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ϕIv(a)(s, t) = ϕIv(b)(s, t) !"#$%$&# ' D 5&3/ 6&36 ,7,68(* (s, t)9 3' ($-.$/* v *,6 )':*6)*3% ,) 0&3/ 3' 0/&</$((*
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′
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′
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Malware

Simple Auto-reproducteur

Bombe logique Cheval de Troie Virus Vers

Contenu (payload
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sa< ia /*& -+' 3/%(+ '(31+4&+ -' +%1 )'3' $-K&-1' σa '-/ 6*8&/ -B&+'- q ∈ Q 3K- q(σa) = V rai %T
Q = {B|B : S → {V rai, Faux}}< A-/3 %((-+5%1$ , '(%*K-( *1- %1$&'&%1 K(3&- 35(F+ 6*- /82�'-
A +%&' 53++) $31+ /- 1%*K-/ )'3'< A%1+&$)(%1+ 43&'-131' *1- $-*B&F4- 432&1- B -B)*'31' /-4>4- 5(%9(344- P 3*6*-/ %1 '(31+4-' /3 4>4- -1'()- iaG /- (-C-* ()*++&(3 +& /8)'3' P13/ $-
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Φ(s) = (q(x) : s == x?)\]
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Φ(s) = (q(x) : (s⇒ ¬p)⇒ (x⇒ ¬p)?)P"Q& G & =#*A/&> RI S&T'#=& () &%! #0- .=!/)0-4 *(+%&,(- UJJV℄> ,0 #,-./ *& "&N&, :)'4 '," ,0%),- 0.1&), *+):'-")-.#0I X0& *&' ',!!#'.-.#0' <#0*)=&0-)/&' &'- *+)1#." )A' ), !"#2")==&,-./.')0- /& !"#-##/& &- !)' '&,/&=&0- *&' -")&' *+&64,-.#0I *(+%&,(- #==&0& )/#"' !)"*4')''&=:/&" /& !"#2")==& !#," /& -")*,."& &0 P(Y DP,)"*&* (#==)0* Y)02,)2&E UJZ[℄> ,0/)02)2& *& %),- 0.1&), :)'4 '," /) /#2.9,&I Y& !"#2")==& '+4".- )/#"' '#,' <#"=& *& <#"=,/&'!#," .*&0-.B&" 9,&//&' '#0- /&' 1)/&,"' )--&0*,&' !#," !"#*,."& ,0& '#"-.& .*&0-.9,&I (&' 1)/&,"'!&,1&0- L-"& B64&'> !"#1&0." *, '5'-A=& #, L-"& *."&-&=&0- /.4&' G ,0& &0-"4& ,-./.')-&,"I !" #$%&'(& %)!.-"& ) =.' &0 41.*&0& /&' 0#=:"&,'&' )!!/.)-.#0' *& /) "4-"#8.0240.&".& *& !"#-##/&).0'. 9,& '&' 0#=:"&,'&' *.\,/-4'I ]&,6 -5!&' =)N&,"' *+.0<#"=)-.#0' !&,1&0- L-"& *4#,1&"-' F^Z





NO



  !"#$%&%!"'!"#
 !""#$%&  !" #$%&'()%+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ,- !. /0%1'(23 (2 4$52&6&+$%+$5 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ,, !"!# $%&'()*)%&+%&' *,--%. ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! // !"!" $%&'()*)%&+%&' ,+%. ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! /1 !"! $%&'()*)%&+%&' -(2%3*,--%. ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! /4 ! 7668+9%+'$3 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ,: ! !# 56-+72(- 89(:*;<%+,+%<& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! /= ! !" >)<+<<;( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 1# ! ! ?@A%*(2(&+B *%;( *)<+<<;,%)( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 11 ! !C D<2*+,'( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 4E !; <+89$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! := !" #$%&'()%+'$ !  !"#$%$&!'&!" !"# $% #!&'! (%)*(+" ,+-+*!'!%# #&(,$+"+/*! ,(%" *! 0%#!1#! ,!" &2"!($134%! #&(,$#+0% 5(&60+" &!%0%#&2! ,(%" *( *+##2&(#$&! !"# %$&(# )*#+%$#&!'#3 78!#+9!'!%#: *! ;%<)!&5&+%#+%) 9+"! = &2$52&!& *>!'5&!+%#!: ($""+ ,2%0''2! ;%)!&5&+%# 0$ "+)%(#$&!: ,>$%! ,0%%2!50$& &!#&0$9!& *>+,!%#+#2 0&&!"50%,(%#!34%! 60+" ,! 5*$": ! ,0'(+%! %>!"# 5(" 5$&!'!%# +%60&'(#+?$! 0''! *! '0%#&! *( &(+%!,$ '0# &!*(#+6 = *( 5&+"! ,>!'5&!+%#!" ,+)+#(*!" 50$& +,!%#+;!& $%! 5!&"0%%!3 7% ! ?$+ 0%!&%!*>+%60&'(#+?$!: *! ;%)!&5&+%#+%) %>!"# 5(" (%#0%%2 ($1 &2"!($1 5$+"?$! ! 0%!5# 6$# (55*+?$2= ,+82&!%#!" "0$&!" ,! ,0%%2!" #!**!" ?$! ,!" ,0$'!%#" ?$!*0%?$!" 50$& +,!%#+;!& *!$& 5&0<9!%(%! !# "$&#0$# 0%#&�*!& *!$& ,+8$"+0%3 4% !1!'5*! 0$&(%# !"# *>(,A0%#+0% ,>$%! "+)%(#$&!"52+;?$! ,(%" ,!" 0%#!%$" '$*#+'2,+(" 5&0#2)2" 5(& *!" ,&0+#" ,>($#!$&" BCDE℄ 50$& 92&+;!& *(*2)(*+#2 ,>$%! 05+!3G+!% !%#!%,$: ! H(5+#&! %! 0$9&! ?$! *! ;%)!&5&+%#+%) ,(%" *! (,&! ,!" &2"!($1 +%60&'(<#+?$!": ,0'(+%! ,(%" *!?$!* ,! %0'/&!$1 #&(9($1 0%# 2#2 &2(*+"2"3 I(%" ! (,&!: *( ,2;%+#+0%"$+9(%#! !"# ,0%%2! J !"#$%$&# '( J ,#  !"#$%$&!'&!" #(' -. .%.&'0 1 &)#!'& #$ 2!# +.3&!# 1 )&('.!#4DE



 !"#$%&' () *$+,'&#&$+%$+,  "#$ %&''#$()'"*+, -.,/012#"&"#23 45657 5897 5:57 5;<7 5;;7 5857 5867 5:<℄ 456>7 58<7 5;<7 5967 5:?7 5:<℄%@2"221,7  001#&"#23 45897 58:℄ 459;7 59A7 5957 59<7 5;>7 599℄BCD#0,+,3" 45;87 58;7 5:87 5:<℄ 45;;7 58;7 5:;7 58A7 5:<℄E2+0"&F, 459?7 59>7 58?℄



 !"! #$%&'()* () +,-)./.0,%0,-
�0%& F*% 8 '% 0%3& <%&&*5%& &-20 '% ?-22%&12'1*01-2& &(, 3%(, 1'%2014*01-2 <*1& %3* 26%&&10% 9(*2' <;<% '% ,%&+%0%, %2 5,*2'% +*,01%3* 5,*<<*1,% '( +,-0--3% +-(, 2% L-(%, 9(% &(, (2% +*,01% '% %33%E1!K1%2 %20%2'(= 3:12L%01-2 '% <%&&*5%& ,%2' 3* <*/12% 9(1 F*10 3% 425%,+,120125 '60%0*?3%!O12&1= 3% /*33%25% +,121+*3 %&0 3* ,6'(01-2 '( 2-<?,% '% <%&&*5%& 8 %27-C%, 0-(0 %2 5*,'*20(2% ?-22% +,61&1-2! P-(, %3*= /*9(% ,%9(;0% %27-C6% '-10 1'%2014%, 0,@& 3*1,%<%20 3% +3(& '%<*/12%& +-&&1?3%&!$% 0*?3%*(  !" <%0 %2 671'%2% 3% +%( '% % 0C+% '% 425%,+,120125 +-(, 1'%2014%, (2 +,-0--3%!M2 %J%0= +-(, (0131&%, % 0C+% '% <60/-'%= 3* -22*1&&*2% '( +,-0--3% %<+3-C6 %&0 -?315*0-1,%*3-,& 9(% '*2& 3% *& +,6&%20 13 '-10 L(&0%<%20 ;0,% 1'%20146! M2 ,6*3106= %& <60/-'%& %27-1%20(2 5,*2' 2-<?,% '% ,%9(;0%& '% '1J6,%20& +,-0--3%& +-(, '60%,<12%, 3*9(%33% %&0 *%+06% +*,3:%20106 8 1'%2014%,= % 9(1 3%& ,%2' 0,@& F*13%<%20 '60%0*?3%! QR



 !"#$%&' () *$+,'&#&$+%$+,
����������	
����
���
�������

�	���	��
����
�������

��	�����
����
����
�����

�����
������
� �!��	���
������ !"#  !" # $%&'()*+, +-.), /) 0*1)(.(%*+%*1 2 /%&'()*+, *%3)456 /) 74 .%7) 89:;<: =>)45@5./) A'+B@/), ,) C4,)*+ '147)A)*+ ,5( 7), /'74%, )*+() 7), A),,41), D5% /'.)*/)*+ )* .4(+%) /) 74@5B)  "# $%#&'(E !"! #$%&'()($%*$%& +',$-).++$/F �+' /) ), 4..(@B), +(4/%+%@**)77),H I@B*@ &) '*+ '3@D5)*+ 5*) +)B*%D5) %*+)(A'/%4%()D5J%7, D547%0)*+ /) ,)A%K.4,,%3) LMNO℄! $4*, ) 4,H 74 A4B%*) /J@C,)(34+%@* .)5+ %*+)(41%( A4%,,)57)A)*+ 4.(Q, 43@%( '+' )77)KARA) @*+4+') .4( 74 A4B%*) 2 %/)*+%0)(! 9)++) 4..(@B) ),+().(%,) /4*, LMSN℄! :@5( .@53@%( A)++() )* T53() ) 1)*() /) +)B*%D5),H %7 ),+ .('U'(4C7) /J@&(%(5* ,)(3%) D5% .@5((4%+ %*+'(),,)( 7), A4B%*), 2 %/)*+%0)(! 9).)*/4*+H 5* 45+() .(@'/' 3%,) 2,J%AA%,)( 45 A%7%)5 /) 74 @AA5*%4+%@* /) /)56 A4B%*), .@5( .@53@%( A@/%0)( 7), A),,41),+(4*,A%, =4++4D5) ,'- .- )/& ,.00*&H @.'(4+)5( (',)45E!




℄ 14*1*,$%& )2*4, #$ #5*+64"4 $ #$4%"$4 $% $%6*-)%& #$, /$,,)A$,8"$% 145", 1*+4 *8,$46$4 2$ */1*4&$/$%& $% 45,+2&)%&: C% @)"&? $ ,*%& 2$, *+3$, 45,$)+0#"4$&$/$%& A545$, 1)4 2$ ,-,&./$ #!$012*"&)&"*% *//$ "22+,&45 ,+4 2) 'A+4$ I:J: K)4 $0$/12$? 2)*/12$0"&5 $& 2!56*2+&"*% #+ ,&)%#)4# #$ L;K EJIM℄℄ ,*+2"A%$ #!"/1*4&)%&$, #"6$4A$%$, #)%,2!"/12)%&)&"*% #+ *%&4�2$ #$ *%A$,&"*% /)2A45 2!)11)4"&"*% #$ %*/84$+0 ,&)%#)4#,: K*+4 4)191$2? 2!5/$&&$+4 ) +%$ @$%R&4$ #!5/",,"*% 4$145,$%&)%& 2$ %*/84$ #$ 1)7+$&, 1*+6)%& R&4$ 5/",,)%, )7+"&&$/$%& /)", 7+" $,& 5A)2$/$%& 2"/"&5$ 1)4 +%$ @$%R&4$ #$ *%A$,&"*% *//$ 2$ /*%&4$2) 'A+4$ I:I: K)0,*% ,( '$! 456.2$%& 7+$ 2$, /5)%",/$, 3)8"&+$22$/$%& 145*%",5, 1*+4 56"&$4 2)*%A$,&"*% $& #5'%"4 $&&$ @$%R&4$ %$ ,*%& 1), @*45/$%& &*&)2$/$%& $& "#$%&"7+$/$%& "/12)%&5,X,2*Y ,&)4&? *%A$,&"*% )6*"#)%$::: EJIM℄Z: B$ 12+,? ,$2*% 2$, 6$4,"*%, #$, 1"2$, L;K? 2) 4$&4)%,9/",,"*% #$, 1)7+$&, $,& A545$ #"D54$//$%& #$ /R/$ 7+$ 2) A$,&"*% #$, ,$A/$%&, L;K )44"6)%&#)%, 2$ /)+6)", *4#4$:[&+$22$/$%&? 2$, *+&"2, 34"5 EFIM℄ $& #67 EFIJ℄ ,*%& 2$, 12+, 451)%#+, #)%, 2$ #*/)"%$#$ 2) #5*+6$4&$ #$, ,-,&./$, #!$012*"&)&"*%: 1Q@ $,& )1)82$ #$ 2$ @)"4$ #$ /)%".4$ 1),,"6$:  $,)+&$+4, #",&"%A+$%& 7+)&4$ 2),,$, #$ /)3"%$, ,$2*% 2$ 4)11*4& 7+" $0",&$ $%&4$ $22$,9" $& +%$)+&4$ /)3"%$ #)%, 2$ 45,$)+ NO $22$, 7+" ,$ *%%$&$%& < 2) /)3"%$? 2$, *%%$0"*%, $%&4)%&$, X1)7+$&, \]^Z PO $22$, ,+4 2$,7+$22$, 2) /)3"%$ ,$ *%%$&$? 2$, *%%$0"*%, ,*4&)%&$, X4$&*+4 #!+% 1)7+$&\]^_[;`Z PO 2$, /)3"%$, ,+4 2$,7+$22$, *% %$ 1$+& 1), ,$ *%%$&$4 X4$&*+4 #!+% 1)7+$& a\LZ PO &*+&$, 2$, )+&4$, /)3"%$, #*%& *% 1$+& *8,$46$4 2$, *//+%")&"*%, P  ! "#$%&' &(' *!(+,-.- *//& "&.,% 0*.($%1#%%! #$%+''&/&!' !1&(' .&2% #".3( %! &.'#+! ,-0#+ MV



 !"#$%&' () *$+,'&#&$+%$+,
����������	
�����	
���

�����������������

��	
����������

���������������������℄℄ 5$(5$ 726%' > .2< > $%@$%-($( 13<%) -$ '(6? $' ($83)$ $))$%'<$..$1$%')2( -$) ($72&'$) Y+Z,!89:; $)' 62Q32(-/52< 2% 32'<. '(B) (086%-2 $' 318.B'$ 86(F6<'$1$%' #-. -6%) .$ 6) 3K.6 165<%$ > <-$%'<?$( %$ 3112%<72$ 86) 82<)72/<. )$ 56(@$ -$ )3%-$( $ 'A8$ -$ 165<%$)!+$8$%-6%'9 <. $)' 6<)0 -$ ($80($( 2% 2'<.<)6'$2( -$ 89:; -/62'6%' 8.2) 72$ $.2<L< $)' )32;$%'3:.<@0 $% 8($1<$( .<$2 -/$=$'2$( 2% :6.6A6@$ -$ 83(')! +/$)' -6%) $''$ 38'<72$ 72$ RS]S℄ 1$)2($./$^6<'0 -$) -<=0($%') '$)') )$.3% -<=0($%') )A)'B1$) -/$C8.3<'6'<3% $' 3%.2' 72$ )$2.$1$%''(3<) 32 726'($ ($72&'$) )3%' )2^)6%'$) 832( 3:'$%<( 2% :3% '62C -$ -032;$('$! V$ 8.2)9 )$2.)-$) 8672$') ;6.<-$) 0'6:.<))6%' .$  L_6A 56%-)56`$ )3%' @0%0(0)!+/$)' 62))< .6 '$5%<72$ 1<)$ $% a2;($ 86( ?$+*; RSON℄ 72< %/2'<.<)$ 72$ '(3<) ($72&'$) 832(<-$%'<?$( 2% )A)'B1$ -/$C8.3<'6'<3%! G3% <%'0(&' $)' -/6;3<( 2%$ :6)$ -$ )<@%6'2($) :$623288.2) 8$'<'$! P% $=$'9 -$) 16)72$) -$ -0F3(16'<3%9 -0?%<) 86( -$) $C8($))<3%) (0@2.<B($)9 )3%'688.<720) )2( .$) )<@%6'2($) 6( 832( 2% 1&1$ )A)'B1$ -/$C8.3<'6'<3%9 <. 8$2' A 6;3<( $('6<%$);6(<6'<3%) -b$) > ./$%;<(3%%$1$%' (0)$62! G<%#, )2@@B($ 62))< -/2'<.<)$( $) 1&1$ )<@%6'2($)832( -2 ?%@$(8(<%'<%@ 86))<F $% .$) 6-68'6%'9 /$)'L>L-<($ $% .$) '(6%)F3(16%'9 6( -6%) $ 6)968'2($( $C6'$1$%' .$) :3%%$) ($72&'$) %/$)' 86) 0;<-$%'! !!"#$%&''()#M$) )A)'B1$) 8(00-$%') ($83)$%' )2( 2% $%)$1:.$ -$ )<@%6'2($) -3%' .6 1<)$ 62 83<%' $)' 2%$'c5$ 6(-2$! D<%)<9 #Yd RSOO℄ @0%B($ 62'316'<72$1$%' .$) )<@%6'2($) 6-0726'$)! ,32( F3%'<3%LeE



