems

Leâder elcction creâtes ân âs-ïmmetrv whatever the initial conlisuation' Robots

may ba in one of ihe follos'ing stâtes: 1câder or follover ân(i the bàder sliould

be unique in the sYntem

Deflnition 1 (Leader Election). A sasteû af robats \enfies the ladcr eLec'

tion rpeci,rtcation iff the lollowins tao pmperties hokl:

Saletu fhè,d\ tpt ; i t t t  "  l "got  'âr ' l i t turùt 'on thPP th f t  ' '  n î  ÙniQÙP robut

;n\ the. , rute t io , l " ,  ar l  o t l  t1 , ,  o th, î  mbots oN i4 rhP r totF fo lLo\?t

Liueness: The lesal t:onfisuTttion is r rched xn & frnite nùmber 'il steps'

Leâder elcction is the building block for a lârge class of problems ln this pâ-

par we focus on the ltocking problem. Intrntivelv, a flock is a group of robois

r,liat moves in the ptane in order io executê â tàsk while màintaining a specifrc

formàtion. The rnost cùuent defrnition of the floc'king implicitlv a-ssumes the

cxistence of an unique leader of the groùp that s'il] leàd the group durnlg the

lssk execùtion. Robots liâ\'e as input the same pattcrr represe ting the floc'h to

be mâintaiûed which is descdbed as â sct of coordinàtes in the plâne, rclative to

r point representiûg the leâder'

Obviously, in order to achievc flockine robots need to r€ orgâriize their formâ

tion whenever thc learter chânscs its position Thercfore ihe deînition ofItoc'l<ing

[a6 to câptue the mobilitv of th€ flock

Formàllt', the flocking Problem can be deÊned as follows:

Deûnition 2 (Flockins). Let S be a svstetu ol robots and LetP be the frockins

pttem. S ærifies trrc ffockins lpecifrcation if the rcbofi Éatisf! P inliniteLa often
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1 l (  ia iL.d t l fs . r iPt  L . f  Prohàhi l i r I i f  s t ) iÙt i !ùs 1 i ) I  ] 'âr lÙ u 'c t i rùr  ùn l ) r ' ) l )ost ! l

' I l i f  
l ) i . t ) ro( tss iùs rhdù1.  l ) r t rprr .s  l l iP gf r r r l r  d  roLois for  i I i i  rùol i fs  n '

rnr l ion.  , \ l l  roh, i .s  lNl .  In .  l (  |der  âI .  da. ! t l  or  th f  s | ra l l ( 's i  enr los i l l {  ( ! r '1"
'1 

[ù. !1] ù)llrLq ,I tL. srnrLl(rrl (J! |)sinA .ircl. t'r!r a 'irculaf nlr nrg ti'

Jnrr i ( , r  i rs i r lA rs  û i1 i r r l r ice l )onr i  rh.  l Ia( l ' i  ( t ! rpr t ( r l  |1  t iLr :  I t r : ler  c l tc i ' iorL
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5 Lc:rrler Elecl,ion Nlodule

Lr1| is* \ t i (ûr . t r ( ,v f ih . i r t r lo ' (s i l ) i ln) r f r l . i . rnrnr is i ic i l r r ( l ( r fL fc l ion Gt 'n  i

r l l l  1h.  iùr rxN. i l , i l i t \  , . rsu l is . r .  l !  . i r ( r r r i l . I t  l ) r  us i fg ' in t l 'nJr i2âtnùr  l i r  th '

lo l lnurg,  \ 'c  s l ! , (  r l r r r  r ro l ) | t ) i l is tn lo ' .1( !  l r ld !ùr  i5  in lnr ts j ln( i  i r  2  r t tb t t t '

s r -qrûb.  1 l l^vr  ! . r .  1 ] l1 ]  pro l ) tbrL is in Leàdf l  . l l r r i i t ' r  is  p l rss i ln f  l .n  svs l (  !  i  
" f  

s i r f

5.1 Irnpossibility Results for Leâ.ler Etcctiorr

h ih is  n\ i t i , tL  sc tù^(  1he ( lc l1rnLi r is | i (  l f r ' l ( \  f l€ ' lxn l  i t rpossi l t .  i r )  Srrzùki

\ - rù! rshi râ t r ( i  L i r in t  ù io, l . ls .?