℄ +! 1/+! +-" - ! 6/++,A/%,)  /X4! 1/5'+,!  ! TUYY℄<E!%%! %!( ,2-! +7/..-,! +-" 6!+ .")1/1,6,%'+ ) *,%,)  !66!+ *! &/ ,8"! J *'%!"&, !" 6/ .")1/B1,6,%' *7/4)," 6/ 6/++! Ck .)-" - 4!%!-" v Z P (Ck|v)< [/(/ % 2-! v !+% )&.)+' *! *,;'"! %!+4/6!-"+ /"/%'",+%,2-!+ *- ./2-!% C%,&!B%)B6,4!# D/? [\]<<<G# !%%! .")1/1,6,%' +! /6-6! ! >) B%,) *! !66!+ )1+!"4'!+ .! */ % 6/ .(/+! *7/.."! %,++/?! Z
P (Ck|v) = P (Ck)×ΠjP (vj |Ck)@/ 6/++! ) +,*'"'! )&&! ^-+%! !+% !66! )X ,*/ % /4! 6/ .6-+ >)"%! .")1/1,6,%'< E!%%! /..")(!!+% *,%! *',-. .-,+2-! 6!+ )&.)+/ %!+ *!+ 4!%!-"+ /"/%'",+%,2-!+ +) % +-..)+'!+ , *'.! */ %!+! 2-,  7!+% ?' '"/6!&! % ./+ 6! /+< Q6 !+% *)   '!++/,"! */ + - ."!&,!" %!&.+ *! /6-6!" 6!+4/6!-"+ P (vj |Ck) .! */ % 67/.."! %,++/?!<@!+ "'+!/-:  !-") /-: +) % - ! /-%"! 4),! .)++,16! '%-*,'! ./" [/""/-%! .( '$! TUMV℄< @)"+*7- ! .(/+! *7! %"/_ !&! %# ,6+ ) +%"-,+! % - "'+!/- &-6%,B)-(! *!  !-") !+ 2-, ."! * ! +-,%!! ! %"'! 6!+ "'+-6%/%+ *7- ! "!2-3%! +-" - ! &/(, ! J %!+%!"< @!-" ."!&,8"! &'%()*! "!.)+!+-" *!+ "!2-3%!+ `FE C`!&)%! F")!*-"! E/66G TaaU℄ 2-, .!"&!%%! % *! *')-4"," 6!+ +!"4,!+*,+%/ %+ .").)+'+ ./" - ! &/(, ! b, *)c+< E!%%! %!( ,2-! .!"&!% *7,*! %,A!" ."',+!&! % 6/4!"+,) *! b, *)c+ &/,+ /-++, - ! '*,%,) ."',+! C>/&,6,/6!# .")>!++,)  !66!G /, +, 2-! 6!+ &,+!+J ^)-"+ .", ,./6!+ C+!"4,! ./d+G< e! .6-+# - "'+!/- *!  !-") !+ !+% 1I%, ?"I! /-: +,? /%-"!+*! /0"1 )0 (/2-! "'.) +!# 4),"! %5.! *! "'.) +! "!f-! C4/6!-"+ *!+ (/&.+ =EFG# !+% /++),'!J -  !-") !< L, +,# ,6  75 / .6-+ 1!+), *! *'A ," *!+ "8?6!+ ."',+!+ C1/+'!+ +-" 6!+ 4/6!-"+ *!+*,;'"! %+ (/&.+G .-,+2-! 6! "'+!/- *!  !-") !+ +! (/"?! *7/.."! *"! - ! >) %,) '2-,4/6! %!<@!+ %"/4/-: */ + TUOg℄ &!%%! % /-++, ! h-4"! 6!+ "'+!/-:  !-") /-: &/,+ +! 1/+! % .)-" +/./"% +-" 6!+ +,? /%-"!+ *! #23< ! !" #$%&%%()Q*! %,A!" - .")%))6! !+% - /-%"! /+.!% *- A ?!".", %, ? 4,+/ % *!+ 1-%+ 4/",'+< F/"!:!&.6!# ,6 !+% , %'"!++/ % .)-" *!+ "/,+) + *! +'-",%' *! "!.'"!" 67, +%/66/%,) !% 67-%,6,+/%,) *! 6)?,,!6+ .")(,1'+ /- +!, *7- ! ! %"!.",+!< H !;!%# [d5.! >-% 1/  , *!+ "'+!/-: - ,4!"+,%/,"!+TaaV℄ &/6?"' +) -%,6,+/%,) "),++/ %!# .", ,./6!&! % *- >/,% *! +!+ /+.!%+ FaF !% .").",'%/,"!+2-, !&.3(/,! % *! &!+-"!" "'!66!&! % 6!+ ",+2-!+ *! +'-",%'< [/ + >)"'&! % , %!"*,"! 67-%,6,+/B%,) *7- 6)?,,!6 !% +!6) 6!+ 1!+), + J - &)&! % *)  '# ,6 .!-% +7/4'"!" )..)"%- *! 6,&,%!" 6!%"/A /  !:! ./" "/..)"% /- %"/A .", ,./6< F/" !:!&.6!# - ! ! %"!.",+! *! 4! %! ! 6,? ! *),%! .",)",%' .",4,6'?,!" +) %"/A b!1 .6-%�% 2-! 6! %"/A FaF )- 6!+ &!++/?!",!+ , +%/ %/ '!+ *!+!+ !&.6)5'+< L, +,# 6! A ?!".", %, ? *7/..6,/%,) + )- *! .")%))6!+ +) % *!+ %!"&!+ '2-,4/6! %+<e/ + !%%! ./"%,!# 6! A ?!".", %, ? .-" C6/++,A/%,) *!+ .")%))6!+G +!"/ *,+%, ?-' *! 6/6/++,A/%,) *! %"/A 2-, !+% )""'6'! &/,+ 2-, ."'+! %! - ! ?"/ -6/",%' &), + A !< L %,%"!VU



℄ ! )#*8' )(1 /%&"1 1"!8)!&)1 /%9& 0(1 !//0'!"'%81: '0 (1""&X1 N!'0( )V9"'0'1(& 98 /%&" 0!11'P9( "(0 P9( (09' /%9& 0( 2(3 R_`S /%9& "&!81.(""&( "%9" !9"&("C/( )( )%88#(1T B( .\.( (&"!'81 /&%"%%0(1 1( /!&"!$(8" 0(1 .\.(1 /%&"1 (" )( 8%.3&(91(1!//0'!"'%81 !11'$8(8" 98 /%&" )( N![%8 )C8!.'P9( Z 4!P9( 9"'0'1!"'%8T5%9& )'1"'8$9(& 0(1 )'a#&(8"1 "&!*1: '0 (-'1"( )(9- "C/(1 )( .#"4%)(1 bU 0(1 .#"4%)(1 /!& /!P9(" P9' "(8"(8" )( 0!11(& 4!P9( /!P9(" '8)#/(8)!..(8" ]Ycd: Yc_℄ eU 0(1 .#"4%)(1 P9' "&!'"(8" 98 (81(.30( )( /!P9("1 Z 0! N%'1: %..( /!& (-(./0( (9- P9'N%&.(8" 98 f9- ]Ycd: Ycc: YcY: Yd_: Yc6: Ygg: YcD: Yd`: Ydh: Yg`: Y6`: Ygc: Ygi: YYc: Ydi:Yg_: YiD℄TB!81 0( /&(.'(& !1: '0 (1" /%11'30( )V(-"&!'&( 0( %8"(89 )9 /!P9(" /%9& 0V!8!0C1(& ]Yc_℄T B!810( 1(%8) !1: '0 (1" !911' /%11'30( )( /&#0(F(& 0( %8"(89 )9 f9- %9 "%9" )9 .%'81 /!&"'(00(.(8"]Ycd: Y6`: YYc℄T  (/(8)!8": )( 8%.3&(91(1 !&!"#&'1"'P9(1 /091 $#8#&!0(1 1%8" #"9)'#(1 ]Ycc: YcY:Yd_: Yc6: Ygg: Yd`: Ydh: Ygc: Ygi: Ydi: Yg_: YiD℄ bU "!'00( )V98 /!P9(" eU "(./1 (8"&( )(9- /!P9("1 eU "!'00( )9 f9- )!81 1%8 (81(.30( eU (8"\"(1 )(1 /!P9("1 eU )9&#( )9 f9- eU /%&"1 9"'0'1#1 eU ("TTT5091'(9&1 )( (1 !&!"#&'1"'P9(1 1%8" )#&'F#(1 1(0%8 0(9&1 F!0(9&1 1"!"'1"'P9(1 b .%C(88(: #!&""C/(: .'8'.9.: .!-'.9.TTT5%9& &!//(0: 98 f9- 1( !&!"#&'1( !9 .'8'.9. /!& 98( !)&(11( H5 1%9&( (" )(1"'8!"'%8Ti6



 ! ! "##$%'(%)*+ !"!#$%#& !&&! $()#*&*+# ,! -!&-+./! (0%1!2!#& %. #*/!%. $!, "-+&++1!, $! &-%#,"+-& !& .#3.4 ,! %-%&(-*,! %1+-, "%- 1! 56."1!& ,.*/%#& 7 8"-+&++1!9%$-!,,! :; ,+.-!9 %$-!,,! :; $!,&*6#%&*+#9 "+-& ,+.-!9 "+-& $!,&*#%&*+#<=  +#!-#%#& > ;9 .# 3.4 !,& ?%*1!2!#& $(1*2*&( 0-@!%.4 "%A.!&, $! +#&-�1! "!-2!&&%#& $C+./-*- !& $! ?!-2!- .#! +##!4*+#= D%#, 1! %, $CED;91% ,"(*)%&*+# $C.# $(1%* 2%4*2%1 !#&-! $!.4 "%A.!&, !,& +F1*0%&+*-! "+.- -!"(-!- 1% )# $C.#3.4=  !&&! 2(&G+$! !,& %.,,* %""1*A.(! %/! > ; 1+-,A.C.#! +##!4*+# #! ,C!,& "%, &!-2*#(!#+-2%1!2!#&= !"##$%"'$() *+ ',"%H++-! ,( '$! $(*$I-!#& $C*#,"!&!- "1., !# $(&%*1, 1!, 3.4 $! $+##(!, JKLM℄℄ ,! F%,%#&!41.,*/!2!#& ,.- 1!, %-%&(-*,&*A.!, $!, 3.4= ZC%""-+G! !,& %2(1*+-(! "%- 1C.,%0! $! $!.42(%#*,2!,= Z! "-!2*!- !,&*2! G%A.! "-+F%F*1*&( +#$*&*+##!11! P (c|y) $C%/+*- 1% 1%,,! c ,!1+#1! $*,-*2*#%#& y 0-@! P .#! $*,&-*F.&*+# 0%.,,*!##! "+.- 1*,,!- !11!6*= Z! ,!+#$9 $(-*/( $!JK\]℄9 ,(1!&*+##! 1!, 2!*11!.-, $*,-*2*#%#&,9 C!,&6P6$*-! 1!, G%2", $!, !#6&U&!, P %#%1Q,!-=ZC+FR!&*? !,& $! ,! %#&+##!- P $!, $*,-*2*#%#&, A.* ,("%-!#& F*!# 1!, $*V(-!#&!, 1%,,!, !&9 !#2U2! &!2",9 #! "%, %/+*- $!.4 $*,-*2*#%#&, $+#& 1! -(,.1&%& !,& -!$+#$%#&=  !&&! ,(1!&*+# ,!?%*& /*% $!, 2!,.-!, !#&-+"*A.!, A.* /(-*)!#& A.C.# $*,-*2*#%#& %R+.&! $! 1C*#?+-2%&*+#9 C!,&6P6$*-! A.C*1 "!-2!& $! 2*!.4 $*,&*#0.!- $!.4 1%,,!, $*V(-!#&!,9 !& A.! $!.4 $*,-*2*#%#&, ,+#&,.^,%22!#& *#$("!#$%#&,= ZC(&.$! JKM\℄ &*-! "%-&* $!, %-%&(-*,&*A.!, 1%,,*A.!, $!, 3.4 !&%""1*A.! 1% 2(&G+$! $!, _62!%#, JK`5℄=Z!, 2(&G+$!, #+# ,."!-/*,(!,9 ,%#, "G%,! $C%""-!#&*,,%0!9 +#& %.,,* /. 1! R+.- !& 1%,,!#& 1!,$*V(-!#&, 3.4 ,%#, ,%/+*- !4%&!2!#& P A.+* *1, +--!,"+#$!#&=  ! ?.& #+&%22!#& 1! %, $! JKLL℄℄9 JKLa℄ ,C%"".*! ,.- .# 1%,,*)%&!.- F%Q(,*!# 2%*,A.* ,! $*V(-!#*! "%- ,+# %,"!& #+# ,."!-/*,( !& $+# ,% %"%*&( P %""-!#$-! %.&+2%&*A.!2!#&1!, 1%,,!, $. &-%)=W# -(%1*&(9 F!%.+." $C%10+-*&G2!, $! 1%,,*)%&*+# ?.-!#& !2"1+Q(, !& JK55℄ 2!& !# !4!-0.!1% 2.1&*&.$! $! %-%&(-*,&*A.!, "+,,*F1!, %*#,* A.! $!, "!-?+-2%#!, ,*2*1%*-!, "+.- $*V(-!#&,%10+-*&G2!,= D! ! ?%*&9 1! "%"*!- ,! ?+%1*,! ,.- 1!, $*V(-!#!, $! &!2", $! %1.1 !#&-! !.4`]



 !"#$%&' () *$+,'&#&$+%$+,

 !" #$%&'()( ()+'( ,) -('.(,' /(0 (+ ,) 1$()+ 232 !, )$.(!, 4(- 56'+-,+$1$-&-  0" 7'!58( 49$)+('!+$6)'(5'&-()+!)+ ,) 0!1!:!;(4( 56'+- !"#  !" # $%&'()&* +& -.-/0.1*/123&* 3/1)1*0&* +-4* 56789&/ *:3)1;4& )<14/0.=/ +& .0+31.& )& 4:'>.& +& -.-/0.1*/123&* 231 4<14?3&4/ 23& /.@* (&3 *3. )&*(&.A:.'-4&*!56789 BCD ℄ *& *14;3)-.1*& ;.F& G )<14/.:+3/1:4 +& 4:3H&))&* -.-/0.1*/123&* >-*0&* *3. )&*.&)-/1:4* 14/&.I'-J14&* (&.'&//-4/ +& /&*/&. &4*31/& +1K0.&4/&* J&3.1*/123&* -L4 +& )-**&. )&*?3%! M14*1N )- (.&'1@.& '0/.123& -)3)& )- (:(3)-.1/0 +<34 J�/&N <&*/IGI+1.& )& 4:'>.& +& '-IJ14&* -H& )&*23&))&* 1) :''34123&! P-. &%&'()&N 34 (.:/::)& PQP 1'()123& +<14/&.-;1. -H&+& 4:'>.&3% (-./11(-4/* (&4+-4/ 34 :3./ 14/&.H-))& +& /&'(*! P-. -1))&3.*N )&* ;.:3(&* +& '-IJ14&* 14/&.-;1**-4/ &4/.&I&3% *:4/ +0L41* :''& +&* :''34-3/0* /&))&* 23& )&* :''34-3/0*+& '-J14&* +& '='& +:'-14& 231 1'()123&N )- ()3(-./ +3 /&'(*N )& '='& *&.H1& :K&./! M3**1N)& 4:'>.& +& (:./* -**:10* G J-23& '-J14& (&.'&/ +<1+&4/1L&. )& .�)& +& &))&I1 :''& )&':4/.& )- L;3.&  !"R-S :T 34 (:14/ .&(.0*&4/& J-23& 7P *&):4 )& 4:'>.& +& ?3% &/ )& 4:'>.& +&(:./*! 9:''& 1))3*/.0 +-4* )& -* +3 PQPN )&* (:14/* *:4/ .0(-./1* -. /:3/ )& ':4+& U:3& )& .�)& +&*&.H&3. &/ +& )1&4/ -):.* 23& (:3. )& V&>N &./-14* *:4/ )&* )1&4/* &/ 3/1)1*&4/ >&-3:3( +& (:./*+1K0.&4/* R(:14/* (.:J&* +& )- +1-;:4-)&S &/ +<-3/.&* *:4/ )&* *&.H&3.* 3/1)1*-4/ 34 :3 ()3*1&3.*(:./* R)1;4&* J:.1W:4/-)&*S! $4L4N 34& >-*& +& +:440&* +& (&/1/* ;.-(J&* >-*0* *3. )&* -+.&**&*7P &/ )&* (:./* -1+& &4*31/& G 1+&4/1L&. )& :'(:./&'&4/ +<34& '-J14&! M /1/.& +<&%&'()&N 34>-)-X-;& +& (:./ +<34& '-J14& *& *J0'-/1*& (-. )& ;.-(J& .&(.0*&4/0 *3. )- L;3.&  !"R>S!51&4 23& BC"Y℄℄ ]# :>/&41. 34 U&3 +<-((.&4/1**-;& -H& >&-3:3( +& ?3% 0/123&/0* &*/ +1^1)& _# &./-14&* )-**&* 4& *:4/ (-* A:.0'&4/ :443&* G (.1:.1 &/ +<-3/.&* /X(&* +& /.-L (&3H&4/-((-.-`/.&!9<&*/ (:3.23:1N )- '0/J:+& 04:40& +-4* &/ -./1)& &*/ +1/& 4:4 *3(&.H1*0& (31*23<&))& :4*1+@.&34& (J-*& +<-((.&4/1**-;& :T +&* ;.:3(&* +& ?3% *:4/ .00*! 9&* +&.41&.* (&3H&4/ :4/&41. +&*a"



℄ )/D%*'5%B#-'*$'( /#$;)5'(7 Q*<*9 MIGI℄℄ )! :X:Y MIKN℄ (' )**'$' A!* .)-$ )!1'-$ E5#$'$# ()!1'*$ ,-@' A !* D2+242,' 5' .)-$(L 212*$ 5R'*1)4'- 5'( -'&!0$'( 5'5%B#-'*$( .-)$))+'( .)!- 5#$'-/%*'- '++' &!% '($ )/.-%(' .2- +2 /2;%*' A %5'*$%<'- %*5%&!2*$2%*(% +' .-)$))+' !$%+%(#7 WX:Y MIKJ℄ .'!$ #,2+'/'*$ *R)!1-%- &!R!*' )**'"%)* V8Y (2*('*1)4'- 5' -'&!0$'(7 Q* 'B'$9 52*( '-$2%*( 2( %+ .'!$ 2--%1'- &!R!* ('-1'!- (' .-#('*$' +!% /0/'A ()* )--'(.)*52*$ ,-@' A !* /'((2,' 5R2!'%+7 =2*( ' 2(9 %+ '($ .2-6)%( .)((%D+' 5R%5'*$%<'-+' +),%%'+ !$%+%(#7S'( .-'/%?-'( 2..-);'( .2((%1'( (R'B)->2%'*$9 )//' 52*( +2 ('$%)* .-##5'*$'9 5R#$2D+%-/2*!'++'/'*$ 5'( (%,*2$!-'(7 Y2- '"'/.+'9 MIJH℄℄ '($ !* (4($?/' .'-/'$$2*$ 5' 5#-%1'- 2!$)/2$%&!'/'*$ !*' (%,*2$!-'.)!- ;2&!' .-)$))+' #$!5%# A .2-$%- 5R!* C'! 5R2..-'*$%((2,' '$ 5R!*' /#$;)5' 5' +2((%<2$%)*2..-).-%#'9 $'++' &!R:52[))($9 MI`G℄ 2..+%&!#' (!- +' )*$'*! 5! .2&!'$ a .+!( 5' ``b 5'(  !"()*$ )--'$'/'*$ %5'*$%<#( ,-@' 2!" JG .-'/%'-( )$'$( ('!+'/'*$9 (2*( ;'-;'- A '* '"$%-.'-5'( %*6)-/2$%)*( .-#%('( E'*$0$'(9 ;2/.(777L7 =' .+!(9 +'( (%,*2$!-'( ()*$ -'+2$%1'/'*$ ($2D+'(.!%(&!' (%" /)%( 2.-?(9 '++'( .'-/'$$'*$ 5R%5'*$%<'- '*)-' `Gb 5! $-2<7S'( $-212!" 5' +2 -#6#-'*' MINJ℄ '/.+)%'*$ +2 /#$;)5' 5'( cT/'2*( MIdN℄ '* (' D2(2*$ !*%T&!'/'*$ (!- +2 $2%++' 5'( %*& .-'/%'-( /'((2,'( '$ +'!-( 5%-'$%)*( .)!- 5%($%*,!'- +'( .-)$))+'(7Q* 'B'$9 +'( .-'/%'-( .2&!'$( $-2*(/%( +)-( 5R!*' )//!*%2$%)* (R2..2-'*$'*$ A +2 *#,)%2$%)*5' ('( .2-2/?$-'( 2+)-( &!' +'( .2&!'$( (!%12*$( ()*$ .+!$�$ 5#.'*52*$( 5! )/.)-$'/'*$ 5'+R!$%+%(2$'!-7 [%'* &!' +2 /#$;)5' 5'( cT/'2*( 5'/2*5' 5' -'*('%,*'- +' *)/D-' 5' +!($'-(9 +'(2!$'!-( .-�d℄ /'$$'*$ '* .-2$%&!' +' 2+!+ 5R!* )'\%'*$dN



 !"#$%&' () *$+,'&#&$+%$+, !"#$%&' (% )#%(*'+ ,# $!-$.#/! !&' /.#$ +0*'!$ ,! '$./ +(%'!$ (!" (#"'!$"2 3%$ %*((!#$"4 (5#'*6(*"%'*.& ,!"  .,7(!" ,! 8%$9.0 :;<=℄ %?+"4 )#* '*!&' . /'! ,! (5.$,$! ,5%$$*0+! ,!"  !""%-!"4@#' +-%(! !&' '!"'+! '.#' !& $% !&%&' (! &. A$!  *&* %( ,! /%)#!'" B "!#(! !&' )#%'$! /.#$.A'!&*$ #&! A.&&! /$+*"*.&2C*!& )#! (5%//$.?! ,+'%*((+! ,%&" :;;D℄ &+!""*'! #&! /?%"! ,5%//$!&'*""%-!4 !((! /!$ !',5*,!&'*E!$ #& F#G .&&#4 .  ! 0# %#/%$%0%&'4 .# ,5*,!&'*E!$ #& &.#0!%# '$%E !&.$! *&.&&#2H! (%  I !  %&*7$! )#! :;JK℄℄ "5*((#"'$! #&! @.*" ,! /(#" ** !' /!$ !' ,5+'%A(*$ #& -$%/?!/.&,+$+ ,! ".#"6?%T&!" $!/$+"!&'%&' (!" !&?%T&! !&'" /.""*A(!" /.#$ #& /$.'..(!2 3%$!G! /(!4 (% E-#$! U2V "?+ %'*"! ,*R+$!&'!" /.""*A*(*'+" ,! F#G WWX :J;V℄ /.""*A(!" .Y (!"&Z#," (!" /(#" ". A$!" ".&' !#G )#* ".&' (!" /(#" .#$%&'"2C*!& "[$ ?%#&! ,!"  +'?.,!" /$++,!&'!" !"' . /(+'+! /%$ #&  +%&*" ! ,! $!-$.#/! !&',.&' (!" ,+'%*(" /!#0!&' I'$! .&"#('+" ,%&" :;;D℄℄ . /(7'!&' /%$ (! '! /" !&'$! ?%)#! /%)#!' '.#' !& !G/(.*'%&' (!#$ .$,$! ,5%$$*0+!2M*&"* ?%)#! F#G #&*,*$!'*.&&!( "! ,+E&*' .  ! #&! "+)#!&! .$,.&&+! ,! /%*$!" Pi = {si,∆i}.Y si !"' (% '%*((! ,# * /%)#!' !' ∆i (! '! /" +.#(+ !&'$! ".& %$$*0+! !' !((! ,# "#*0%&'2 ].$" ,! (%/?%"! ,5%//$!&'*""%-!4 #&! ,!&"*'+ ,! /$.A%A*(*'+" !"' %(#(+! /.#$ ?%)#! /%*$! Pi2 ]5!&"! A(!,! !" ,!&"*'+" @.$ ! (% "*-&%'#$! ,# /$.'..(!2 `&"#*'!4 (!" ,*"'%&!" !&'$! (% ,*"'$*A#'*.& ,5#&&.#0!%# F#G !' ?%)#! "*-&%'#$! ".&' +0%(#+!" !& @.&'*.& ,!" 0%(!#$" Pi  %*" %#""* !& @.&'*.&,5#& E('$! -%#""*!& )#* /!$ !' ,! (*""!$ (!" ,+(%*" ,!" /%)#!'" !' %*&"* ,! (* *'!$ (!" !$$!#$",! (%""*E%'*.& ,#!" %#G 0%$*%'*.&" ,# abb ,%&" (! $+"!%#2 ]% ,!#G*7 ! *&&.0%'*.& ,%&" !/%/*!$ !"' (% ,+E&*'*.& ,5#& "!#*( /%$ /$.'..(! $!/$+"!&'%&' (% ,*"'%&!  %G* %(! %#'.$*"+! /.#$,+'!'!$ #& &.#0!%# /$.'..(!2 M*&"*4 *( !G*"'! %#'%&' ,! "!#*(" )#! ,! /$.'..(!" !' &! ".&' /%"EG+"  %&#!((! !&'  %*" %#'. %'*)#! !&' -$P! %#  I ! E('$! -%#""*!& %//(*)#+ "#$ (!" 0%(!#$"
Pi ,!  %&*7$! B %(#(!$ !&"#*'! (%  .c!&&! -(.A%(! !' (5+%$' 'c/!2C*!& !&'!&,#4 (% ,+E&*'*.& ,! &.#0!((!" %$%'+$*"'*)#!" @#' %#""* #& %#'$! %G! ,! $!?!$?!4.  ! (% '%*((! ,# .&'!&# d?.$" !&'I'!"e .# (% '%*((! '.'%(! ,# F#G B (5*&"'%$ ,! :;V<℄ )#* . /%$!(5!L%*'+ ,! ,*R+$!&'" %(-.$*'? !" ,! (#"'!$*&-2 \&! %#'$! /.""*A*(*'+ !"' (5#'*(*"%'*.& ,! ?%T&!"_D



 ! ! "##$%'(%)*+

 !"#  !" # $%&'() *) +,-+.(&01)+ ',++234)+ ',-% 4) '%,5,,4) 667*) 8&%9,: ; 4<21+5&% *) =>? ℄ +) 3&+&15 +-% 4)+ +AB-)1)+ *) '&B-)5+ *) ,15%�4)+ D6EFG HIJG6EF.HIJ!!!K! H21+2G ; '&%52% *<-1 )1+)L34) *) M-N *<-1 '%,5,,4)G -1) (&01) *) 8&%9,: )+5,1+5%-25) *,15 4)+ A5&5+ ,%%)+',1*)15 &-N 5O')+ *) '&B-)5+ *) ,15%�4)+ )5 4)+ 5%&1+252,1+ ;4& '%,3&32425A *<)1(&01)L)15 *) )+ *)%12)%+! P1+-25)G -1) '%,3&32425A )+5 &4-4A) ',-% (&B-)1,-:)&- M-N )1 '&%,-%&15 4& (&01) *) 8&%9,: +)4,1 4)+ '&B-)5+ %)1,15%A+ 5,-5 )1 L-452'42&154)+ '%,3&32425A+ %)1,15%A)+! ! ! "#$%&'(')*+ &%,' &-.*..,0%-'Q5&15 *,11A -1 '%,5,,4)G *) 1,L3%)-+)+ :&%2&15)+ *<2L'4&15&52,1+ +,15 ',++234)+! R&% )N)L'4)G32)1 B-) 4) '%,5,,4) 7SSR +,25 *AT12 *&1+ 4) UVI =W>X℄℄ '&% )N)L'4)K *,15 4) 1,L )5 4& :)%+2,1 2*)152T)15 4& :)%+2,1 *-'%,5,,4)! P1 %A&425AG 4)+ T1Y)%'%21521Y+ *) +O+5`L)+ *<)N'4,25&52,1 )5 *<AB-2')L)15+ +,15 +2.??



 !"#$%&' () *$+,'&#&$+%$+,
�5)( 5-%*2)(1%.*,-.(,%*/1)=(2 .= ,-/=1()2 '<=%4)0)*12 '1(/*F)(2! $) 45=2G )55) 4)=1 .*1(��1)2! 9/( )@)045)G 5)2 2)(D)=(27889 QHRS℄ %*5=)*1 ,/*2 5)2 )*161)2 5)=(2 %,)*1%>/*1 QR U℄℄ %55=21() 4/( )@)045) ,)2 ,%&'()*)2 ,/*2 5-.(,() ,)2 )*161)2 0'&/'& )11"%'! $) 45=2G )* )*D.?/*1 ,)2 ()<=61)2 24'%><=)2 5)2 ('4.*2)2 4)=D)*1 ,%&'()(! V.00) ,/*2 5)2/44(.3)2 D=)2 ,/*2 5) /2 ,= >*F)(4(%*1%*F ,) 2?21;0) ,-)@45.%1/1%.*G )2 ()<=61)2 2.*1 2.%)*10/5J.(0')2 2.%1 4)= .=(/*1)2! I* )&)1G 5)2 )(()=(2 ,-%045/*1/1%.* .= 5) 0/*<=) ,) 24'%>/1%.*2)@/1)2 2) 4('2)*1)*1 2.=D)*1 4.=( )2 /2! E-.=1%5 QR U℄ .L2)(D) <=) 5.(2 ,) 5-)*D.% ,-=*) ()<=61)-23242G 4.=( 2=44(%0)( =*) ()22.=() 2=( 5) 2)(D)=( )1 ,.* F'*'(/5)0)*1 %*1)(,%1G 5)2 .,)2,-)(()=(2 1(/*20%2 D/(%)*1!M5.(2 <=) 5)2 ('2)/=@ 2/*2 >5 XYH!RR 2) 2.*1 4.4=5/(%2'2 )2 ,)(*%;()2 /**')2G 5)=( 2'=(%2/1%.**-/ )22' ,-61() /0'5%.(')! $) 0/*%;() F'*'(/5)G 5) 4()0%)( 4/2 4.=( 4'*'1()( =* 1)5 ('2)/= )21 ,)ZX



 ! ! "##$%'(%)*+
 !" #$%'()$*+%,% -./012  3" 4'%567 !"#  !" # $%&'& (%& )*+%& ),-'--+/*,%& &/0& 1+ 234!55 6,7% /89 :*'& (% -0',�+%&% </*,% )/&&%, )-8, 80 8'*+*&/'%8, +=6*'*>% %0 +8* ?-+/0' &-0 @*(%0'*'=A &8, % ,=&%/8! BC%&' (/0&%''% -)'*D8% D8% E5F ℄ H%,H% I *(%0'*1%, +%& )-*0'& (C/J& %0 &% :/&/0' 80*D8%>%0' &8, +%& :*'&(% -0',�+% (% ',/>%! K8, +/ 168,%  !"L H/D8% +*60% ,%),=&%0'% 80 (% &%& :*'& %' H/D8% -+-00%80 '%&' %M%'8= (-0' +/ +/,6%8, (=)%0( (% +/ <,=D8%0% (% ,=)-0&%! N+8& 80% /&% %&' 0-*,%L )+8&%++% %&' <,=D8%0'%! O/ (*M=,%0% %&' P/6,/0'% %0',% 80 )-*0' (C/J& B*&-QO*0R&S& TU$VF6  !"W/X%' Y-&'ZN  !"W:X!O% ),-'--+% K[N E452℄ %&' +/,6%>%0' %>)+-S= /8\-8,(CH8* 0-'/>>%0' )-8, +/ 6%&'*-0 (%&&%&&*-0& (% ]-[N! ^0 )/,/++J+% I +C%&&-, (% %''% '%H0-+-6*%L +%& /''/D8%& &% &-0' (=?%+-))=%&%' 0-'/>>%0' +% K)[$ WK)/> -?%, [0'%,0%' $%+%)H-0SX =D8*?/+%0' >8+'*>=(*/ (8 &)/> W/))%+&?-/89L ?*(=-&!!!X! B% ),-:+J>% %&' ',/*'= (/0& E5V ℄ *0',-(8*&/0' (8 106%,),*0'*06 /'*< 6,7% I(%89 'S)%& (% >%&&/6%& _# (%& >%&&/6%& >/+<-,>=& W)/, %9%>)+% /?% 80 08>=,- (% ?%,&*-0 (% ),-'--+% *>)-&&*:+%X%0',/`0/0' (*M=,%0'& 'S)%& (% ,=)-0&%& a# +%& ,%D8b'%& ,-./,01 )-8, ,=8)=,%, +/ +*&'% (%& -)=,/'*-0& )%,>*&%& %' D8* ?/,*%0' &%+-0+%& =D8*)%>%0'&!c% )+8&L (% 0->:,%89 H/>)& (/0& +C%0'b'% &-0' -)'*-00%+& %' +%8, ),=&%0% -8 0-0 &-0' (%&*0(*%& 8'*+%& )-8, +% 106%,),*0'*06 (% >b>% D8% +C-,(,% (/0& +%D8%+ *+& /))/,/*&&%0'!d0 )-*0' </*:+% &-8?%0' /(-)'= (/0& +%& '%H0*D8%& (% 106%,),*0'*06 %&' +C8'*+*&/'*-0 (% 6=Q0=,/'%8, (% 0->:,%& /+=/'-*,%& D8* &-0' &-8?%0' >/+ *>)+/0'=&! ^0 %M%'L *+ /,,*?% &-8?%0' D8% +/(*&',*:8'*-0 (% %& 0->:,%& 0% &8*?% )/& 80% +-* (% (*&',*:8'*-0 80*<-,>%! Z*0&* KH-+e 2( '$! E5VF℄)/,?*%00%0' I *(%0'*1%, +%& (*M=,%0'& =D8*)%>%0'& K[N I )/,'*, (%& *(%0'*1/0'& (C/))%+ (%?/0'0-,>/+%>%0' b',% (='%,>*0=& /+=/'-*,%>%0' I H/D8% 0-8?%+ /))%+ =>*&!$-8\-8,& (/0& +% /(,% (% K[NL E5 2℄ ),=&%0'% 80% >='H-(% ,%)-&/0' &8, +/ -0&',8'*-0 (%+C/,:,% &S0'/9*D8% (C80 >%&&/6% )/, ,/))-,' I +/ 6,/>>/*,% Zfgh (8 ),-'--+%! BH/D8% =+=>%0'(% +C/,:,% %&' 80 H/>) '%,>*0/+ W?/+%8, (=10*%X -8 0-0 '%,>*0/+ W,=)='*'*-0L &=D8%0%!!!X! N+8&),=*&%>%0'L +-,& (% +/ )H/&% (C%0',/`0%>%0' (8 &S&'J>%L +%& /,:,%& &S0'/9*D8%& ),-?%0/0' (8>b>% =D8*)%>%0' &-0' ->)/,=& %0',% %89 (% >/0*J,% I *(%0'*1%, +%& H/>)& *0?/,*/0'& -8 (SQ0/>*D8%&! ^0&8*'%L +%& (*M=,%0%& %0',% +%& /,:,%& (% (%89 =D8*)%>%0'& (*&'*0'& &-0' *(%0'*1=%&![+ (%?*%0' /+-,& )-&&*:+% (% </*,% (% +/ (*&,*>*0/'*-0 (%& >%&&/6%& :/&=& &8, %& (*M=,%0%&!c/0& +% /(,% (8 106%,),*0'*06 /'*<L h[i E5FF℄L ),==(%>>%0' *0',-(8*' (/0& +/ &%'*-0  ! !5L%&' /8&&* /)/:+% (C*(%0'*1%, &)=*1D8%>%0' +%& ?%,&*-0& *>)+/0'=%& (C80 ),-'--+% '-8\-8,& %0'%&'/0' (% 0->:,%8&%& ,%D8b'%& )-&&*:+%& )-8, %0 (=6/6%, +% &-8&Q%0&%>:+% D8* )%,>%' (C*(%0'*1%,%j/%>%0' +%& =D8*)%>%0'&!^010L KH8 2( '$! *0',-(8*&%0' 80 >-(J+% <-,>%+ )-8, +% 106%,),*0'*06 (/0& E5V4℄! f*%0 D8C**L*+ &-*' '%&'= /?% $BN %' -,,%&)-0(% )+8'�' I (8 106%,),*0'*06 (% &S&'J>%& (C%9)+-*'/'*-0L *+%&' +/*,%>%0' /))+*/:+% I '-8' /8',% ),-'--+%! O% >-(J+% ,%)-&% &8, +/ (=10*'*-0 (% >/H*0%&I ='/'& 10*& ='%0(8%& )/,/>=',=%& -k H/D8% ',/0&*'*-0 %0',% (%89 ='/'& (=)%0( (C80% )/,'*%(8 -0'%08 (C80 )/D8%'! i,7% I %''% <-,>/+*&/'*-0L +% :8' %&' (% ',-8?%, 80% &=D8%0% (C%0Q"l



℄7 V# 5'%. .#!%# /D-/#0 -9#! /# %'0-O!# *0-,*# 5',*# .',*# %'-& &'("0"!' -20 #& ("0"!'?#%#0 -%.?'0 "# C-' *0 2%. #*!7 L-0&-@ *0 5� # #& -/#0 -9" #0 !#."!'0 /#& &",*#0#& ?-0"'-!#& /# # 5'%.7X0#  #50-,*# .?*& ("0"!'?# 20&-& # 6 " */-#! ?#& (-(*#& /#& 52!?2(#& MVF C2-!# EVYF QRSZ℄7[0 #3# @ #& .',*# & 20 -#00#0 *0  -%#& '%. 6 .'! -! /*,*#? ?' %'5-0# /D2:&#!C' -20 #& '.':?# /# /"!-C#! ?' (-(*# /# ?D52!?2(# ,*- %#&*!# &20 /"'?'(# 'C# ?#  #%.& !"#?7 [0 !"'?- "@D#& ?D"C2?* -20 /# # /"'?'(# '* 2*!& /*  #%.& ,*- .#!%# /# /-3"!#0-#! 5',*# %'5-0#7V#  # '..!25# &D'..?-,*# "('?#%#0 6 ?' /-& -0 -20 /#& %'5-0#& C-! *#??#& /# %'5-0#& !"#??#&7\-0] "?':2!' *0#  #50-,*# &-%-?'-!# /'0& QR^S℄7 F?*& !"#%%#0 @ QR_T℄ &# <2'?-&# &*! ?' /-& -0 -20/D",*-.#%#0 & &'0& 9? `Zab*1@  #%.& #0 !# /#*1 .',*# &+ %'?(!" ?' %-&# #0 C'?#*! /# 02*C#??#&.?*& !"#%%#0 7 V#.#0/'0 @ ?#& !"#??#& /-3"!#0#& &# &- *#0 '* 0-C#'* /#& !#.!"&#0 ' -20& /# #&/200"#& # /# ?#*!  !'- #%#0 7 8#  ':?#'* _7_ !"'.- *?# ?#& /#*1 (!'0/#& ?'&&#& /# 90(#!.!-0 -0(,*# ?D20 .#*  !2*C#! ' *#??#%#0 7 Y'?(!" ?#*! &-%.?-- "@ ?#& :'&#& /# &-(0' *!#& %'0*#??#& &20 '*;2*!/D5*- ("0"!'?#%#0 #%.?2A"#& /* <'- /# ?#*! &-%.?-- " /D* -?-&' -20 6 ?D-0& '! /# .Z< QR_a℄2* KYLF QR_S℄7`Z



 !"! #$%&' !!"#%&'  ()*+),&' -*#*(.*/&*+'0/,*)+1"&' 2)3*1&44&' 5 '/2!4& 6 )!!4/71&"5 '#1(&*+ 8/&* +&'+.& &+.!"#1(.& 5 '/,*)+1"&' '!./971&' → 8)'&' :&:#**.&' :&()*+ ;+"& 2/'&' 6 <#1"5 *#28"& :& '/,*)+1"&' .4&(.&' :&3()*+ ;+"& #!+/2/'.5 ".)+/#* 2)*1&44& :&' '/,*)+1"&' !!"&*+/''),& ='/3,*)+1"&' )1+#2)3+/71&'> 5 ,.*."/71&' → ")!/:&2&*+)!!4/)84&' :)*' :/?."&*+'#*+&@+&'5 !)' :& 2/'&' 6 <#1" 2)3*1&44&'5 !&1 :A/*+&"(&*+/#*' %132)/*&'
℄ #^ 4A#8<&+/B &'+ :& :.+&"32/*&" )1+#2)+/71&2&*+ 4& 4)*,),& :A1+/4/')+&1"' ".&4' :)*' :&' #221*/)+/#*' _#-N %/?".&'E

`Z



 !"#$%&' () *$+,'&#&$+%$+,

 !