Thcoren 1. lrltrrrirtst.t. lt\Llrt tl..hor b ûnlturttt)tt:

h lbf  is l . . t . l ) ) .  L f i ' .onsl lÙ 
"  

I r ) l )o is  n)ùrùLX ,  r .grr l : r r  n  Con r i lh  t l l r  lo" l

r ]/ rllrllnrnr.s r)l cach r.bol sL1.h tiral lh. ?r lrrisiri!{r âxi: is dilccL'd t(À{âr(ls

ihc ùexl  ro l ) , ) l  i r i  r l ( !kwis.  Àssume also t | .  I  Posi t iur  r tx is  is  sr r : |  l ] r r t  t l ! '

n glr has ro valLrr of r less ihln 0 fl('Lsidrr tll r.rbots hÀlr lh' srûr Lrnrl

ol lengili. \\iith,ùl rcsrfâiriiùA th. go|e.alir:i se.onsnier jù tlLt lollo{itil âIt

r t t t j l f i ( i ra l  t r ià l 'g1. .  Io f  a dccu' f  rorn l ) rc l . ! rs ior . l t is  r l 'Lsn{e i  F isurc I

INo l . thâ tnr i : l l  i !  tL ,vÈ,1  ih .  n r l ioss i | i l i l v  o l  l .N  r lû  . l i c l  i ' t  i !  r ' r ' i r  { l l i l '  i r

L2L l  i s  J ro rn  t l ,a r  1 , .d , .  e l . { r ' i on  .aù  1) r  11 . t .ùù ! i !1 i 'a l l t  s l l r ' t t  t i ' r  t r  r i '  f r '  rn r l

rôb(trs r,rr. disfl)sd nr . n gox
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Fig' 1' Symtrerric Conlisùratnni

Eâch robot (iàn sec â roboi nr (0 0) (itsert) âûd or'hcr two Ùbots in (ï'+tt)

, " " ' , "  i , , .  n  r '  "  ' n " '  r l "  r t - " '  f o l o r  b â ! ê  r l p ' l r n '  l i p t r

î ' - " " ;  , o r l i n n r r i o r  ' r ! h  ' r "  ' r '  l " :  ' 1 " '  i  r l "  ' o \ " r  i r r  r r  r r '  T r '  n r r l

, " " ; , " i ,  ; " -  
" ,  

, t ' " , p î r " ,  - .  t n " r ' ' | h  l p ' d " r : "  d a d t n r r i r l ' p l ê t u ' ê ' i  '

i : : l ' ; ' ;  - " : = " d H n , ' n ,  r ' : J r  I ' ' ê "  o r '  ' | h '  ' " '  1 1  p r n p ' r r  ' t r '  a t " r ' ,
"^Ï""",*, r" t'itt't -"lisuàiior wb'rc ihef is no leàder' In order to rcâ'n à

r,,g"îi-,i-,,r"*i"" -"Ês;rùrion ùbds shoùrd 
ï:h^Ëllî; :iîili;"lÏ::;' '  r r 'L r  h \  " :  r "u \ " '  " ,  

t " r " " " : r " , ' r '  ' l ' " ; , .1 , " " , , . , .  
, " , " . , . , , , " " , , , . " , , r , .

n,urHinoiês tLd issnmr th '  sr ' lLedrLLFr cnr 'os

fh  . v . , . , , ,  - " . t r : , .  " .  , r : . , , r ' , o ,  ' . n " " . ' \ e  n - " "n  '  ' *1 "  i '  " ' " ' i ' |  i t i ' ' l

li;;i: ;' l:;' l;;: "'::i;;l :' r'::::li.:::: i: :Ï' i ;:' "::'ii""il;l
umtion. Ilc cc, thc svsteù niiver coNerg(is io à lcgal contigùràt1on

L(:ûrlr^ 1 . 1 h.Ie is na prol)dbilisti': 2'rol)ars L'd'l er eledxotr'

5.2 Probâbilistic Leadcr Election

ln tlis section we ProPosc Probabilistic solùions fbr lcader clection tor svstons

çiih lhree or rnor€ robots

Probâbilistic lcader election with 3 robots' Tbe âlgorit|nidca isto exPlort

if.".""r."",,:t .r. 
"t,*gkr' 

$ir choos' âs L*ilcr cardidâte the robot with iile

";'J:;;"*; ". 
the robot dilïer'inr from rhe or'h{ir ir.o robots in the càse or



:'

' , s  l )  I  , , r  1  l ) r '  ù r l  \ L ( l r rdnL. fn '  Lrn. l  I l  r tn( .ù '

: ' i ,  i ! h , , l 1 :  r r i , , , r g l ( '  l I r '  r r n r l o r r r i z N l r t L