 !"#$%&! '()*$!
 !"#$%&'#%!"

 !





  !"#$%&'(%!) "*& +!()*(&
 !""#$%&  !" #$%&'()%+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ,- !. /01 (23%)(4 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ,5 !"!# $%&'()*+*,- .'+ (/+'0%1 '2 +'()*'+ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 45 !"!" $%&'()*+*,- .6%- &,2 .' 7*'8 .*+2(*9%/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 4: !"!; <'=-*>%'+ '1*+20-2'+ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 44 !6 74&8+$'9':+4 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ,, !;!# ?,202*,-+ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 4@ !;!" A/2(*>%'+ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 4@ ! ;'(<941 #$%4&$4% =490> /?0% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! @" ! !# <,&,8,B*' C-2'(-'2 D'80E F=02 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! @# ! !" G('7*'( 7,.H8' ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! @# ! !; $',-. 7,.H8' ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! @I ! ! J/80*+ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #KK !- ;'(<941 A.A ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "BB !I!# <,208'7'-2 70*88/L $80&&'( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #KK !I!" <098' .' =0=0B' .*+2(*9%/'L F=,(. ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #K" !I!; J/80*+ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #K: !5 C+90$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "BD !" #$%&'()%+'$ ! #$%&'(! ) $ %(*+!,'* -!+ ./',!'+0 !+ (*+!$12 3! 4$#&,!+ /4%(/4&+!+ /,'(�



 !"#$%&' () *+,-.$/"%$+0 ,'/ 1+%0'%/ "##"$ %&$'() * +,-.#&$"/ #" -.0#,&"+"() -1 2,)(")3 4"$)5*5-&/" $' 0/,0'6')&,( $1/ 7()"/(")89:3 ;;℄ = "##"$ >"/>'() * .)1-&"/ #"$ 0"/?,/+'("$ -41( 2,)(") 1(" ?,&$ -.0#,@. 8AB3 ;A℄℄`a9



 !"! #$% &'()*&+
...

...

Entreprise A - Site A
Réseaux publics

Superviseur

Superviseur

Entreprise B (partenaire)

...

Entreprise A - Site B

 !"#  !" # $%&'()*+*,- .'+ (/+'0%1 2 30(4'/6'33'

Plateforme de supervision

Distr ibuted honeypot

configurer les 

mots clés

récupérer la l iste

des machines

 suspectes

Réseau P2P de partage de fichiers

Cyber-criminel Cyber-criminel

annoncer

des mots clés

rechercher

des mots clés

 !"#  !7 # 80+ .' 94%(' .% 6,-':&,; .*+;(*<%/
# 0-,-:=0; > %- 0;;0?%0-; -' .,*; &0+ &,%),*( ./,%)(*( 3'+ =06*-'+ +%&'()*+/'+ 0*-+* ?%''33'+ ?%* ,-;(�℄



 !"#$%&' () *+,-.$/"%$+0 ,'/ 1+%0'%/ !"#$%&! '"!( )*$+&,#-&'( #$'$/0!%&1&,#(23 ($-!4#$ 5 -, 0##06-0,# ,& )"4#  0(  "-+"4! 0,,",&! -,& '4(#& )& 70-8 1"#(9'$(23 %0!0,#4& )*0##&4%,0:4'4#$ 5 '*0)14,4(#!0#&-! )"4# ;#!& &, 1&(-!& )*$+0'-&! '&  "-!&,#0%& )&10/4,&( 6-4 0 :4&, '0 '4(#& )& ,"-+&0-8 1"#(9'$( < /06-& 14(& < ="-!>
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 !" #$$!%&' (')*'$$!+$ , -.!$$!%&!+$ /' 0&)1'2--')-'0 4++'524+0 /.&+' *!62+'  7" 8&)6!)9': -! )'%&;$' )< '+$)!=+' &+' 0&)6!)9'0&) -' +>&/ %&2 -&2 '*(;6' /' $)!+0*'$$)' -! )'?%&;$' 0&21!+$'  )@" !"#  ! " #$%&'()%&*+ +,' -*+ %.,/+ /, '0+*(,.'/ ,$/%"0'/ #+//$1.'/)1- *+& (,++) 2('3$)+ 2'$4&(5-* /* $%%(7&'* -* %$85'* *9(& /* 5$&+ (&&*)%&+ *& 2(+ +*,-*8*%&-( 2'$2$'&)$% : !"#$%$&# '( : 34"%%'$50"1$.$%- "1/+.6' '/% .' 0+71&' ,' 1+%/ "%%'$0%/ 8 60' ,$/%"0' 7"9$:7".' d ,6 1+%7"/%'&) ;..' /' 0+%' att(d));(' $%+0<,*%&= *'&()%+ 8$/>-*+ (-,-*'$%& -?(&&*)@%(5)-)&0 (5+$-,* *& -?(&&*)@%(5)-)&0 %$'A8(-* $, 2(+ 8()+ -*,' 0<,)B(-*%* *+& 0B)/*%&* 2,)+<,* att(d) = N × att(d)!C* 8D8* -?(&&*)@%(5)-)&0 8$E*%%* (5+$-,* *+& /04%)& : 1- *+& (,++) 2('3$)+ 2'$4&(5-* /*$%%(7&'* -* %$85'* *9(& /* 5$&+ (&&*)%&+ *& 2(+ +*,-*8*%& -( 2'$2$'&)$% : !"#$%$&# ') : 34"%%'$50"1$.$%- "1/+.6' 7+<'00' (avg att) !"# $%&##!'()&*'$'#+ &*",$-!.,/!))! "-0 #,-#!" $!" 1'"#&)!" 3,""'*$!"4 !"#$% '% #()"$*+'% ,$%-.) / -0+0'" 0' .!#1"' 2' 1!)%3 +.' -+)"' #()"$*+' -..'4' '%) 0'2(0-$ .('%%-$"' 5!+" )"-.%#'))"' +. !"2"' -+4 1!)%6 !"#$%$&# '( 7 temps(d) !"# $! #!.3" )+!""&'0! 3,-0 5-! $& 0!5-6#! !)7,/+! 3&0 $! *,#8.&"#!0 &00'7! 9-"5-%&-: *,#" &##!'()&*$!" ; -)! 1'"#&)! .&:'.&$! d489$.)(":) 29+.' )'00' '%)$#-)$!. '%) (,$2'.) 0!"% 2' 0- *+-.)$;-)$!. 2+ )'#5% .('%%-$"' 5!+"*+9+. !"2"' %!$) '4(+)( %+" +. .!#1"' 2!..(% 2' 1!)%6 <. '=')3 '. -0+0-.) 09-))'$>.-1$0$)( /+.' 2$%)-.' d ') '. -0+0-.) 0' )'#5% .('%%-$"' 5!+" 0'+" )"-.%#'))"' +.' "'*+:)'3 $0 '%) ?-$0'2' 2()'"#$.'" 0' 2(0-$ 5!+" -))'$.2"' +. '")-$. .!#1"' 2' 1!)%6@-" -$00'+"%3 2-.% 0' -% !A 50+%$'+"% "'*+:)'% $.2(5'.2-.)'% 2!$,'.) :)"' )"-.%#$%'%3 '))'#()"$*+' '%) )"B% +)$0' 5!+" -55"($'" 0'+" !"2"' 29(#$%%$!. %'0!. 0'+" 5"$!"$)( -" '")-$.'%!5("-)$!.% .('%%$)'.) 29:)"' '=')+('% -,-.) +. '")-$. )'#5% )'00'% *+' 2'% #$%'% / C!+" 2'%(+"$)( $#5!")-.)'%6DE



�/ /&)2$)& 6 %'$&# 2&+ )D"2+ &)/#$"@ K$8'&+( A&+/H6H23#&2&+ +&#4&"#+ <"3 $"#!)/ %&" 2& =$)&+ 2A?/#& 2*!))&/*+ $# ")& 2*!))&@3!) &)/#$'& !"%&#$'$3#&1&)/ '& #*+&$" &) 2&"@ !)/#$3#&1&)/ 6 ")& 2*!))&@3!) %*#3%=*#3<"&: .&%&)2$)/( 2$)+ '&$2#& 2& &//& 1!2*'3+$/3!)( '$ K$83'3/* 2&+ )D"2+ &+/ !)+/$)/& &/ +313'$3#&: L3)+3( 1!2*'3+&# '&B#$%=& 2&+ +&#4&"#+ ,-. %$# ") $#8#& $'*$/!3#& &+/ M"+/3K*: .& 1!25'& &/ +!) *4$'"$/3!) 7"#&)/%"8'3*+ 2$)+ NO℄: !"#$%' '%#(' )'*+ %,*)";&+ /#$4$"@ &@%!+*+ 2$)+ NQR℄ +!"'3B)&)/ '$ %!++383'3/* 2& !)+32*#&# ") $#8#& $'*$/!3#& !)+/#"3/%$+ 6 %$+ 2& 1$)35#& #*"#+34& !S =$<"& )D"2 &+/ )"1*#!/*: T =$<"& 7!3+ <"A") )D"2 &+/#$M!"/* 2$)+ 'A$#8#& &'"3H3 $ 2&+ =$)&+ *<"3%#!8$8'&+ 2A?/#& !))&/* 6 ") %#**2&)/: U$)+'& $+ %#*+&)/( 'A&)+&18'& !#2!))* 2&+ )D"2+ &+/ L = {n1, n2, . . . , nN} !S ∀i, 1 ≤ i ≤ N − 1( '&)D"2 ni $ */* $M!"/* $4$)/ '& )D"2 ni+1:L3)+3( '!#+<"& '& )D"2+ nj &+/ $M!"/* 6 'A$#8#&( &'"3H3 %&"/ ?/#& #&'3* 6 /!"/ ni $4& 1 ≤ i < j2& 1$)35#& *<"3%#!8$8'&:  $# !)+*<"&)/( '$ %#!8$83'3/* <"& '& )D"2 nj +!3/ !))&/* $" )D"2
ni +& 2*K)3/ 2& '$ 1$)35#& +"34$)/& V

pi,j =







1

j − 1
%!"# 1 ≤ i < j

0 +3)!) EW:XF;$ %#!8$83'3/* <"& '& )D"2 ni +!3/ 6 ")& 23+/$)& d 2" )D"2 nj $4& 1 ≤ i < j ≤ N +& 2*)!/&
P (i, j, d) &/ &+/ $'"'$8'& #*"#+34&1&)/: I) &9&/( '!#+<"& '$ 23+/$)& +*%$#$)/ 2&"@ )D"2+ &+/*B$'& 6 ")( &'$ #&43&)/ 6 "/3'3+&# 23#&/&1&)/ '$ 7!#1"'& W:X <"3 3)23<"& '$ %#!8$83'3/* %!"# &)D"2 j 2& +& !))&/&# 6 ") )D"2 k $4& k < i: ,' +"Y/ $'!#+ 2& '$ 1"'/3%'3&# %$# '$ %#!8$83'3/*<"& & 2&#)3&# +!3/ !))&/* $" )D"2 i 6 ")& 23+/$)& d − 1 &/ $3)+3 2& +"3/&: .& %#3)3%& &+/QX



 !"#$%&' () *+,-.$/"%$+0 ,'/ 1+%0'%/
j ik

P(i,k,1)
= 1 / (i-1)

P(k,j,d-1)

Distance d

ik

P(k',j,d-1)

Distance d - 1

k'

P(k,k',1)
= 1 / (k-1) ...

ik*

Distance 1

P(k*,i,1)
= 1 / (k*-1) !"#  !" # $%&(& )*+ ,-./%/0&012+ )* )0+1%3* *4%1* )%3+ (3 %-/-* %&2%1.0-* -2(-+050&&(+1-2 +(- &% 67(-*  !" .8 ,.(- %&&*- )* i 9 j *3 d +%(1+: 0& *+1 32*++%0-* )* 1-%;*-+*- d−1 3<()+031*-=2)0%0-*+! >-?* 9 *11* -*,-2+*31%10.3: P (i, j, d) *+1 )26301 .==* +(01 @

P (i, j, d) =











pi,j ,.(- d = 1
j−1
∑

k=1

p(k, j) × P (k, i, d − 1) =
1

j − 1

j−1
∑

k=1

P (k, i, d − 1) +03.3 A !BCD*+ 03)0*+ )* &% +.==* ;%-0*31 *31-* 1 *1 j−1 %- &% .3+1-(10.3 -2(-+0;* )* &E%-/-* %( =.=*31)* &E%F.(1 )( 3<() nj 0=,&0G(* &% -2%10.3 )E(3 H*=03 *31-* * 3<() *1 &* 3<() ni! I &E03;*-+*&.-+ )* &E%F.(1 )E(3 3<() nk %;* k > j: +E0& *40+1%01 (3 %(1-* H*=03 ,.++0/&* ,%++%31 ,%- k: *3* +*-%01 ,&(+ (3 %-/-* )E.8 (3 03)0* =%40=%& 27%& 9 j − 1! !"#$%' '%#(' )% %*)+ '# ,-)"!')(" $)#('"J%3+ &* %)-* )* *11* 21()*: E*+1K9K)0-* &E*3;.0 =%++05 )E(3* .==%3)* ;0% &* -2+*%(: 0& *+1,&(+ 0312-*++%31 )* )21*-=03*- &% ,-./%/0&012 P (o, d, S) ,.(- (3 3<() o )E%;.0- (3 *3+*=/&* S)* 3<()+ 9 (3* )0+1%3* =%40=%&* d! L.01 1 ≤ i ≤ N − 1 &* 3.=/-* )* 3<()+ G(* &E.3 .3+0)M-*)0-*1*=*31 .33*12+ %( 3<() )E.-0703* o: *(4K0 5.-=*31 &E*3+*=/&* @
CHOIX = {c1, . . . , ci} ⊆ SL.3 .=,&2=*31%0-* +,206* &*+ 3<()+ G(0 )*;-.31 N1-* F.073%/&*+ %( )*(40M=* .( %( ,&(+%( ) +%(1 @

RESTE = N − CHOIX = {r1, . . . , rp}$*1 *3+*=/&* ).01 N1-* )0;0+2 *31-* &*+ )0O2-*31+ 3<()+ )* CHOIX +(- &*+G(*&+ 0&+ +*-.31-%.-)2+ )0-*1*=*31 .( 03)0-*1*=*31! P3 &%0-: &*+ 3<()+ )* CHOIX -*,-2+*31*31 &*+ -%03*+QB
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2 5 6 CHOIX= 

1 3 7RESTE = 

2 25SUITE = 

1 7 3 !" #$%&'($% ')*$!)'+, -. 0+'1 -%2 -'3*$%,)2 %,2%&45%2
4

2

31

5

7

6 4" 6*2.5)!) 7,!5 !"#  !" # $%&(& )*+ ,-./%/0&012+ )* )0+1%3*+ 40304%&*+ )%3+ (3 %-/-* %&2%1.0-*)*+ +.(+5%-/-*+ %( )*(6074* +%(1 *1 0& *+1 32*++%0-* )8%++093*- :%;(* 3<() -*+1%31 = (3 )**+ +.(+5%-/-*+! >03+0? &8*3+*4/&* SUITE +@4/.&0+* &8%A*1%10.3 )*+ 3<()+ = ,%-10- )( +*.3)30B*%( C
SUITE = {< s11, s12 >, . . . , < sp1, sp2 >}%B* C ∀j, sj1 ∈ CHOIX, sj2 ∈ RESTE *1 ∀k 6= j, sk2 6= sj2! D% ,-*407-* .3)010.3 04,.+*;(* :%;(* 3<() -%03* )*+ +.(+ %-/-*+ %,,%-10*33* /0*3 = (3 3<() )* &% .4/03%0+.3 :.0+0*ECHOIXF! D% +*.3)* .31-%031* +0930G* ;(* &*+ +.(+ %-/-*+ 3* ,*(B*31 H1-* *39*3)-2+ ;(8=,%-10- )*+ 3<()+ -*+1%31+ *1 3* ,*(B*31 /0*3 *31*3)( ,%+ ,%-1%9*- (3 3<() .44(3 E+03.3 )*+@&*+ +.31 031-.)(01+F!I%- *6*4,&*? +0 < cx, ry > +0930G* ;(* &* 3<() ry J%01 ,%-10* )( +.(+ %-/-* *3-%032 +(- &*3<() cx!K3 *6*4,&* *+1 ).332 +(- &% G9(-*  !"E%F %B* L 3<()+ *1 o = 4! D% ,-*407-* 21%,* :.05+01 )* .33*1*- )0-*1*4*31 = o &*+ 3<()+ CHOIX = {2, 5, 6}! $:%(3 )*+ 3<()+ -*+1%31+ERESTE = {1, 3, 7}F *+1 %&.-+ %++0932 = (3 +.(+ %-/-* *39*3)-2 ,%- (3 )* *+ 3<()+ :.0+0+! M0?


CHOIX(S) = ∪({c1, . . . , ci},∀k, l, k 6= l, ck 6= cl, ck ∈ S, cl ∈ S), 1 ≤ i ≤ |S|>03+0 ,.(- 1.(1* .4/03%0+.3 c )* CHOIX(S)? &8*3+*4/&* .-).332 RESTE(S, c) *+1 )2G301.44* ,-22)*44*31? 8*+15=5)0-* C

RESTE(S, c) = S − c QR



 !"#$%&' () *+,-.$/"%$+0 ,'/ 1+%0'%/ ! "#$%& SUITE(c, r) '()*+, #-!*%!./#! '!% 01!,0,+3*% '!% *4$'% '! r 0$5 %3$%607/7!% '3*,#!% *4$'% 70+*!% 0""07,+!**!*, 8 c9 :!, !*%!./#! 0 '3* $*! ,0+##! +'!*,+;$! 8 r <
SUITE(c, r) = ∪{< s11, s12 >, . . . , < sp1, sp2 >},∀j, sj1 ∈ c, sj2 ∈ r,∀k 6= j, sk2 6= sj2, p = |r|=+*0#!.!*,& #0 "73/0/+#+,( ;$-$* *4$' o %3+, 8 $*! '+%,0*! 0$ "#$% (>0#! 8 d '-$* !*%!./#!

N %-(7+, %3$% #0 ?37.! %$+@0*,! <
P (o, d,N) =







∑

c∈CHOIX(N)

∑

s∈SUITE(c,RESTE(S,c))

[
∏

ni∈c

P ′(o, ni)× P (ni, d− 1,Φ(s, ni))] si d > 0

0 sinon AB9CD3E Φ(s, ni) = ∪{sj2} ,!# ;$! < sj1, sj2 >∈ c !, sj1 = ni& -!%,686'+7! #-!*%!./#! '!% *4$'%3."7+% '0*% #! %3$% 07/7! 0F0*, "3$7 70+*! ni9
P ′(i, j) !%, #0 "73/0/+#+,( ;$! #! *4$' i %3+, 3**!,( 0$ *4$' j '+7!,!.!*,9 G* ?0+,& !,,!"73/0/+#+,( !%, %+.+#0+7! 8 Pij 8 #0 '+1(7!*! "7H% ;$-!##! '("!*' '$ *4$' '3*, #-+*'+! !%, #! "#$%(#!@(& -!%, 8 '+7! !#$+ 0I3$,( !* %!3*' <

P ′(i, j) =
1

max(i, j) −d9 J07 3*%,7$6,+3*& ! *3./7! "!$, @07+!7 !*,7! 1 !, N A*3./7! ,3,0# '! *4$'%D !, #! 0#$# !50, '! #-0,,!+>*06/+#+,( !5+>! '! ?37.!7 ,3$% #!% !*%!./#!% '! *4$'% "3%%+/#!% '! ,0+##! @07+0*, !*,7! 1 !, N 9 M3+,
So

i & #-!*%!./#! '!% 3./+*0+%3*% "3%%+/#!% '! *4$'% '! ,0+##! i& !5!",( #! *4$' o& #-0,,!+>*0/+#+,(8 "07,+7 '-$* *4$' o %! '()*+, '3* 3..! <
att(d, o) =

N
∑

i=1

∑

s∈So
i

P (o, d, s)

N9 :!"!*'0*,& %!#3* #! *4$' o K3+%+& #-0,,!+>*0/+#+,( %!70 '+1(7!*,! 07 #!% "7!.+!7% *4$'%%!73*, "#$% !*,70$5 ;$! #!% '!7*+!7% "07 3*%,7$,+3*9 N+*%+& #-0,,!+>*0/+#+,( >(*(70#! %! 0#$#!!* ?0+%0*, #0 .3F!**! %$7 ,3$% #!% *4$'% '-37+>+*! "3%%+/#!% <
att(d) =

∑

o∈[1,...,N ]

att(d, o)

N9OB
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 !"#  !" # $%'() *')+,% -'./ ,%0 1'2(%20 345 67% )%0 (8.)0 ('( (.*9/'290: -/'-6;62<'()=.(% /%>.?2% !"#$%&'( ') $*&*)+)*",( -' ' &"-%$'@% -/'1,+*% *6A%./ )% % *')+,% %02 ,='1,<;62<'( )% 6,.,%/ )% ('*1/%.B %(0%*1,%0 '**%
CHOIX(S): RESTE: SUITE '. So

io, d℄H'./ /6--%,: F6>.% 0%/7%./ 6 .( ('*1/% *6B<*.* m )% 7'<0<(0 X =%02 ,% M62%./ )% 1/6(F%D*%(2 *6B<*6,! @% ('*1/% )% '((%B<'(0 >.=.( 0%/7%./ *6<(2<%(2 67% )=6.2/%0 %02 )'( '*-/<0%(2/% Y %2 m! 5%22% ,<*<262<'( /%%(2/% ,% *')+,% 0./ ,%0 /90%6.B 345 'Z .( 0%/7%./ %02 '((%29C >.%,>.%0 6.2/%0 0%.,%*%(2! @6 I;./%  !" *'(2/% ,6 2'-',';<% )=.( /90%6. )% 0%/7%./0 345 6<(0<>.% ,% 6,., )%0 )<N9/%(2%0 )<026(%0 -6/ /6--'/2 6. (8.) ). 0.-%/7<0%./! 5%,.<D< -%.2 )=6<,,%./0[\



 !"#$%&' () *+,-.$/"%$+0 ,'/ 1+%0'%/ !"# %&&#!' ()* +& ,)#& -+ . .# !/0# 1+# ,#2 3%!2 %+ *4)" -)"#!#.#&! 2+" ,# 2#"(#+"5 6!*&!-%&&' ,* &*!+"# 20')*,# -# #!!# %&&#7)%&8 ,# &9+- 2#"(#+" 2#"* %&2)-'"' %..# ,# &9+--:%")4)&#5;<=℄ #70%2# +& .%/#& 2).0,# 0%+" #2!).#" ,# &%.3"# -# &9+-2 ? +&# -)2!*&# 1+#,%&1+#3*2'# 2+" ,#2 @%&!)%&2 4'&'"*!")#2 1+) @+"#&! &%!*..#&! #.0,%/'#2 -*&2 ;AB℄5C& 0"#.)#"8 +& "*00#, -#2 &%!)%&2 2+" ,#2 @%&!)%&2 4'&'"*!")#2 #! #"!*)&#2 0"%0")'!'2 #2!-%&&' )D-#22%+2 #! ,# ,#!#+" )&!'"#22' 0%+""* %&2+,!#" ;<=℄ 0%+" -# 0,+2 *.0,#2 -'!*),2 &%!*.D.#&! ,#2 -)E'"#&!#2 0"#+(#2 #! ,#+" +!),)!' -*&2 ,#2 4"*0F#25 !"#$%$&# '( G 2%"0% ,+00- 30' 4+0%$+0 ,' #&+1"1$.$%- pk = P (X = k)6 /" 4+0%$+07-0-&"%&$' /' ,-80$% +99' :
G0(x) =

∞
∑

k=0

pkx
k)*&+*$!%! ' G ;<'/#-&"0' ,<30' 4+0%$+0 ,' #&+1"1$.$%- '/% -7".' = ." ,-&$>-' ,' /" 4+0%$+07-0-&"%&$' $0/%"0$-' ">' x = 1 :

E(X) = G′0(1))*&+*$!%! , G ?$ ." ,$/%&$13%$+0 ,<30' #&+#&$-%- k ,<30 +1@'% '/% 7-0-&-' #"& ." 4+0%$+07-0-&"%&$' G0(x) ".+&/ ." /+99' ,' m &-".$/"%$+0/ $0,-#'0,"0%'/ ,' .<+1@'% '/% 7-0-&-' #"& ."4+0%$+0 7-0-&"%&$' [G0(x)]
m) !"#$% &% '!()(*) &+,* *-,&H* 0"%3*3),)!' pk #2! ,* 0"%3*3),)!' 0%+" +& &9+- -:*(%)" kpk8 p0 2)4&)N# 1+# ,# 2#"(#+" #2! -'%&&#!' IF%"2D2#"()#J 2%)! p0 = 1 − α(m)5C&2+)!#8 ), #2! ).0%22)3,# -:*(%)" k > m -:%O pk = 0 0%+" k > m5 C&N&8 2*&2 *++& %&&*)22*&#? 0")%")8 -*&2 ,#2 *+!"#2 *2 P&%".*+7Q8 ,* -)2!")3+!)%& #2! *,'*!%)"# #! +&)@%".# -%& pk =

α(m) × 1
m

=
α(m)

m
0%+" 1 ≤ k ≤ m5 K#!!# -)2!")3+!)%& &# 2+00%2# -%& *++&# !%0%,%4)#20')N1+# .#),,#+"# 1+:+&# *+!"#5H* @%&!)%& 4'&'"*!")# -# ,* @%&!)%& pk #2! *,%"2 *,+,*3,# G

G0(x) =

∞
∑

k=0

pkx
k =

m
∑

k=0

pkx
k = p0 +

m
∑

k=1

pkx
k = p0 +

α(m)

m
×

m
∑

k=1

xk I=5=JR*" -'N&)!)%&8 ,* .%/#&&# -# pk8 :#2!D?D-)"# ,# &%.3"# .%/#& -# (%)2)&28 #2! -)"#!#.#&! -'-+)! G
E(k) = G′0(1)5<B
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...

d = 1

d = 2

lien
d'arrivée

liens
de sortie

...
...

(2) (3)

(4)

...

(1)

... (5)

 !"#  !" # $%&(& )( *+,-./ )/ 0+121*2 %( 2/+*) 2%(3 4+(. &/ 2/+*) ,+)5&/ )/ -+3*/32 67$ !"#"$# %& #'!$) #%&*8/ ,+)5&/ )+13 %(221 4/.,/33./ )/ %&(&/. &/ *+,-./ )/ 0+121*2 9 *:1,4+.3/ ;(/&&/ )123%*/!< 313./ ):/=/,4&/> &/2 )1?@./*3/2 @3%4/2 )( %&(& 4+(. &/ 2/+*) 2%(3 2+*3 )@3%1&&@/2 11 /32A@,%312@/2 2(. &% BC(./  !"! 8% 4./,15./ @3%4/ +*2123/ 9 3.+(0/. &% )123.1-(31+* )/ 4.+-%-1&13@2)/2 0+121*2 )1./32 / ;(1 +../24+*) %1*21 9 pk +,,/ &/ ,+*3./ &% 4./,15./ @3%4/ 2(. &% BC(./!D*2(13/ 1& E%(3 @0%&(/. &% 4.+-%-1&13@ ν(k) ):%33/1*)./ (* *F() G2/.0/(.H %I%*3 (*/ +**/J31013@ @C%&/ 9 k &1/*2 /* 2/ 2/.0%*3 )/ &:(* ):/*3./ /(=! $:/23 &% 2/+*)/ @3%4/ ./4.@2/*3@/ 2(.&% BC(./  !"! D* E%13> 1& I % k &1/*2 /3 )+* k E%K+*2 ):%..10/. 9 / 2/.0/(. ;(1 % &(1J,L,/ (*/4.+-%-1&13@ pk ):%0+1. k 0+121*2 ):+M N
ν(k) =

kpk
m
∑

i=0

ipi8/ )@*+,1*%3/(. )1012/ &/ %2 4.@12 +M 1& I k 0+121*2 4%. &:/*2/,-&/ )/2 %2 4+221-&/2!8% E+*31+* C@*@.%3.1/ /* .@2(&3%*3 /23 N
Gν(x) =

∞
∑

k=0

ν(k)xk =

m
∑

k=0

ν(k)xk =

∑m
k=0 kpk
m
∑

k=0

kpk

= x
G′0(x)

G′0(1)$+*21)@.%*3 (* *F() A+121 %( A%2%.) /3 (* &1/* ):O%..10@/P 2(. / )/.*1/.> &% )123.1-(31+*)( *+,-./ )/ 2/2 0+121*2 %33/1C*%-&/2 4%. &/2 &1/*2 )/ O2+.31/P /23 &:+-Q/3 )/ &% 3.+1215,/ @3%4/!RS



 !"#$%&' () *+,-.$/"%$+0 ,'/ 1+%0'%/ ! "#$&'#$ ()$)*!&*'+ #**+,-#$.!$&+ .+ +&&+ .',&*'/0&'#$ +,& )10'2!3+$&+ 4 Gν(x) 5#'$, 0$+-0',,!$+ .+ x -#0* $+ -!, -*+$.*+ +$ #5-&+ 3+ $60. .7#*'('$+ 8
G1(x) =

G′0(x)

G′0(1)9&!$& .#$$) 0$ +$,+5/3+ .+ l $60., !0 -*+5'+* ,!0&: pl
k +,& 3! -*#/!/'3'&) -#0* 10+ +,.+*$'+*, ,#'+$& #$$+&), 4 k !0&*+, $60., !0 &#&!3 ;2#','$, !0 ,+#$. ,!0& -!* *!--#*& !0 $60..7#*'('$+<=  ! .',&*'/0&'#$ .0 $#5/*+ .+ 2#','$, !0 ,+#$. ,!0& +,& !3#*, !303)+ 4 -!*&'* .+ 3!-*#/!/'3'&) .7!2#'* l 2#','$, .'*+&, !>!$& k 2#','$, !0 &#&!3 #55+ ,?)5!&',) -!* 3! 10!&*'@5+)&!-+ ,0* 3! A(0*+ B=C 8

pl
k =

m
∑

i=0

pi × p
i
k ! "#$&'#$ ()$)*!&*'+ !,,#')+ +,& .#$ 8

G2(x) =
∞
∑

k=0

m
∑

i=0

pi × p
i
kx

k =
m
∑

i=0

pi

∞
∑

k=0

pi
kx

kD#*,:∑∞
k=0 p

i
kx

k +,& 3! "#$&'#$ ()$)*!&*'+ .+ pi
k 10' +,& "!'3+5+$& )&!/3'+ (*E+ 4 3! -*#-*')&);F<: 7+,&G4G.'*+ [G1(x)]

k ;)&!-+ ;B< ,0* 3! A(0*+ B=C<.7#H 8
G2(x) =

m
∑

i=0

pi[G1(x)]
i = G0(G1(x)) ! .',&*'/0&'#$ .0 $#5/*+ .+ $60., !0 ,+#$. ,!0& +,& !'$,' 3!'*+5+$& )&!/3'+ ;)&!-+ ;I< ,0*3! A(0*+ B=C<J$ *)-)&!$& + -*#+,,0, *)0*,'": 3! "#$&'#$ ()$)*!&*'+ .+ 3! .',&*'/0&'#$ .0 $#5/*+ .+$60., 4 0$+ .',&!$+ j ,+ .)A$'& !3#*, #55+ ,0'& 8

Gj(x) =

{

G0(x) -#0* j = 1
Gj−1(G1(x)) -#0* j ≥ 2

;B=I< !!"#$%&'#(#!)K*E+ 4 37)10!&'#$ B=I +& 4 3! -*#-*')&) ;L<: 3+ $#5/*+ 5#>+$ .+ $60.,: zj 4 0$+ .',&!$+ j .0$60. .7#*'('$+ +,& !303!/3+ .70$+ 5!$'@*+ ,'5'3!'*+ 4 +33+ -*),+$&)+ .!$, MIN℄= JP+&'2+5+$&+$ !--3'10!$& 3! "#*503+ ;B=I< +& (*E+ 4 0$ *!',#$$+5+$& -!* *)0**+$+: 3+ *),03&!& ,0'2!$& +,&#/&+$0 8
zj =











G′0(1) , j = 1
G′′0(1) , j = 2

[

z2

z1

]j−1
z1 , sinon

;B=N< ! .'Q03&) *+,&!$&+ #$,',&+ .#$ 4 !303+* z1 +& z2 .!$, 3+ 5#.@3+ .)*'& ''= R -!*&'* .+37)10!&'#$ ;B=B<: 3+, .)*'2)+, ,#$& "!'3+5+$& #/&+$0+, +$ *+5!*10!$& 10+ p0 +,& #$,&!$& -!**!--#*& 4 3! 2!*'!/3+ !3)!&#'*+ k 8
G′0(x) =

α(m)

m

m
∑

k=1

kxk−1 G′′0(x) =
α(m)

m

m
∑

k=1

k(k − 1)xk−2SC



 ! ! "#$%&'( )*+',*'+ -'&./ 01.+
Serveurs
non pris
en compte

N = 9

 !"#  !" # $%&%'('%)* +, *)&-./ &(0%&(1 +/ 2/.3/,.2 (''/%4*(-1/2$( 5).&,1/ 6 !78 2),1%4*/ '.92 1(%./&/*' 1;(3(*'(4/ +/ / *),3/(, &)+91/ <(. .(<<).' (,<.==+/*'! >* /?/'@ 1( 5).&,1/ *;/2' <1,2 .=,.2%3/ / A,% 3( '.92 */''/&/*' .=+,%./ 1/2 '/&<2 +/(1,1 /' 1/2 +%?=./*'/2 ')<)1)4%/2 */ 2)*' <(2 4=*=.=/2 (. 1/ &)+91/ 2/ -(2/ ,*%A,/&/*' 2,. pk<),. &/2,./. 1/ *)&-./ +/ *B,+2 C ,*/ +%2'(*/ d A,/1)*A,/!D),. (1,1/. 1;(''/%4*(-%1%'=@ %1 ./2'/ /*)./ C <./*+./ /* )&<'/ 1/ .%2A,/ β <),. ,* *B,++;E'./ (''(A,=! F(*2 1/ (2 +;,* .=2/(, GHI@ 1/2 2/.3/,.2 ),</*' ,* .�1/ /*'.(1 /' ,* 2/,12/.3/,. )&<.)&%2 /2' 2),3/*' ('(2'.)<K%A,/! L)'(&&/*'@ 1( )*M4,.('%)* +;,* 2/.3/,. )&N<./*+ 4=*=.(1/&/*' 1( 1%2'/ +/ '),2 1/2 (,'./2 <),. <(./. (,0 <.)-19&/2 +/ )**/'%3%'= <),3(*'2,.3/*%. ), 5(%1%'/. 1/2 )<=.('%)*2 +/ &(%*'/*(*/! O%*2% 1/2 .=2/(, 2/.( P,4= )<=.('%)**/1 2%(,,* +/2 *B,+2 *;/2' )&<.)&%2! $( <.)<).'%)* +;/*'./ /,0 (''/%*'2 /2' &)+=.=/ <(. 1( <.)-(N-%1%'= +;(3)%. 1/ .=2/(, *)* +=),3/.' A,% /2' (1 − β)N ;/2'NCN+%./ A,;(,,* +/2 N *B,+2 *;/2')&<.)&%2! $;(''/%4*(-%1%'= </,' (1).2 E'./ )&<19'/&/*' +=M*%/ Q
att(d) =

(1− β)N ×min(
∑d

j=1 zj ,N)

N
k /2' +)*

bots(k) = att(k) × B! $( <.)<).'%)* +/ -)'2 /2' +)* 1)4%A,/&/*' %+/*'%A,/ C 1;(''/%4*(-%1%'= Q
attbots(k) =

bots(k)

B
= att(k)! G1 /2' (1).2 1(%. A,;=',+%/. 1;(''/%4*(-%1%'= +/2 2/.3/,.2 /2' ./<.=N2/*'('%5! !!"#$%&'#(#!) -,."%%"$;(''/%4*(-%1%'= &)U/**/ /2' 1;(''/%4*(-%1%'= &)U/**/ +/ '),'/2 1/2 +%2'(*/2 <)22%-1/2 2(K(*'A,/ 1( <1,2 ),.'/ +/2 +%2'(*/2 /2' 1 /' 1( <1,2 1)*4,/ /2' N 1).2A,/ 1;(.-./ *;/2' /* 5(%' A,;,*/K(V*/ Q

avgWatt(k) = ∑N
k=1 att(k)

N
6 !X8""