, 1 t L  i l ; i r , , . L l  l r i r t i g l , s  l o i  r l i l s  l ) i r t i (  r l t r

i  
" . i ' 1 , . , ' r L  

r r \ . J r L r n f L ù .  l r ' L { ) r g l L  o ù  F r n l

j s  rscd . r rh  tu )  1 t r . l l  t l l f  i !Ùrnr '1 t l  t )

.âs1 , \ re  rsc  f { r t loÙ i2Nl r r r  n i  o rd ' r  1 ! '

ù .  àPL, l r  i [ , ' Iù . rho t l  ( l cs f r i !Û l  t r r r tc

l )  (  ( r !pu t .  rh .  ânAl .  ln1 \ùr r  ' * r l  Mr  n ) ) ' t s '
' l l  i i  r  r  tn l l r  i '  L l r r  snr l l ' s l  ihcn  l { !un ' i  L " ' /  '

ii "i."'it:'',.],-"ri" 
'. 

".1 
l*i snârr''qt lùr trr' ôrir'r rr' '' vru ri.r'r

l b .n  l l l , ,  !  Iù rd"

ll else if Ill l,h. rn:1.' are irlt!l'n al

tbdr  u1) r r  l r f f "dn  r ' lÙ  I ' r  *g t 'e r r

lN ' )  ro l0 t :  i !  r ) f l ' s i i r  dne ' r i t r

Algoriihrrr '' l Ilàd{:r el{rrlk)iL âlelritlùtr

Ien\ tù 2.  , \ t t tor i thn l  i  1(nt t t | ' r  Lnt fu l t r l t \  d ' t \ |x ' r |  ' 'c t i l ia t ion i r  l in i t '

û tûtxr  . f  r t t t ls  ut  t : t l . . t t t l ia i t  tn  t lL t  Coù|a nù\ l ' t  n 'hrd tùh i  k 'o t t t ld ' t

l'rob.rbilistic lcâdcr elcctio| with rtorc fhan 3 robots Ln ilr" follorirs
' , . ; . . , , . . . . ; , ,  

, , 1  ' r ' "  "
. : L  \  

' '  r ' '  I  r l '

" , ; i " ,  
, , i ' ; "  s alk,s( crrclosi l iA ' i rc l l '  r '5-tr ' r i '  ' \ ' ldn' ionâl l ) '  w *ort ld l ik l . thc

]" , ; ] , , ;  r , , ,  ; t " ;  , ,  
"" , , , , ,n 

reièr(rLc'  ioserl ! {  Ni i r  i l iÊ 
" l i*of  

s i- ' '  l 'hcûi)r ' '

. l ' , ,  1". , f" ,  
"r . , , la 

rrn l ! ' fhce(l  !n r lc 'eÙier posir ior '  l l  a rrboi  is i r r i t ia lh

r!)siiioncl:l iù ihi (1'n1.r of r[f sùrlll(ist r:r(losurg rircle i|un a lr(]'o(ssirLN

i,ir". ]...'*.*,  l lrf rol,ot nr thc c('ltd nr^es rr) r lffÊ ro5iLilùi cht'$Ji no!

l i  , i , , ' - , ' , , , " t . , .ur:  - . r ,  1| .  SÀ ( " I l i ( i  lcâd' i r  ' lc ' t io '  âl 'pr i1|)  rr  !1 '  ù i '  âs i t  ) l i r ){ '

l ù : , ] ! ) rs  lândùn l \ ' f l i rng f  i l l c i r  | r )s j l ioù !  |ù t i l  <ùLr  o re  o t  t | * r  i s  l l j c  cLoscs l  l r )

liùptrr. tL( lriall.sr ercl(lirrj firtl' ItC

CorL ;u ie  t l , c  ,1 is r .n . .  d  r ,1 /s t l l  l ' o  rhe  c !n re f  o f  SE ' -

i l
th.n 1 b...ù! l,iîtirf:

, r t i f  \ t t rLu .1 , | ' .  r f  \ :  l i l  , r i r r ' l l  wherc  l l k ' :n l'  
i i , . ' , ' t , , i , , '" , , , ,r.", .*.. . i  -çrr: ' ' i ' t '  rhrtbi l i t l  r  =' ! f  â

disra! . .  , /  
" r / i ; /  

/  , l  I

Alsorithr! 5.2. LrN(tcf 'l(\ition ir slsieÙis ol siz" -' iJ

l)efinition 3 (Leader eleclion legitirnatc 'orfigurâtion)' A llritirnrl'

, oûqannm I,',t Ltah I)|'aJu1.1s a a'lh|1nti'ti Ùilh ùr' Ûi'tar rohot .h#t'

'  .  . .  . .  .  .  J  .  .  1 .  '

1 l
: l
l t
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';.::'i.",,'':,'.:,: .:,',:",':" ':":;' 
";: 

; :::"'"i":'::::'ii"'t;':''';"'::')''
t .  t . , r d  .  t t  r  b '  t  d  J  - t t '  t Ù t  r '

6 Prcprocessing Modrrle: Setting a Moving Formatroll

r,,,, ' ., in, r, .r 'r ' |rr r ' ' : '" : l ' , i ;^l: l i^:l i ;:"i l , l" l :f;T:l l;
;le ;l : "" ):, :', :i l' :r ïl : i;"':l i;i flli;,:il j ::ltl;f:lil' l; :1"; ;
- , ,  i t ,  . " ' , r  sr q," lusnrÊ 'Lrcl ' -  rFen tnF

ihcir 1iù41 Positidts lor Ûrotxùr'

6.1 Phâsc 1: Plâcement or1 the Srnâllest Enclosine Circlc

::rl-;;":r,il.:i;i:;:i;::'' 'lJÏi;'1.;'-;;;,;i'""i;;;;"i;;";'i"l'i 'l '
rftÏl,f j'i;:;i:;;f , "i:r: :;. ;:,::lr ':r::;-:j''l ::l;:li:lii

,": i ,Ë.i'iir",rli;ii':;: ;-J ';ï;::;,: ::,":1 i "'; 'i". :i'":
;.jf'::i;; .Ï i' ;t -',;.Ji;:r ," ,i ..i il :;:";';': i: '" ll* ';'
1"i", ',,, ' - ".a 

\ j, '.or',^ ' '" : ".1:: il l:, I , :: ' i:; 'X,'; ;;i:i
îi"Ï: ::;,îï:ï;J1""'':j*r iis:iïii:ii"ri**l*:l;r,:*lrl
iÈiÏ*"\ïï::lll;1,jJi;*rii'fi i"',:, "i: iîjil1î"t'JJ'il'"t'|'ilï
' î i l) l i"":;J:: ': l l l l l l : l ,:T':.; i i : i" '",- u.,, h\ A'co,, ',f L,

l,.,*ïffi tffi:1,îx ":,fl ,,i"; ;;'"(i:,i::::,i;,,'i:,,;1i i';;:::;';^:'I;;I
ii*iii ,À"r1, tn.,, drrd ulat do not b'tan! to th' bard of sEC '

Delirritiorr 5 (Plæc.l). Ler I'la"d b'' tlLe Net aJ tobots betonlti lt to thc banler

o.f thc SEC

DeÊnition 6. A lesitittnte confa mtion Jor A!)oritLÙn t; 1 is a 'onlilltmtian

, t l tpù  o t t  abot "  b1 t  th  l  u  l  î  0 r  P t  " 'd

\ o  
" , 1 , 1 r  

r l r , " B n , i r l  l  i l o F s  i , n r '  l  " t  
p  L "  l " d a  l  n n  r t ' | ^ l ' | q ' l ' " r  r l r . e " : l Ï '

o  P l o ,  r  I n L ^ r -  t \ l o ,  
" v F r '  

r l "  r '  r '  ' r u  r Ô r ' ' r  l ' ' ' \ '  r '  t h  L ê d ' 1  r  ' n d  r r r c  r L i

ô.i"'"'i"" tiJ" ',,u". * ,hc closcst to ih'r ceri{i of ihe sEC h'nce tlre rc'il leader'

fhc concctntxs of Ale,orilhnt 6 1 corncs frorn thc follownrg lenùrrâs



1;l) l). (laûepN ân.l N{ Gradin*iu PotoP lj tn'âfu

!r, .ltnprle tlle vâlue ot lbe 'arlNs fssng tlÙoùah r' Let rad'' Lrc rh' ral'tc

ûl rhc anal. benl.eù Dv radrus vdt4,!dr 0J iùd lhe r'(tixs of robor 1" u

.l)rkNisc dir..tnn'
v[ .ion]ltrtc tlÉ v^lue of disl"" (tistar" of rhc rob(n r' to thc bordfr oi tl'È

ilallest enclosirs .itle (S'EC)

r.art.,r(n!!.U) = !Îi wilh i I mYselJ 
"l)s1' 