 !"#$%&' () *+,-.$/"%$+0 ,'/ 1+%0'%/ ! ! "#$%&' ! "!#$% &'!%%)*+! $,-+ !&.,/!+ -&! +!0-1"! 2! %-$!+.*%*,& !%" -& '3'#!&" 2'"!+#*&)&"2)&% 3! 4,*5 26-&! %,3-"*,& 2! %-$!+.*%*,& )+ 3!% ,&"+)*&"!% "!#$,+!33!% %,&" %,-.!&" 7,+"!%89,-+ $,-.,*+ '.)3-!+ 3! "!#$% 2! "+)&%#*%%*,& 26-&! +!0-1"! *3 7)-" ,&%*2'+!+ 2!-5 $)+)#:"+!% ;3! "!#$% th $,-+ !&.,/!+ -& #!%%)<! .!+% -& '0-*$!#!&" =&)3 !" 3! "!#$% ts $,-+ !&.,/!+ -&#!%%)<! .!+% -& )-"+! %!+.!-+8 >)&% 3! )% 26-&! %,3-"*,& !&"+)3*%'!? 3) $3)"!7,+#! 2! %-$!+.*%*,&.) !&.,/!+ %-!%%*.!#!&" 3!% #!%%)<!% .!+% 36!&%!#@3! 2!% #)4*&!% ;
tempscentral = C × th AB8CD,E C !%" 3! &,#@+! 2! #)4*&!%8 >)&% 3! )% 26-& @,"&!" FGH? 3!% %!+.!-+% $!-.!&" "+)&%#!""+!3!% #!%%)<!% )-5 %!+.!-+% ).)&" 2! 3!% "+)&%#!""+! )-5 #)4*&!%8 H,&%*2'+,&% Cserveur? 3! &,#@+!#,/!& 26'0-*$!#!&"% ,&&!"'% I -& #1#! %!+.!-+? 3! "!#$% ",")3 !%" 2,& ,#$,%' 2- "!#$%$,-+ )""!*&2+! 3! 2!+&*!+ %!+.!-+ I -&! 2*%")&! dmax $3-% 3! "!#$% $,-+ ! %!+.!-+ 2! "+)&%#!""+!3!% +!0-1"!% I 36!&%!#@3! 2!% #)4*&!% ,&&!"'!% ;

tempsbotnet = dmax × ts + Cserveur × th AB8JKDL*&%*? !& 2'"!+#*&)&" 36)""!*<&)@*3*"' I 3) 2*%")&! dmax℄8 !(!) *+,%$-.-/, .%&$$#0 1$%22-3 ! .!+% U3)$$!+ RVW℄ !%" )$$)+- $,-+ 3) $+!#*:+! 7,*% !& MKKM8 F3 &! %! 3*#*"! $)% )- %!-3 +�3!26-& .!+ $-*%0-6*3 !%" ),#$)<&' 26-& $+,<+)##! )&&!5! %,$4*%"*0-' $!+#!"")&" 3) ,&%"+-"*,&26-& @,"&!"8 Q& !Y!"? 4)0-! #)4*&! *&7!"'! '")*" ,&"+�3)@3! I 2*%")&! $)+ 36)"")0-)&" $,-+!&.,/!+ 2!% ,-++*!3% *&2'%*+)@3!% $)+ !5!#$3!8 !"$%!""&'&"$ ()")*+, ! @,"&!" 7,+#' '")*" !& 7)*" -& +'%!)- $)*+OIO$)*+ 2! "/$! ",")3!#!&" #)*33'? ).! 4)0-!#)4*&! ,&&)*%%)&" ",-"!% 3!% )-"+!%8  6)"")0-)&" $!-" )3,+% !&.,/!+ -& #!%%)<! .!+% 36-&!26!&"+! !33! %$'*=0-!#!&" $)+ 36*&"!+#'2*)*+! 2!% )-"+!%8 9,-+ !3)? -& &,#@+! #)5*#)3 2!%)-"% !%" 2'=&*8  ,+%0-6-&! #)4*&! +!Z,*" 3! #!%%)<!? %* 3! &,#@+! 2! %)-"% !%" ['+, )3,+% 3!JKK



�0!2( ,2 0<#%%#32#*% .%#'% #1#:0!&<!*+,-!( &'(!%! !*% 2*  !""#$! / %,2" 0!" 8��
m = 25 C#*" 2*! ,1%'32! 102" $.*.(#0!9 !02'?' "!(# 1#(# .%(#:0! &#*" 0!  ,&40! &.+,'0. ''56211,",*" 32! t *72&" #'!*% &.M/ (!L2" 0!  !""#$! "2( 2* %,%#0 &! N *72&"5 =0" +,*% #0,("%(#*" !%%(! c  !""#$!" '&!*%'32!" / 0!2( %,2( / &<#2%(!" 1#'("5 Z* 1!2% #0,(" &.%!( '*!( 0#1(,:#:'0'%. p(N, t, c, j) &<!*+,-!( !"  !""#$!" / j 1#'(" 32' *! 0!" ,*% 1#" !*,(! (!L2" J

p(N, t, c, j) =
Cj

N−t × Γc−j
t+j

Γc
N

RO5PPS#+! Γk
n = Ck

n+k−1 0# , :'*#'",* #+! (.1.%'%',* &! k .0. !*%" 1#( ' n5C#*" !%%! .32#%',*9 0! 1(! '!( %!( ! #2 *2 .(#%!2( !"% 0! *, :(! &! 1,""':'0'%." &! 8,'"'(0!" j *72&" *,2+!00! !*% ,*%#%." 1#( ' 0<!*"! :0! <!"%?/?&'(! N − t5 D#( ' 0<!*"! :0! &!" c !""#$!"9 '0 - !* # &,* j 32' ",*% 2%'0'"." 1,2( H%(! !*+,-!( / !" *72&" 1(.'". !*%5 N! "!,*&%!( ! (!1(."!*%! 0! *, :(! &! &!"%'*#%',*" 1,""':0!" &!" c − j  !""#$!" (!"%#*%"5 ;!" &!(*'!("PQP



 !"#$%&' () *+,-.$/"%$+0 ,'/ 1+%0'%/ !"#!$% &'()* +%)! %)&$*,-* . $/-, ()%! 0"!'  &-)  &),- !"2 345. ($%&%4* &" &)&#&$% &-$*-0"! !"2 $("#!''!,!$% ($%&%4* *(-% t + j6 7! 34$(,-$&%!") )! )4*!$%! 0"&$% . '"- '! $(,8)!%(%&' 3!  (**-8-'-%4* 3! 9(-*-) '& 3!*%-$&%-($ 3!* c ,!**&:!*  &),- '/!$*!,8'! 3!* $;"3*6 <!%%! )(8&8-'-%4 $/!*% &'"'&8'! 0"!  (") "$ $(,8)! (94)!$% 3!  &-)* /!*%=.=3-)!  (") j ≤ N − t67! >($%-($$!,!$% 3" 8)(&3&*% -, '-0"! 0"/&" 3 *&"%? '! $(,8)! 3! ,!**&:!* 3" '-0"4*)!@"* *(-% md6 <! !$3&$%? '& 3-* ($-8-'-%4 3/"$ $;"3 !% 3($ *& & &-%4 .  &)%-- !) &" )4*!&"!*% ($%)&-$%!  &) '! >&%!") α(m)6 A-$*-? 9&"$ 3!* $;"3* & "$!  )(8&8-'-%4 α(m) 3! >($%-($$!)$(),&'!,!$% !% '! $(,8)! 3! ,!**&:!* !2 43-4* )4!''!,!$% &" - *&"% !*% 3($ B
msgd = (m× α(m))d<! $(,8)! '-,-%! 3($ &"**- '! $(,8)! 3! $("#!&"2 $;"3* 0"- #($% )!!#(-) '/-$>(),&%-($6<! 3!)$-!) !*% 4:&'!,!$% '-,-%4  &) '! $(,8)! 3! $;"3* 0"- $/($%  &* !$()! )!@" 3! ,!**&:!6C$  !"% 3($ 34D$-) '! $(,8)! ,&2-,&' 3! $("#!&"2  &-)*  ("#&$% )!!#(-) '! ,!**&:! B

pairsd = min(msgd,N − att(N,m, d − 1))(E att(N,m, d − 1) )! )4*!$%! '! $(,8)! 3! $;"3* &F&$% )!@" "$ ,!**&:! &" *&"%  )44=3!$%? d − 1? /!*%=.=3-)! '/&%%!-:$&8-'-%4 &8*('"! !% 40"-#&'!$% &" $(,8)! t 3&$* '!* !2 '-&%-($* )443!$%!*6 G(") '! &* d = 0? *!"' '! $;"3 3/()-:-$! !*% ($*-34)4 (,,! 345. &%%!-$% 3/(E
att(N,m, 0) = 16H)I! . '& >(),"'! JK6LLM? '! $(,8)! ,(F!$ 3! $("#!&"2 $;"3* &%%!-$%* . "$! 3-*%&$! d !*%4#&'"4 !$ %!$&$% (, %! 3!* 3-N4)!$%* &*  (**-8'!* /!*%=.=3-)! 3! 0 . maxmsg B

r(N,m, d) =

pairsd
∑

k=0

p(N, att(N,m, d − 1),msgd, k)× k7/&%%!-:$&8-'-%4 &8*('"! */(8%-!$% 3! ,&$-O)! )4")*-#! !$ :&)3&$% . '/!* )-% 0"! '/&%%!-:$&8-'-%4. "$! 3-*%&$! d !*% '! $(,8)! 3! $("#!&"2  &-)* )!!#&$% '! ,!**&:! !% !"2 '/&F&$% 345. )!@"* B
att(N,m, d) =

{

1 *- d = 0
att(N,m, d− 1) + r(N,m, d) *-$($ JK6LPMQ$D$? 3! ,&$-O)! *-,-'&-)! &" *!($3 ,(3O'! RS<? '/&%%!-:$&8-'-%4 3(-% +%)! %!, 4)4!  &) '!>&-% 0"/"$!  &)%-! 3!* $;"3* *(-% (, )(,-*!6 QN!%-#!,!$%? 3O* 0"/"$ $;"3 !*% (, )(,-*?'/&%%&0"&$% !*% & &8'! 3! 34("#)-) %("% '! )4*!&" 3" >&-% 3! '/&)9-%!%")! %(%&'!,!$% ,&-''4!6<!'& !*% !*%-,4  &) '!  &)&,O%)! β :)I! &"0"!' '& >(),"'! D$&'! 3/&%%!-:$&8-'-%4 !*% B

att(N,m, d) =

{

1 *- d = 0
att(N,m, d − 1) + (1− β)Nr(N,m, d
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 $" .*!%0'!,0*1 (+ 12+( 34 5!) %& 12+( 6 !"#  !"" # $%&()%&&*+*&( ,-&-./0 1* 23%.1
id2 45) .-67(* 0* +8+* 6.%*9959 *( /)&9) 1* 95)(*! :5. 0;*<*+60* 1* 0/ =,5.*  !"">/?@ 0* &A51 00%/0)9*./ 0* &A51 13 6/. 0;)&(*.+-1)/).* 1* 9! B& (*0 +-/&)9+* 1* .%5(/,* 6*.+*(@ 1/&9 0* 6).*1*9 /9@ 1* 0%/0)9*. 5& /5(.* 6/). *& log2(NMAX) 9/5(9! 2* /9 *9( )0059(.- 95. 0/ =,5.*  !"">C?!D0 *9( )+6%.(/&( 1* E%). 45*@ 1/&9 5& *96.)( 1* 9)+60)=/()%&@ 0* &A51 0 *9( %&9)1-.- ))%++* 0* &A51 1;%.),)&*@ * 45) &;*9( 6/9 F%.-+*&( 0* /9! 2*6*&1/&(@ )0 *9( -E)1*&( 45* 0*9G9(7+* F%&()%&&* *</(*+*&( 1* 0/ +8+* F/H%& 45*045* 9%)( 0* &A51 *( *0/ %..*96%&1 I 5&*9)+60* (./&96%9)()%& 1*9 )1*&()=/&(9! J& 6./()45*@ 5& /050 +%150% *9( *K*(5- 6%5. .*3*.3*.0* ) 95*99*5. 15 &A51 id L id1 + 2i−1 mod(NMAX)!M*9 1-(/)09 6059 6.-)9 9%&( 1)96%&)C0*9 1/&9 NOP℄d 1;%Y NMAX = N × d!U/. %&9-45*&(@ 0*9 6.*+)7.*9 *&(.-*9 1* 0/ (/C0* 1* .%5(/,* 9%&( )1*&()45*9 /. 0* 95*99*5.*9( (%5W%5.9 0* +8+*! J& +%G*&&*@ 0/ 6.*+)7.* *&(.-* i 45) *9( 1)K-.*&(* *9( *00* (*00* 45*
2(i−1) > d! Z* &%+C.* (%(/0 1;*&(.-*9 1)K-.*&(*9 *9( 1%& L

#routes = log2(NMAX)− log2(d) = log2

(

NMAX

d

)

= log2(N) > !"[?D0 *9( )+6%.(/&( 1* &%(*. 45* * &%+C.* %..*96%&1 /5 F/(*5. 1* C./&3*+*&( +/<)+/0 m!Z*9 /5(*5.9 1* NO\℄ 95,,-.7.*&( 5& +-/&)9+* 1* C.%/1/9( *]/* ,.S* /545*0 5& &A511* 23%.1 &* .*H%)( 45;5&* 9*50* F%)9 0* +*99/,*! 2;*9( *((* +-(3%1* 45) E/ 9*.E). I 1)K59*.5&* .*458(* /5 9*)& 15 C%(&*(! M/&9 * /9@ 5& +*99/,* %&()*&( 5&* 0)+)(* 1;*<60%./()%&! Z*956*.E)9*5. /+%.* 0* 6.%*9959 *& *&E%G/&( 0* +*99/,* I 3/45* 6/). 1)K-.*&( 1* 9/ (/C0* 1*"\ 
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d
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 !"#$%&'() *  !"#$% &% '()*' ! id = d× k +,-&%.*-/(.* &) .0)&"! entier(x) $%*!)$.% +( 1($*-% %.*-2$% &% x#! l = log(id)$! +% l ∈ N ,!#$+%! $%*!)$.%$ 3&! +%-#-'! total← 0(! compteur← 1)! &,-&./) l 6= entier(l) 0,%$) *! total← total + 2entier(l)  ! +% id− total < d ,!#$+ "! $%*!)$.%$ compteur #! +%-#- $! l← log(id− total) %! 1-+% &! 1- &,-&./) '! 1-+%
 !"#$%&'() 2 45%*' &%' 1(..%' ! n +% .!"#$% &% .0)&' 6 +( &-'*(.% h"! total← 0#! MAX8HOP %'* +( &-'*(.% "(9-"(+% 6 +(:)%++% '% '-*)% ). .0)& 1($ $(11!$* () ')1%$;-'%)$$! att[x] %'* +% .!"#$% "!<%. &% .0)&' (**%-.*' 6 +( &-'*(.% x =(**%->.(#-+-*? (#'!+)%@%! 3#/$ h← 1 *!MAX8HOP 0,%$)&! 3#/$ i← 1 *! h 0,%$)'! p← n× ∗Ci

h ∗ α(m)
k−i ∗ (1− α(m))i(! att[h+ i]← att[h+ i] + p)! total = total + p *! 1- 3#/$  ! att[h]← att[h]− total "! 1- 3#/$

3AB
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log(N)
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e−λ
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∑
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 !"#$%&' () *+,-'..'/ &'#&0/'1%"%$+1/ '% 20%!+3'/ #+,& ." &0%&+4$1501$'&$' !""#$! % & ' ( )% % * & '% ((& * % + &) (,' & + % '& ('( '% &) '& % -() (( (, (' -( % !"# -.& / 01"2#3!" !325! 6!"  !""#$!" 7#"8!" "95 6# 6:3$9!95 ; <:95 =#>9!  !""#$! !3 61$3!?6!" #"!" 5:9$!" 13@1>9!32 93! 13:=85!3! @! @1"2#3! A#5 5#AA:52 B @!9C #925!"  !""#$!"/ m4 D /%+#. !" #$%&'(*% *(&+* ,*-. /*%%'0*%0#3" 6E:7F!21G @E93 6#""! !32 5#A1@! @! 3: 75!9C  !""#$!"? !22! "!21:3 H1"! B @82!5 13!5@!" 5!A58"!32#21:3" #758$8!" @E93  !""#$! m A:95 #696!5 "1 A6! !32 !2 5#A1@! !32 6# @1"2#3!
d(m1,m2) !325! @!9C @E!325! !9C. <:95 A:9H:15 8H#69!5 6E!I#128 @E93! @1"2#3!? !22! "!21:3=!5=!5# B 58@915! #9  #C1 9 6! 3: 75! @E13:=85!3!" "! @8J31""#32 @! 6#  #31K5! "91H#32! D !"#$%$&# '( D 6. '7$/%' ,1' $1+!0&'1' 3' 3$/%"1' '1%&' d(m,n) '% d(m,k) /$ '% /',.'2'1%/$ .'/ 2'//"5'/ m '% n /+1% 3' 292' %:#' 3$/%$1% 3' '.,$ 3' k '% %'. ;,' d(m,n) > d(m,k)) !"!# $%&'()(* +,(& -)../')L# 5!A58"!32#21:3 :31"! !C25M ! @E93  !""#$! m "! 58"9 ! B "# 6:3$9!95 l(m). N66! A:""K@!6!" A5:A51828" "91H#32!" D/ !66! 58"1"2! B 93 =1O5#$! A#5 93 <=> D l(m) = l(m⊕ k) ∀ key k?/ ":3 #696 !"2 25K" 5#A1@!.L# @1"2#3! !325! @!9C  !""#$!"m1 !2 m2 !"2 #6:5" 5!A58"!328! A#5 6# @1O85!3! #7":69! !325!6!" @!9C 6:3$9!95" D
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car(m) ".(* /+$$!0+ m &+1&2$+*%+ 3! 4&25(+*+ ".!11!&#%#)* "+6!(* ".+(78 9#*$# car(m)a = 0.2 +71&#/+ 5(+ :;< "( /+$$!0+ m�%+A !"&+$$+$888K8H+%%+ /2%&#5(+ +$% 3! "#$%&#'(%#)* "+$ !&!%-&+$ )( "+$ @!3+(&$ ".)%+% +% &2"(#% !#*$# 3!&+1&2$+*%!%#)* ".(* /+$$!0+ E (* @+%+(& "+ :LM )/1)$!*%+$8 D+ 13($A +33+ 1+(% B%&+ 4!#3+/+*%)/1&+$$2+ +* +$%#/!*% 5(+ 3+$ @!3+(&$ *)* &+1&2$+*%2+$ $)*% +33+$ 25(#@!3!*% E ; F
car2(m)i = car(m)i, car(m)i > 0H+ 4)&/!% )*"+*$2 1+&/+% "+ 4!#3+/+*% &+%&)(@+& %)(%+$ 3+$ @!3+(&$ )&#0#*!3+$ !( '+$)#*8 +$ 6#$%)0&!//+$ "+$ 4&25(+*+$ "+$ "#N2&+*%$ /+$$!0+$ "+ 3.+7+/13+ $)*% +71)$2$ $(& 3!O0(&+ L8P /+%%!*% %&-$ @#$#'3+/+*% +* 2@#"+*+ 3! $#*0(3!&#%2 "( /+$$!0+ Q I+"%,K 1!& &!11)&%!(7 !(%&+$8 D#N2&+*#+& 3+$ "+(7 !(%&+$ %C1+$ "+ /+$$!0+$ "+/+(&+ *2!*/)#*$ "#R#3+8  ! O0(&+L8Q &+1&+*" 3+$ 6#$%)0&!//+$ "+ "+(7 /+$$!0+$ $+(3+/+*% E 6!5(+ 4)#$8  +$ /+$$!0+$ m0 +%SSP
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message 2

 -" #$%%!&$ m0  '()$**+&!)'+(" $) ,$%%!&$ m2  *./+(%$" !"#  !" # $%&'()(*+%, -.+ -*+/)*01/*%,+ -.+ ()(/3).+ -. -.14 &.++(5.+ '()/*16*.)+ 7 89 .+/6. ()(/3). -:.+'(.&.,/
m1 +%,/ -. &;&.+ /<'.+ ./ ')=+.,/.,/ 0*., 1,. >%)/. +*&*6()*/=! $.'.,-(,/? 6.+ &.++(5.+ m0./ m2 +. ).++.&06.,/ =5(6.&.,/ ./ +. -*+/*,51.,/ ')*,*'(6.&.,/ '() -.+ ()(/3).+ -*@=).,/+A>)=B1.,.+ =5(6.+ C D=)%E! F6 .+/ -%, ,=.++(*). -. -=G,*) 1,. &=/)*B1. ())*H(,/ C -*@=).,*.)-. /.66.+ -*+/)*01/*%,+! !"#$%#&# (# )*++,-./0#!,+#$I( -*+/(,. .,/). -.14 -*+/)*01/*%,+ +:=H(61. -. -*@=).,/.+ +%)/.+ /.66.+ B1. 6( -*+/(,. .16*J-*.,,. K

dist(m1,m2) =

√

√

√

√

255
∑

i

(car(m1)i − car(m2)i)2$.'.,-(,/? 6:1/*6*+(/*%, -. 6( -*H.)5.,. L1660(MJI.*06.) .+/ '()/*16*3).&.,/ .N(.! O66.&.+1). 6( -*@=).,. -. B1(,/*/= -:*,>%)&(/*%, .,/). -.14 -*+/)*01/*%,+! 8%, 1/*6*+(/*%, -(,+ 6.(+ ')=+.,/ (.,/1. 6.+ -*@=).,.+ ., >%,/*%, -1 )(/*% .,/). 6.+ -*+/)*01/*%,+! P*,+* 6( -*+/(,..,/). 6( ')%0(0*6*/= Q!R ./ Q!" %&'()=. (H. .66. .,/). Q!S ./ Q!T +.)( '61+ *&'%)/(,/. &(65)=1,. &;&. -*@=).,. (0+%61.! I( -*H.)5.,. -. L1660(MJI.*06.) .,/). -.14 -*+/)*01/*%,+ d1 ./UU"