< t1tsl'"!*tl

it,",,n.at'""it-"i"a,",".r/) : retùns r' 1 i J'1ls'tJ din'' = t) unn lad'' =

rt.l",!"dI olùertrse r
ÀI.ri't,i/'r , rctùms thc _'ei of clÔsesi r)Lors / to ihe St'l vitli disl' l (l

1) il ( -Lc.od.t(.ù4ts.1J) t 1tu1fdJ e Fr"ToMor')

i h e n  I  r r o \ " ,  c / a \ . ' t , , . r d r ' .  J  i' , , : , i ' ,  
t - . " . . - , . , ,  . , . t . t J  \ ' ' t /  \ /  t "  t  \ t

û') ̂ \Oct u1, c,tP.sitian lra'l ̂ p -L t) I L))

;i';'i'i-i;* i. ir'" ,"iaàr" 
.lonrl 

or t'hÈ dc Lrci*e'n robot

Occùpi.àl'os,rion(rdd'^!=i/) âù'l robôr /r b'lônAiùs tô lh' 51-'i su'h

il,at .ad, is nùrnnùm.l

Algorithm 6.1. I'ositionirg -qLgorithn iixe'ûe(l b) roboi m, 3el/

LcrÈma a. 4 tuo rotiots \ a1û îj belong tu the

fnt lastiln rill bc àilJ.ftnt

Lemma 5. }1 r.)bot alaarys l...oltts taaards a lrce

LerÙria 6 Al|oùthù 6 1 it 'olLitlont tfte ttt'o

s.t FreeTof'|orc. thrn thrt't

r)osition on the SEC

tubots nclr'r mor. tauaùls th'

-.atn., Irc. potitian)

Lenma 7. ,tkodtlr'r. 61 .:omi'ts':' )n a |i'nite ntÛr1t)u oJ stqts OltL) to r

l.attùrxttr ca iqlffah an.

6.2 Phâse 2: Setting the Flocking CorrffguratioD

Ir lhis sectior wr ProPose âr 418'rithlù thai stâ(nrg tioÙr the tiÙâl conliguratro'l

u,iùf"rir,- 6.r rcachcs a fl.''knrs rartem or Inovins ftrDainù bâviria ih('

sjngitlùrit) ptuPerty detailed laier'

liitiùllï. we Dlâce robots rroling fr'rmaiion iÀeD in ttie firal

-,-,""'i1.".i'i"- 
"n" 

circular molins fonnaiion ras rhe fouos'ins shàPe: fÛ

' . ;""r i "  .sac'( thc one comPutùt bv Algori |hm 6l)  arcl  al l  ihe oi 'ber lob'ns

, , . - 1 , . : , 1  " ;  

' t . . ' * ' .  
r r ' * ,  u , " ' , ' l a  ' r "  t o l { \ '  " i o \ ' J . i i n r l '"-  : l ; " - ; ; ;  " "  

- :  " ' , , ' r ,  
' , *  '  ' | , , : ro""r :  D""- .  ' .  n """" ' l  l " -

; , , . . " " , , " ' . ' " " . ,  a n d r "  e r  ,  n  
q e r " ' i t t r  ù ' v  r  \  r i r  r r ' p i  i ' " Ô ' o r  - r i

"iir',1'" n".r,*ar*]æ "n lo, r{,) rhât pàsses rhroush i) lston(-Llo' r0) on Ol)'

in tl'" toir,""i"g tlris ,,.'rfiiLuation q'ill be rererra'l ̂ s Ûr' ukt moritts Jonnatlor

(se. Figurc 21ôr a selei robots exâÙrPrc)
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Fig'2 CircÙld toling formaiton

In ord(jl to construct the circùlàr moving fotnàtion i'c use the concept o{

oriented confi suràtion 12 Il :

Deffûition 7 (oriented circular conÊstlratiot) A conliqumtion is 'altPtj

l,.,'i"i **"ia 't tt" f"Ila$ins LDndihons hÔtd:

t .  A f u  r c q , t .  t e  n t  d ; J I n ' t  p n l l i " n '  n n  t | ' F  " ù n " I ^ l P  5 L C  e r ' '  D t ' n l u  o n '

of tlrcn, rnlletl to, Ioût'ed xnstde SEC :

2. r; is not hLnteLt ot the Lenter ol SEC;

N ù t e  A l a "  i  h , '  ù  l  \ '  r r n ' -  p o i n r  l  o l  h p  : ' b o \ e  d p h r i r i o n  ê r ' d  r ' '  n l l : ' ' " " '  1 r " "