 !"! #$%&'(*% *(&+* ,*-. /*%%'0*% !""#$! % & ' ( )% %*%%% &*+&' (*,'& '*()- &.*))(& &*+&' %*%%% (*&,, &*&,& &)*-'/' (*,'& (*&,, %*%%% '*)-% &-*)'.( '*()- &*&,& '*)-% %*%%% &'*'&.) &.*))( &)*-'/ &-*)'. &'*'&. %*%%% !"# .*' 0 123!4$!5! 7! 89::;#<=>!2;:!4 "? @A42B9! !5A4! :!"  !""#$!" C:2""#$! 7!" 72"A42;9A2D5"7!" #4#AE4!" #3! ǫ = 10−6F G HD94 I#B9!  !""#$! !5 :2$5!J :!" #"!" 4D9$!" 2572B9!5A 95!25DI@4!5! 7! 72"A#5! K#4 4#KKD4A L 7!9M #9A4!"  !""#$!"
d2 "! 7@N52A  #AI@ #A2B9! !5A D  ! "92A O

KL(d1, d2) =
∑

i

d1
i log

(

d1
i

d2
i

) C.*&F># ;#"! 79 :D$#42AI ! 5P!"A K#" "K@2NB9! !5A NM@!* 1#5" ! #74!J :# 3#:!94 I#;2A9!::! 7! 7!9M!"A ! K:D?@!* Q25"2J !AA! 72"A#5! !"A 95! B9#5A2A@ !5 ;2A"*Q:D4" B9! :!" #:$D42AI !" 7! :#""2N#A2D5 4!KD"!5A !5 $@5@4#: "94 95! 5DA2D5 7! 72"A#5!J!AA! 723!4$!5! 5P!5 5P!"A K#" 95! K92"B9P!::! 5P!"A K#" "? @A42B9!J P!"A=L=724! KL(d1, d2) 6=
KL(d2, d1)* R# 7@N52A2D5 "? @A42B9! !"A #:D4" $@5@4#:! !5A #KK:2B9@! O

KL2(d1, d2) =
KL(d1, d2) +KL(d2, d1)

2
C.*'FS5 D5"@B9!5!J :# 72"A#5! 4!KD"#5A "94 :# 72"A42;9A2D5 7! #4#AE4!" !"A "K@2N@! K#4 O

dist(m1,m2) =
255
∑

i=0

car(m1)ilog

(

car(m1)i
car(m2)i

)

+
255
∑

i=0

car(m2)ilog

(

car(m2)i
car(m1)i

) C.*(F>! 7!452!4 K4D;:E ! 7! !94#5A !"A :! 7D #25! 7! 7@N52A2D5 7! !AA! 72"A#5!* ST!A23! !5AJ!::! 42"B9! 7! #:9:!4 95! 7232"2D5 K#4 U@4D B9#57 2: !M2"A! car(m1)i D9 car(m2)j 3#:#5A U@4D* V5!"D:9A2D5 !532"#$!#;:! D5"2"A! L :2""!4 :!" 7D55@!" KD94 A4#5"WD4 !4 :!" W4@B9!5!" @$#:!" L U@4D!5 7! A4E" K!A2A!" 3#:!94" ǫ* 1E" :D4"J 4@7924! :@$E4! !5A :!" #9A4!" W4@B9!5!" "P#3E4! !""!5A2!:KD94 $#47!4 95! "D  ! 7!" W4@B9!5!" @$#:! L 95 O
car3(m)i =

{

car(m)i − λǫ , si car(m)i > 0
ǫ sinon

C.*)F1#5" !AA! @B9#A2D5 λm3J !5 25:9#5A :!  DA $(&*++10'&$1( 7#5" "# 4@KD5"!J 7!32!5A "2 2:#24! L !A?K! 7! 4!B9XA!* &&.



 !"#$%&' () *+,-'..'/ &'#&0/'1%"%$+1/ '% 20%!+3'/ #+,& ." &0%&+4$1501$'&$' !""#$! % & ' ( )% %*%%% (*+&) +*,&% )*-.- &'*(.%& (*+&) %*%%% (*%'( (*)'+ &(*--&' +*,&% (*%'( %*%%% (*'.. '%*/)%( )*-.- (*)'+ (*'.. %*%%% &)*./%) &'*(.% &(*--& '%*/)% &)*./% %*%%% !"# ,*( 0 12"3#4!" !436! 7!" 82"3629:32;4" 8!" <;"232;4" 8!" #6#3=6!" >72""#$! 8!" 82"3629:32;4"#?! ǫ = 10−6@ A B;:6 C#D:!  !""#$! !4 72$4!E 7!" #"!" 6;:$!" 2482D:!43 :4! 24;CF6!4! 8!82"3#4! <#6 6#<<;63 G 8!:H #:36!"  !""#$!" !"!" #$%&'&$(% )*% ,-,'.-*%I4! #:36! #6#3F62"32D:! 8!"  !""#$!" !"3 7# 82"3629:32;4 8! 7# <;"232;4 8! 7!:6" #6#3=6!"*J4 !K!3E !63#24"  ;3"L7F" "! 6!36;:?!43 ";:?!43 <;"232;44F" G 7#  M ! <7#! 3!7" D:! !:H8F72 23#43 7!" <6! 2!6" C# <"* N24"2E !33! 6!<6F"!43#32;4 #7:7! 7# <;"232;4  ;O!44! 8! C#D:!#6#3=6! NPQRR c <;:6 :4  !""#$! m S
pos(m)c =

∑i=k
i=1 pm(ci)
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pos2(m)c =

pos(m)c
∑255

i=0 pos(m)i
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ppα(m)c =

ppα
2 (m)c

∑255
i=0 pp

α
2 (m)i

DE2FG/H ppα
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∑i=k
i=1 pm(ci)

−α

k
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(
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 !"#  ! " #$%&'$()&$*+ ,-% /'/&0'-% -+&'- 1-% 2-%%/3-% 4$5'6% m0⊕
′a′ -& m1⊕

′f ′ 7 1/ 8/1-)'4-9/,6$2/1- ,-% /'/&0'-% -%& )&$1$%6- !"!# $%&'()*)(+ ,) -./0)()-:- 4/;$&'- < / 2$% -+ -9-'3)- 1-% +*2('-)9 &'/8/)9 ,- '6&'*=$+36+$-'$- &$'/+& ;/'&$- ,-1>/1$3+-2-+& ,- %6?)-+-% 1*/1 3'@- A 1>/13*'$&42- ,- B2$&4=C/&-'2/+ DEFF℄! H$-+ ?)- -&/13*'$&42- +- %*$& ;/% '-,6&/$116 $$I 1-% 26&'$?)-% ;'66,-+&-% %*+& *2;162-+&/$'-% A -% &'/8/)9;*)' ,-)9 '/$%*+% ;'$+$;/1-% J" - %*+& ,-% /1&-'+/&$8-% ;*)8/+& %- '6861-' -K/- L" 1/ *2;1-9$&6 ,- 1-)' /1)1 -%& ;1)% M/$(1-!:- %-*+, ;*$+& 26'$&- ,>N&'- ,6&/$116! O+ -5-& 1>/13*'$&42- ,- B2$&4=C/&-'2/+ -%& *++);*)' /8*$' )+- *2;1-9$&6 -+ O(nm) *P n -&m %*+& 1-% &/$11-% '-%;-&$8-% ,- ,-)9 2-%%/3-%! Q*)',$2$+)-' -&&- *2;1-9$&6I 1/ %$2;1$R/&$*+ 8$/ 1>-2;1*$ ,>4-)'$%&$?)- -%& )+- ,$'-&$*+ ;*%%$(1-DEFS℄! T+- /)&'- %*1)&$*+ *+%$%&- %$2;1-2-+& A -+8$%/3-' ,>/)&'-% 2*U-+% ,- *2;/'-' ,-)92-%%/3-% &-1% ?)- -)9 ,6&/$116% /);/'/8/+&! V1 -%& 1/$' ?)- 1/ ,$56'-+- ,- 1*+3)-)' -+&'- ,-)92-%%/3-% -%& &'0% '/;$,- ;)$%?)>-11- +- +6-%%$&- ?)>)+- *;6'/&$*+! W-;-+,/+&I 1-% 2-$11-)'-%'-;'6%-+&/&$*+% %*+& -11-% (/%6-% %)' ,-% ,$%&'$()&$*+%! #/+% - /%I 1/ ,$%&/+- ,- X)11(/Y=:-$(1-' -%& /;;1$?)6-! O+ -9/2$+/+& 1-% M*'2)1-% Z !E[ -& Z !\[I 1/ M*'2)1- Z !<[ ;-)& %- %$2;1$R-'/$%62-+& -+ )+- %-)1- %*22- J
KL2(d1, d2) =

1

2

∑

i

[

d1
i log

(
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 !"#  !" # $%&'(%)*'%+, +(-+,,./ -/& 1(1'2(/& /,'(/ 3/& 4/&&15/& 6%7(.& m0 ⊕
′a′8 m1 ⊕

′f ′ /'
m4 ⊕

′k′# *,/ '(+%&%24/ +9'%+,/33/ :*% 9/(4/'8 &/3+, 31 (/9(.&/,'1'%+, *'%3%&./8 -;+)'/,%( (./33/4/,'*,/ -%&'(%)*'%+,8 ;/&'<=<-%(/ -+,' 31 &+44/ -/& >13/*(& /&' .513/ = *,!?3+(& :*/ 3/& -/*@ 9(/4%/(& 9+%,'& >+,' ,./&&%'/( -;/@14%,/( 3/ 4/&&15/ %,'.5(13/4/,'8 31 -/(<,%2(/ /&' *,/ +9.(1'%+, 53+)13/ (.13%&1)3/ /, *,/ 91&&/ &*( /33/<% AB " >13/*(& 1* 41@%4*4C1( 31 &+44/ -/ '+*'/& 3/& >13/*(& 9/*' D'(/ 13*3./ = 31 &/+,-/ .'19/! ?%,&%8 31 +493/@%'.-/ 3;1,13E&/ -/ 61:*/ 4/&&15/ &/ 3%4%'/ = O(2n) = O(n) +F n /&' 31 '1%33/ -* 4/&&15/! $/93*&8 /' /@14/, ,;/&' (.13%&. :*;*,/ *,%:*/ G+%& 91( 4/&&15/! H/*3 3/ 13*3 -/ 31 -%&'1,/ /,+493/@%'. +,&'1,'/ /&' 9(1'%:*. 9+*( 61:*/ +*93/ -/ 4/&&15/& +,'(1%(/4/,' = 3;135+(%'64/-;13%5,/4/,' ,./&&%'1,' -;D'(/ /,'%2(/4/,' (./@.*'. 9+*( 61*, -;/*@! !" #$%&'&'())*+*)& ,*- ,()).*- !"!# $%&'()(*' +, -.*/0123I/ 91('%'%+,,/4/,' -/ -+,,./& +* 3*&'/(%,5 >%&/ = +,&'(*%(/ -/& 3*&'/(& = 91('%( -;*,/,&/4)3/ -/ 9+%,'& X = {xi, i = 1 . . . n}! $/ 93*&8 3/ ,+4)(/ -/ 3*&'/(& +* 31&&/& ,;/&' 91& +,,*= 9(%+(%! J'1,' -+,,. :*/ 61:*/ 9+%,' 1991('%/,' = *,/ 31&&/ -+,,./ C = {ci, i = 1 . . . m}8
Ti = {xi1, . . . , xip} /&' 3;/,&/4)3/ -/& 9+%,'& -/ X 1991('/,1,' = 31 31&&/ i! K3 /&' %49+('1,'-/ ,+'/( :*/ 61:*/ x /&' %,-/@. 91( *, *,%:*/ %,-%/ AikC /' ,+, -/*@8 1>/ ik ∈ 1 . . . n! L1(+,&.:*/,' %3 G1*' 9(.%&/( :*/ ∀ Ti8 ∀ x ∈ Ti x ∈ X8 ;/&'<=<-%(/ ∀xkp, 1 < kp < n! M/& ,+'1'%+,&&/(+,' *'%3%&./& -1,& 3;/,&/4)3/ -/ /''/ &/'%+,!N, 135+(%'64/ -/ 3*&'/(%,5 &;1&&%4%3/ = *,/ G+,'%+, ψ : X → K +F K = ki, i = 1, . . . , t;/&'<=<-%(/ *,/ G+,'%+, :*% 1&&+%/ *,/ 31&&/ ki = 61:*/ 9+%,' xi! I;/,&/4)3/ K /&' -%7.(/,'-/ 3;/,&/4)3/ C /' 3/*(& 1(-%,13%'.& 9/*>/,' -%>/(5/( &/3+, 3;/O1%'. -/ 3;135+(%'64/ *'%3%&.!P)'/,%( -/& /,&/4)3/& C /'K &%4%31%(/& /&' 3;+)Q/'%G = 1''/%,-(/ 9+*( *,/ '/6,%:*/ -/ 3*&'/(%,59/(G+(41,'/!N,/ )+,,/ &%4%3%'*-/ /&' &E,+,E4/ -;*, ,+4)(/ -/ 31&&/& 9(+6/& >+%(/ %-/,'%:*/& 1>/-/& 3*&'/(& +,&%&'1,'&8 ;/&'<=<-%(/ ,/ +,'/,1,' :*;*, &/*3 'E9/ -/ 4/&&15/& /, 41Q+(%'.! N,RBS



 !"! #$%&'&'())*+*)& ,*- ,()).*- !"#$%&'() *) + $&%&%#,,)(),&  *#, *)./ #01)&%23 *#,& !) +$)(%)$ 3) *45,%& 3%(+!)(),& 6
min(|card(C)− card(K)| 789:;< ,#& &%#, card(A) *43%", ,& !)  $*%, ! *) A )3& %% )(+!#=4) +#.$ ,) + 3 ! #,2#,*$)  >)! ,#& &%#, |x| $)+$43),& ,& ! > !).$  03#!.) *) x9<?#01)&%2 *) #,3%3& ,) 3) 3+4%5) "$@) A !?),3)(0!) Ri = {xi1, . . . , xip} #,&), ,& !)3 +#%,&3 B)&43 A ! ! 33) i + $ Ψ9 C' D.) ! 33) &$#.>4) 3) >#%& 4&%D.)&)$ + $ !) &=+) $4)! ( 1#$%& %$) 6

∀k ∈ K, type(k) = {ck ∈ C,∀cl ∈ C, card({x, ψ(x) = k, x ∈ Tl}) ≤ card{x, ψ(x) = k, x ∈ Tk}}E, *45,%33 ,& ' D.) !.3&)$ #(() ., .,%D.) +#%,& *) *#,,4)F .,) "$ ,*) +$4%3%#, )3&+#33%0!) 7+ 3 *) &=+)3 (4! ,"43; ( %3 %(+!%D.) .,) 2 %0!) #,3%3& ,)  $ +!.3%).$3 +#%,&3 *)(G() &=+)3 3#,& 4+ $+%!!43 * ,3 *%B4$),&3 !.3&)$39 H) ) 2 %&F !?#01)&%2 )3& *?#0&),%$ !)3 +!.3"$#3 !.3&)$3 +#.$ ' D.) &=+) $4)!  >) !) (#%,3 *) ()33 ")3 *) &=+) %,> !%*)  . 3)%, *) ' .,*?)./ 6
max

(

∑

c∈C

max
k∈K,type(k)=c

(card({x, ψ(x) = k, x ∈ Tc}))

) 789IJ;K%), 4>%*)((),&F $)(+!%$ )3 *)./ #01)&%23 3%(.!& ,4(),& ,?)3& + 3 &#.1#.$3 $4 !%3 0!) ( %3%!3 *45,%33),& )/ &)(),& )& 2#$()!!)(),& !) 0.& >%34 + $ !)3  !"#$%&'()3 *) !.3&)$%,"9 H ,3 !) *$) *) ! $4&$#L%,"4,%)$%)F !)3 +#%,&3 *) *#,,4)3 #M,%*),&  >) !)3 ()33 ")39 !"!# $%&'()*+ ,&-.-+%*+N!.3%).$3 (4&'#*)3 3#,&  ++!% 0!)3 )& *)./ *?),&$) )!!)3 #,& 4&4 34!)&%#,,4)3 6 !) !.3&)$%,"'%4$ $'%D.)  3),* ,&OI:P℄ )& RSC 7R.++#$& S)&#$ C!.3&)$%,";9 C)3 (4&'#*)3 3#,& 0$%T>)(),&*4$%&)3 %% )& *4& %!!4)3 * ,3 !? ,,)/) U9<) !.3&)$%," '%4$ $'%D.)  3),* ,& OI:P℄℄9 N!.3%).$3 (4&'#*)3()&& ,& ), Y.>$) !)3 RSV )/%3&),& )& !) '#%/ *4+),* *) !? ++!% &%#, >%34)9 Z4,4$ !)(),&0 34) 3.$ *) !? ++$),&%33 ") )& *#, %, * +&4  . +$#0!T() 4,#,4  . *40.& )&&) 3)&%#,F .,) .&$) (4&'#*) *)().$ ,& +). )/+!#%&4) ( %3 *#,, ,& *) 0#,3 $43.!& &3 3 ,3  ++$),&%33 ")  4&4+$#+#34) + $ K),L[.$ *& $/! %,%&% !)(),& * ,3 OI:J℄  > ,& *?G&$)  \,4) * ,3 OIP:℄
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W =

∑

i

Φ(xi)
2βi −

∑

i,j

βiβjK(xi, xj) / !JJ;)7% 044% 06(:)16(%& I
0 ≤ βi ≤ C ;

∑

i

βi = 1 / !JK;
K %&( 96% E06(106 603)9 *%:4%(()6( +% &?)L:)6B1: +% 2?9(121&)(106 +?96% E06(106 +% *:0D%(106/F@9:%  !"/5;;! $% 603)9 M)9&&1%6 E9( B01&1 %( &% +'F61( *): I

K(xi, xj) = e−q‖xi−xj‖2 / !JN; !"!# $%&'()* +,(-.,*H9 09:& +%& *:%41C:%& %<*':14%6()(106& +% 2?)**21)(106 +% ,-. *09: 2) +'097%:(% +%&(3*%& +% 4%&&)@%&> +% 6045:%9< 29&(%:& 6% E9:%6( *)& +'097%:(&! O29& *:'1&'4%6(> ,-. (:09P7)1( %L%(17%4%6( +%& 29&(%:& +% +066'%& )&&%Q +17%:&%& 0::%&*06+)6( @'04'(:1G9%4%6( A +%&E0:4%& ):51(:)1:%&! =?96 )9(:% �('> 2% *):(1(1066%4%6( B1':):B1G9% &% :'7'2)1( %60:% *29& 4)9P7)1& %6 (%:4% +?%S)1('! $?1+'% 4)T(:%&&% 16(:0+91(% +)6& UK℄