; ;  ; ; ' ' , " ' i , ; , ; i ; , ; " ;  pro.o-a in  zr '  ro '  qrso 'h"  readêr ptecr  on argur i rhrr

)i ,."î"'.î.i".."".t r"at iiis tl'e ctàsest to ttre center of stc wiihoùt readtins

iili" 
"""*' 

rr *" r".a* is initiallv h ihc center' {e rccall thài â Preprocessns

' "  ; , ; ; ;  i  : ; ; ' , u , , kp ' a rp , r  \ i '  r " ' ' " u ra r ' à5ê  rh r  r eù rp - ' r p ' i i o r '

i ."" ' l ' i -  J"*., ' .aol ' l )  âtr"- rr '  "n I ot rL" Pr"pro"ê' ina lhr-
" ' i"  .". .  * ' ,rr ' , ,  Alcorirhm tj2 lh' " lsorirhm 

r"kê- J'" oi r!êlul lotr i ' rg

r,,* i"; :  ; ; , . i ;"- ' ' ; ; :1sr". p' '  r"" rui. ' ' r  rcrurr" when in! 'r 'd 
"r '  

i

'îi"î,I^r'" .*. 
"i o."ur""" i" tt'" 

"i'""]u" 
'"o"i"g formâtion with respect to sEc'

*Jtr'" poi"t p'. e, ;" trr€ intcrsection bels'een the sesmcnt [O' ro) âlrd thc cirl le

sEC. Th€ or.ler ofposiiions ând roDots rs Siven clockwise stflrtlng i{iih position

p'. ii*i"i r" 
"" "ir"ted 

confrsurâtion Alsorithm 6 2 eventuâllv convers$ to

61



ri2 l). (l!n,,pâ ât(l \l Gradi'ariu PoroP Buru{ran'

, ,  { t r r l iAul i i lnù ( ' t rc fe robots ù ' "  d isposed I '  SEC f i rL lo$inA the r .sr r r ( rhr"

i , r r  j r ,scr l  br  t l i r :  F i r l I ' rs t t?o 's  t rÙrrLkrn

' " 
,');.,-'0.1.-o*, f, 'eltms ihe rumb'r 'l r'hots bettrPen m'r'lj àrrL
' 

Do"iiioL 2r (iùcludinA roboi nrvseli) c|)ck{is'

a.J:,asitton( n.11:.t J ) rcr\f ns lltc rosiinm v'l L! ni)'r lntgN'l | )

tn t inatPosttio's('SEC'n)
Fr.(.TaMote\nr sstl l) rcrÛns iNc il tùd' 'È ÙJ Éb'ts bei\!e'n 't!r'/ /

and qct Posirlolr\.nq set J )

if fteeTo\ftNc(mYscul thct
ûLIe to ,rl r''silio4(i'lrseu)

Atgorithm 6.2. Sclting ih. molntg turmàtio11 €xecut'xl bv robot ?xvsrt /

'l 
he idiiâ of th. àlgoû{hm is às follo{'s Robois siârted ir an ofrented corrrrr"l

fatnù fcach ihcir lil;l Positio s lf â fohot is block-"d bl somc other roboi lll rr

ii sdils until ihis rotDt is place.l ù ils {iral Positioù h th{r lbllosnrg \\'e l"{1'

ûo roLot is blo.ked hfinitelY

Lcnrma 8. ID ., .r!st.rr 1rith n rabats Ataot'Lthrn t) 2 stat't'i û un orirll'd "'ù

ii,,'n" "-*rui' 
t" tinite mmlbel ol stqs' o(n) ta a ':arliltÎûtion uh"r 'tt

'ribots 
n:ach thr:h JirLat positions cortp\ted ùu FinalPositions function

$:. r'ûrûrallv deûnc ihe nrolirg forrration âs tÔllo$'s:

Definition 8 tnowins fomntior). A set ol n > I rol'otr' r0""'r' 's r

nawû lornatiot iJ:

\ a tl 1. tklin. the 09 axts oJ thtt slrtant sÙr| that: tht tt uûtt1tt1lt' ol t'

eqiLatN 0 and tht: L).)rititie t)oltks ai. in Lh' rt dtr"tlatt:

tie ,ms Ot i: pr:rpendu:lttf to Olt irt \ Qntl lius po'iL[e r 11€s at the ttttttt

o l  Ou ;
all tht other tuhats 0r. s11ch thttt:

1. , i  t ,  + \ nnd. r, + rt)='s,, <\)
2 .  n \ , r r ,  x . ,  +  t , , ;
3.  f  \ .  =  r r  s l .h  that  r r ,  - '  r , ,

I  t l  r , .  >  \ . t . , 1  t hen  \u , ,1<  r , .
5.  tht t .  ex is ts  an unq! .  r .hoL t t i th  !  :0  and ' ! r  < \ l

The folloi(irg i]reoreln states the sirgularii] prop'Ilv of the nb!i119 io'n'âir' I

dcfrrcd ab.,\e. Nlorc preciselJ. s'e lhoç thàl th'rc is o lJ on' Ir)rluati''L i|irl

satisfies D(]Ê iùion 8 irhen r > I Note thrt tor ihc casc 1 < l thc lofmatnnr

.lcfined bJ Dcfrriiioù 8 is noi uiqùc. h rlic sequcl we considÊr svstdûs lvillr

lnore thân ,l robois. Iror tLe cÀs-" rr '. I snnpl'r â(lhoc âlg''riihûis càn bc dcsigl'(\l

(ù top of iLe àlgorithms proposed in Sc.in'r :1'2
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2. The morins Jor',ation defnctl bv D?'fnitiÔn I is sinautar Ùnen

i.""n*' r. Also,ithn 62 starte'. in an orient€''1,:':'!":::!:"!",i,iiti.^"!t
i"*i;,:':"-::i;";;;;;;;;:; i;;"*" ir FindPositions retulns a set

positions 1)erilvins Definition s'

Flocking Module

Lii"",:".ï:l J: i"iî:i ,î ï:liÏf, ,Î';ïI'JàT,T: ff$Ti!!"ifJ.ii:"!]:
*3,ii:îti;r**;:1,""J#;::îfi ;;l#1:i.4i jril'Ïî{i

1'#',lsui:l;:: f*n:::.;:'ff ;l;:n; "l; ;".j:;ïil:''ff;q u r . h ê r r n 3 u  ' r r ' : ' u t - - ' !  ' ' - " " '  :  :  w i r i n  a . l t s , a r r " ,  o  i a  p r r a m e r .  r  o t
thê  h-âd  " r  

' r ' "  s rouP m l ' -  
' l " i " i : ' , ;h ; , r " . . . . *  

-u " , " ,o ,11  1" r . r "nce
ù ê o | t s ô r : r h m r  h )  r l " .  ) " ' è r P n ' ê  t u b o r '  I n e -  

. _ ,
liI,'i iïiil ;i",; :i.""ir'"' p""-"t"' "t 

the drsorithn) to ihc rcrerence

l'î "" 
.îii arr thc rob;ts in ihe sroup move *:':'n" '19*illT^li"-.1tï:

; Ï"; : ; '  i" ;  "; ; i :r  ", ,  
r"^,r*. ' iha r irân" be'sêê" 'he rêddêr 'no ' Ïê

rc fc ,ên . ,  ânu th  d i r rân ' i  r  o ' rqF 'n* --" :  

"" ;" ' ; .  " : . ; ; .  ' i " . , ,  ' - "  ' ' , ,  ' "  t , . "rs â..  r :n^ed 'o ' r 'h ôrhpr ' ;

virtùàl sprinss (Fisurc 3)

hput: ro,r1 . r" à moving formaiion

t h .  u a . t  L .  t " " , û . t  - , _ . - . , ,  ' * u r n .  r r u .  r f  r . - , " "  l r " L V ' ,
t  r  1 - q  ' / /  r r , .  o . \ "  . , r ' l l r F  U r r ' 6  r h e \  c ' J r d i n a l c  o l  '  r "  r h e  r o D o

. su.ù ihât ( o...,1 - la"-,".,r ) is ninimùtr dd poBitive

I

1. if (f-!",jr :: rr): { rnoe âàead âl a speed < lhat }' rn.' rs à

pârameter ot iile alsoriihm

2 if (r-!*rr == 'o): { foltow ihe leader within a dbtâIce ô }

J .  i f  r r - , - ,  7  .  . r ,  L  l h " u ù s t f t  ' :  {  r ' ' o s  ! l e a d

l o l s i n s g  , ,  t t a r ' l '  ' h '  P o r n '  r '  " :  I

4  \ t - r . ,  t  ' ! ' .  r  L - 1  r è l l - t ! : ! t  t t Ù 4 r t v ' 4 t  ' : l  m d " à I t u d  l ' l l o w r r t

J /  9 " r  l ^ i - r d '  ' n F p o l n r  r r ' .  Y C l a e P è t E r l  l ; û ( r a t " t ' t  ' t  '

Algodthm 7.1. Flocking execùtq1bv robot r",!,.r1

Lenraa^ s. Alqor,tlùn 7.1 prcsemes the mou'ing lornation (Defnition 8)



-

l )  (  , 1 , , t i r !  r f ( l  I 1  ( l ù l ù a I i t  l o 1 ' r f  l l L r r r t à i '

:<

e'. oy'

'.Ë,,.f,,

I ig -  3 .  . \ rn iNr i tn r  tu r  \ lg . r i l l L r r  i  I

Clonchrsions and C)pon Probleurs

hr th i i  t )âpfr  1r .  In) l ls t r l  r r t  ucLi l t r t r r rc  I , : '  l  i l ( l i rLg Â s. l i  o I , " , r ! l / i IA I 'Lr r

{ f l ) i l l T i n g  t l , r ' k i r A  ! J . h i i ( ! 1 r ù u .  a r r i t r ù l  l o  r l ! r . r i s { i r r A  ç ! r l  ' ' r  r l i \  r o 1 , (  o r L

l | i ( l i ing,ù, l r i l (L  r rc  dos r i r  rsrurvr  r . l ! r  f \ rqnÙr '  o l  â  qÈ\ ' i l i (  l ,  ' r (1 . '  r  l , ' , ' r \
I tùrùrr  n)  l | f  r , tn)1.  r r i  t l !  rc1N(tk lù  orr f  â l f r t ) r ! ] r  ror ! r rs  r r '  L( r i r \ ! rn ! r r  r r  1 l

O L r i  n r t i r i t r l r L ù !  r , . I r , l ( 5  l . | f , f  ù ù ! ] l r l ! \ :  I  l . à ( l ( !  . L r l r r r '  ù ! n l r r l f  N  l n ( l ) r l '
. .ss i ! l  I i ( rhr) .  r r r l  r  I r rorrù urdrrk nr  r 'ùc| . l  1 l r ( rsc r i ro( l I l (s  ( ' l ) t r )prÈr '

( [ , r . iùr ]  ) is t i . , !  pr !b l l , i l is r i r  â l i to , i i l r i rs  l i !  i .L .  . rs .  whcn r l .nrùr i r i i t l i (  s ! lLr

I  i ,ùs r f f  ! ip , )s i i l i l ( ' l
Th is  work i ' r  l ) .  i . .ù , i \  i  f fchni l r r  !  sr r l l ]  l ; f  t l lc  dcs i r l i  t ) l  r  ! , . r r . l

l l r l t  Lr ) l .nrn 11, ! l i i t I t ,  r , ,h in l t r r ' \ l r . r .  thr ' ! , r . r4r  o l  fo l ) r ) is  \ f i i i \  r  r ,or '  l '

I ) l | l l , ' l ] i ù l 1 } i , ] l . ) 1 ' t t r l , l j . r d \ . ] i â i ( j ! . ' i t ; { t Ù ! ] 1 ! ) ù , \ d ( i i r ] o t l L ] l r '
: f \ .sr iqr t ( , t !o l )a l ) l lÈr i t  r l ru i l ] lùrs r lnr  r r r i f (^ l  l l i (  l . i r l l . r  . l ( t  t i rù  l r r i l  o l  ( ,1 ' r

r , .h i i ( \ f t r .  l r  t ) r f i r . rLhr .  v 'ârr  n) lk iùg th l (x( l r  ( i l . l i t rnr  so| r l i ! !s  i r  r l r
(  ( , 'd f  n !nn, l  rc l l r ! ! l  $ l i l r  t r  r I l ) l i r .11 s(  [ ( ! lLr l f r  T| ( ,  n lua o l  t l ] . !  A lgor i t l f is  l .

r ù  r r {  l r r l l ) g i r  r l s l ù [ , ] g l . s  I i ) r . L . f L t . n  l I r t i s . r l r ( i r o l ) o l s o { r r d i , l . r . 1 o r l ( i ( L t '

Jros iL i , , r  cho,rse t ) ro l ) r l ) i l is i . r1ul l1  d i r ' !  ! ,os i iù ' t  ( , r  i .hc i r  .or I l rsPtndl Iq r .d"rs  r r l

f l !  '  r )n l lcst  û!  losnrg cùr  1. .
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