 ! ! "#%&'(')#( *+,+#-.(
 !" #$%  &" '!()*)*+,,-.-,) /*0(!(1/*34- !"#  !" # $%&'()* +,(-.,* ! "#%&'(')#( *+,+#-.(/, *0& 1.23&*3.3& 4(002-,* )* )%626* 46%20%1*3& (11*3& ,*0 &*'3278*0 *& ,*0 6*46%0*3&.&2(30)*0 1*00.+*0 *94,278%*0 46%%)*11*3& :(3& ;&6* 120*0 *3 <8:6*!
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 !"#  !" # $%'()*)+%* ,-.-%/0* !"!#$%"!&' !(%)#!%*+(' ,' -./1/ 2-)'34* 4* %*3../(55/.* 4*5 )67*5 *5) .3. 5+7*%8(5-* *) .* 7*+) 43. 9)%* 7%-/0/:0*;2*.) *.)%/<.-* /03%5 =+* :*/+3+7 4* 7/%/2>)%*5 *?(5)*.) *) 43(8*.) 9)%* @?-5! A3.*%./.) 0*7/%)()(3..*2*.) '(-%/%'(=+*B 0/ 4-@.()(3. 4+ 7/%/2>)%* 7%(.(7/0 τ (.4(=+/.) 0/ 4(5)/.* 2/?(;2/0* /+)3%(5-* 73+% %/55*2:0*% 4*+? 0+5)*%5 C+) 4-DE 0F3:D*) 4* )%/8/+? 7/% 0* 7/55- GHIJ℄! LMA.-*55()* :*/+3+7 70+5 4* 7/%/2>)%*5 2/(5 0*5 *?7-%(2*.)/)(3.5 %-/0(5-*5 5+% 70+5(*+%5 7%3)3;30*5 4/.5 0* '/7()%* I 2*))*.) *. -8(4*.* =+* 7*+ 4F*.)%* *+? 3.) +. (27/) (273%)/.) *) 3.):*53(. 4F9)%* %*4-@.(5 73+% '/=+* 7%3)330* +)(0(5-! N. 3+)%*B (05 53.) 53+8*.) 4-7*.4/.)5 4*3.)%/(.)*5 0(2()/.) 0*+%5 8/0*+%5 7355(:0*5 )*00*5 =+* 0/ 3.5)/.)* C O
βPiniti < C < 1 Q !HRS3T βPiniti 53.) 0*5 8/0*+%5 (.()(/0*5 4* βi 4/.5 0/ C3%2* 4+/0* Q !HHS /D+5)-*5 03%5 4* 0/ %-530+;)(3. 4+ 7%3:0>2* 4F37)(2(5/)(3.! N. %-/0()-B 0/ 8/0*+% 4* *5 8/%(/:0*5 .F/ 7/5 4F(27/) 7/%)(+0(*%5+% 0* %-5+0)/) 4* 0F37)(2(5/)(3. 2/(5 D3+* +. %�0* 4/.5 0* .32:%* 4F()-%/)(3.5 .-*55/(%*5 73+%0/ %-530+)(3.! NV*)(8*2*.)B 5( *5 8/0*+%5 53.) 7%3'*5 4* 0*+%5 8/0*+%5 @./0*5 /03%5 0/ %-530+)(3.5*%/ )%>5 %/7(4*! LMA (2735* .-/.23(.5 0/ 3.)%/(.)* 5+(8/.)* O
∑

i

βPiniti = 1L/.5 3../(55/.* E 7%(3%(B +.* /V*)/)(3. +.(C3%2* *5) 7%-C-%/:0* O
βPiniti = 1

N3T N *5) 0* .32:%* 4* 73(.)5 3+ 2*55/,*5 E 0/55*%! W* 70+5B 0*5 *?7-%(2*.)/)(3.5 23.)%*.) 0*C/(:0* (27/) 4* 0/ 8/0*+% 4* C )/.) =+F*00* 3%%*573.4 E +.* 8/0*+% 7%3'* 4* βPiniti O
βPiniti / CA*7*.4/.)B 0F+)(0(5/)(3. 4+ .36/+ ,/+55(*. 4*2/.4* 4* @?*% D+5)*2*.) 0* 7/%/2>)%* q 4*0/ C3%2+0* Q !HXS! Y.* )*'.(=+*B 7%3735-* 4/.5 *))* )'>5*B / 43. -)- 2(5* /+ 73(.) 73+% 0*HJR



 ! ! "#%&'(')#( *+,+#-.( !"#$%&'#$ ()"*%("&+)#%#'", -*)$ $(..#/0 /# $�/#  # 234 5.$#%&#$ '&6#()  # /(88&9("&*': #8" ;*<"#'&$  #8 /)8"#$8 (88#= >$(' 8 %?%# 8& &/8 *'"&#''#'"  #8 %#88(>#8  #  &@!$#'"8 "A.#8,B;(..$#'"&88(># ()"*%("&+)#  ) .($(%C"$# q $#.*8# (/*$8 8)$  #)D %!"$&+)#8  !$&6('"  #8 (E$("!$&8"&+)#8 >!'!$(/#8 8)$ /#8 >$*).#8  # %#88(>#8  !9'&8 8('8 .*)$ ()"('" .$#' $# #' *%."#/# "A.# $!#/  # #8  #$'&#$8 5%!"F* # '*' 8).#$6&8!#:,G*)"  ;(<*$ /( /($>#)$  ;)' /)8"#$ k ∈ K 8#  !9'&" .($ /(  &8"('# %(D&%(/# #'"$#  #)D.*&'"8 H
largeur(k) = max

xi∈k,yi∈k
dist(xi, yi)B( .$#%&C$# ($("!$&8"&+)#  ;)'# /(88&9("&*' Kq 5#'8#%</#  #8 /)8"#$8 *'8"$)&"8:  !.#' ('" ) .($(%C"$# q #8"  *' 8( /($>#)$ !>(/# I #//#  ) /)8"#$ /# ./)8 /($># H

largeur(q) = max
k∈Kq

largeur(k)B( 8#*' # ($("!$&8"&+)# >!'!$(/#  ;)' .($"&"&*''#%#'" #8" /# '*%<$#  # /)8"#$8  !*)6#$"8 H
card(Kq)B# .($(%C"$# q ( )' $�/# %(J#)$  !9'&88('" /#  #>$!  # 8!.($("&*'  #8  *''!#8  ('8 /;#8.(# # $#E #8$&."&*', K&'8&0 )'# L(&</# 6(/#)$  # q ';#'"$(M'#$( +)#  #8  &@!$#'#8 /&%&"!#8 #'"$# /#8.*&'"8 *%%# /# %*'"$# /;!+)("&*' 5N,OP: #'>#' $('" (&'8& )' L*$" $#>$*).#%#'"  #8 %#88(>#8 ('8 )' 8#)/ *) .#)  # /)8"#$8, -/)8 qq  #%(' #  # 8)&6$# /;!6*/)"&*'  # #8 6(/#)$8 #' .($(//C/#, T"('" *''! p 6(/#)$8  # q 5q1, q2, . . . , qp:0 /;#'8#%</#  #8 /($>#)$8 (88*&!#8 #8" '*"! < largeur(q1), . . . ,
largeur(q2) > #" < card(q1 >, . . . , card(q2) > $#.$!8#'"# /# '*%<$#  # /)8"#$8  !*)6#$"8, K&'8&0#' 8# <(8('" 8)$ /(  &@!$#'#  # #8 6(/#)$8 #'"$#  #)D qi #" qj *'8!)"&L80 /;!6*/)"&*'  ) '*%<$# # /)8"#$8 #"  # /( /($>#)$  ) ./)8 >$(' /)8"#$ #8" *<8#$6(</# H

evolUc(qi) = card(qi)− card(qi−1)

max
i
(card(qi))

si i > 1, 0 sinon 5N,ON:
evolUw(qi) = largeur(qi−1)− largeur(qi)

max
i
(largeur(qi))

si i > 1, 0 sinon 5N,OV:B#8  &6&8&*'8 '# 8#$6#'" +);I $(%#'#$ /#8 6(/#)$8 (/)/!#8 #'"# W #" O .*)$ )'# *%.($(&8*'./)8 (&8!#, B( *' &"&*' +)(' I #//# .#$%#"  # 9D#$ /( .$#%&C$# 6(/#)$ I W /*$8+);&/ ';A ( .(8 # $!L!$#'"&#/ .$!! #'", X# ./)80 *%%# /# '*%<$#  # /)8"#$8 ()>%#'"# #" /( /($>#)$  &%&')#0/;*..*8!  # #""#  #$'&C$# #8" .$&8# #' *%."# .*)$ L(&/&"#$ /( *%.($(&8*' .($(//C/#  # #8%!"$&+)#8 8)$ )' %?%# >$(.F&+)#, B# F(.&"$# Y $!6!/#$( /;&'"!$?" .$("&+)# #" #Z(#  # #8%!"$&+)#8  ('8 )' (8 $!#/, O[N
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  !"#$%%$& '$)*+,"$& -$ .*/$010+*'+*/
 !""#$%&  !" #$%&'()%+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ",- !, ./0$+%+'$1 (21 3&'456721 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ",8 !"!# $%&'()*+*,(% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #"- !"!" .(),%&/&()0(), 12/%&3(14 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #"- !"!5 .(),%&/&()0(), )*) 12/%&3(14 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #"6 !9 :;<+$21 = >2%2)& (2 1)33'&% 7)5%+?5;1121 ! ! ! ! ! ! ! ! ! ! ! ! ",@ !A B+$C2&3&+$%+$C '73'&%272$%;5 2% %273'&25 ! ! ! ! ! ! ! ! ! ! ! ! "9D !7!# 8*94+(1:0(*) ;*&'%++% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #5# !7!" <4)4&:0(*)1 9%1 1(,):02&%1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #5" !7!5 8(1% %) =23&% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #55 !E B+$C2&3&+$%+$C 1F$%;G+H)2 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "9  !>!# ?%/&41%)0:0(*) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #5  !>!" @(10:)%1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #5- !>!5 $%B)(C2% 12/%&3(14% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #7" !>!7 $%B)(C2% )*) 12/%&3(14% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #77 ! I'$5)1+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "A8 !" #$%&'()%+'$ ! "#$%&!'(!( )!+",-'!( .! /"0!&1&,"),"0 2'&!") ,")&#.',)!( .3"( 4! +31,)&! 5 $3,( 1!'.6!")&! !44!( +!&+!") 7 .8)!&$,"!& 4! "#$ !) 43 9!&(,#" .6'" 8-',1!$!") :4#0,,!4 #' 1+;(,-'!<=>3 14'13&) .! !44!( -', (! 2#34,(!") ('& ! 1&#%4?$! 3&3)8&,(!") '" 8-',1!$!") 13& 43 934!'&.! -'!4-'!( +3$1( #' 46#&.&! .3"( 4!-'!4 ,4( 3113&3,((!") .3"( 4! $!((30! @A5BC ADBC AD5℄=F,"(,C 1!' .6,"2#&$3),#" !() '),4,(8! 34#&( -'! .!( )&393'G &8!")( (#'4,0"!") 43,&!$!") 46393"H)30! .6'" "#'9!3' );1! .6,"2#&$3),#" IJ 4! #$1#&)!$!") .6'" 8-',1!$!") @ADK℄CJ 43 ()&')'&! (;")3G,-'! .!( $!((30!( 8$,( 13& '" 8-',1!$!") @A5L℄=M! +31,)&! 1&8(!")!&3 .#" .!'G "#'9!44!( $8)+#.!( .! /"0!&1&,"),"0 IJ 4! /"0!&1&,"),"0 #$1#&)!$!")34C AKN



 !"#$%&' () *+,-'..'/ %'!1$2,'/ 3' 415'&#&$1%$15 !" #$%"&'&($)($% *+$),-(./"01, '&"2(3&" *" 4,*" */& 5678℄ "$ :)/;(,$) !"* 2"**,%"* :2(* ',& /$" 2,=($" ,($*( ./" !, 2,$(3&";>$) "!!" &:'>$; ? "/- &"@/* )>/) "$ )"$,$) >2')" ;/ )"2'* $:"**,(&" '>/& :2"))&" /$ 2"**,%"0A"))" ,''&>=" $:"**()" /$" $>/B"!!" C>&2,!(*,)(>$ :./(B,!"$)" ? /$ ,&4&" ./( C/) !D>4E") ;D/$"'/4!(,)(>$ :%,!"2"$) 5F℄01, *">$;" /)(!(*" !"* ,&4&"* *+$),-(./"* ($)&>;/()* ;,$* 56GH℄0 I>/)"* !"* ;"/- 2"))"$) "$J/B&" !D/)(!(*,)(>$ ;" 2,=($"* ? B")"/&* ;" */''>&) $:"**(),$) /$" '=,*" ;D,''&"$)(**,%"K(2'!(./,$) ;>$ /$ #$%"&'&($)($% */'"&B(*:0 A"'"$;,$)K /$" ,/)&" >$)&(4/)(>$ 2,E"/&" "*) !,!,**(#,)(>$ ,/)>2,)(./" $>$ */'"&B(*:" ;"* ,&4&"* *+$),-(./"* %&L" ? !D,;,'),)(>$ ;D/$ $>/B"!,!%>&()=2"0 M$#$K !, '/4!(,)(>$ 5H℄{t1, . . . , tN}0 1" #$%"&'&($)($% )"$)"&, ;D,**>("&? =,/$ ;D"/- /$ )+'" ;D:./('"2"$) ',&2(* K R D = {d1, . . . , dK}0 1" #$%"&'&($)($% */'"&B(*:"*) "$)&,S$: %&L" ? E"/ ;D,''&"$)(**,%" ;:#$( ',& /$ "$*"24!" ;" M ,&4&"* L = {l1, . . . , lM}01, C>$)(>$ real(ti) : T ∪ L → D &")>/&$" !" )+'" >&&"*'>$;,$) ? !D,&4&" ti0 T$" C>(* !"*+*)32" ;:'!>+:K "))" C>$)(>$ $D"*)K 4("$ "$)"$;/K ',* ;(*'>$(4!"0 A"'"$;,$)K *, ;:#$()(>$ */&!D"$*"24!" T *"&B(&, ? (;"$)(#"& !"* >4E")(C* ;"* ,''&>="* '&>'>*:"*0 !"!" -(),%&.&()/(), 01.%&2(031" #$%"&'&($)($% */'"&B(*: >2'>&)" ;"/- '=,*"*0 1, '&"2(3&" &"="&=" !, C>$)(>$ ΩL :
L→ D B(*,$) ? (;"$)(#"& >&&")"2"$) !" '!/* ;D,&4&"* ;/ E"/ ;" )"*) R

ΩL = argmax
Ω

card({li ∈ L,Ω(li) = real(li)}) UV06W1D>4E")(C /!)(2" "*) ,!>&* ;D>4)"$(& R ∀li ∈ L, ΩL(li) = real(li)0P,$* /$ *">$; )"2'*K "))" 2X2" C>$)(>$ '&"$; "$ "$)&:" !"* ,&4&"* ti ∈ T '>/& ;(*)($%/"&!"* 2,=($"* ;/ E"/ ;" )"*)0 T$ 4>$ ,''&"$)(**,%" ;>() ,!>&* ,(;"& ? ,**>("& =,/$" ;D"!!" ,/)+'" ;D:./('"2"$) >$B"$,4!"K D"*)N?N;(&" ΩL(ti) = real(ti)0 A"))" C>$)(>$ *"&, *(2'!"2"$)$>):" Ω ',& !, */()"068H



 !"! #$&'()* + ,)-)./ 0) *.112/- 3.4-'54$**)* !"!# $%&'()*)%&+%&' &,& -.*()/%-0 !"#! #$# %&'()*+%,- ( /(#)( 0( !(1#+2&( )('$%( (34&%+*(5(#! %&) 4( 6(& 0( !(%! '$&) +#7,)()&# 4"%%+8(&) 9
ΨT : T → P:4 (%! +5'$)!"#! 0( )(5")2&() 2&( (!!( 7$#!+$# #;"%%$+( '"% '),+%,5(#! &# ")<)( = &#!>'( 0;,2&+'(5(#! 5"+% = &#( *"4(&) 0;&# "&!)( (#%(5<4( P - $))(%'$#0"#! "&3 0+?,)(#!% !>'(%0,$&*()!% '") Ψ- '$&*"#! @!)( 0+?,)(#! 0( DA B# (?(!- %"#% (#%(5<4( 0;"'')(#!+%%"/(- 4" #$C5(#4"!&)( +#$##&( 0(% ,2&+'(5(#!% %&%+!( 4" ),"!+$# 0;&#( #$&*(44( ")<+!)"+)( %+5+4"+)( = 4"),"4+!,A B# 2&(42&(% 5$!%- 4" %+5+4+!&0( %( 0,8#+! 0;"<$)0 '") &# #$5<)( 0( 4"%%(% $& 0( !>'(%0;,2&+'(5(#!% !)$&*,% ')$1( 0& #$5<)( ),(4 9

min(|card(C)− card(K)|) DEAFGH( '4&%- 4(% 4"%%(% !)$&*,(% 0$+*(#! @!)( $#%+%!"#!(%- ;(%!C=C0+)( #( $#!(#"#! (# 5"6$)+!, 2&;&#%(&4 !>'(A I(% 7$)5&4(% +C0(%%$&% %$#! $#%!)&+!(% 0( 4" 5@5( 5"#+J)( 2&( 0"#% 4" %(!+$# KAL$M 1"2&( 4&%!() !)$&*, %( *$+! ,!+2&(!, '") 4( !>'( 0( 4;,2&+'(5(#! )('),%(#!"#! 4" 5"6$)+!,0(% ")<)(% 2&;+4 $#!+(#! 9
∀p ∈ P, type(k) = dl ∈ D,∀dm ∈ D, card({t,Ψ(t) = p, real(t) = dm}) ≤ card{t,Ψ(t) = p, real(t) = dl}

max

(

∑

d∈D

max
p∈P,type(p)=d

(card({t,Ψ(t) = p, real(t) = d}))

)DEANG"*( Ri = {ti1, . . . , tip} 4(% ")<)(% "?(!,% "& 4&%!() iAI;$<6(!+7 &4!+5( (%! 0( ),() 0(% /)$&'(% 0;")<)(% 0& 5@5( !>'( !$!"4(5(#! $#%+%!"#!% 9
|Ψ[T ]| = K

∀ < ti, tj >, real(ti) = real(tj)⇔ ΨT (ti) = Ψ(tj)

∀ < ti, tj >, real(ti) 6= real(tj)⇔ ΨT (ti) 6= Ψ(tj) !" #$&'()* + ,)-)./ 0) *.112/- 3.4-'54$**)*H"#% 4( "0)( 0;&#( 4"%%+8"!+$# %&'()*+%,(- 4(% 5"1+#(% = *(!(&)% 0( %&''$)! $& OPQ%()$#! &#( 7$+% 0( '4&% (5'4$>,(% *& 4(&)% <$##(% '()7$)5"#(% 0"#% 0( #$5<)(&3 0$5"+#(%RSTU℄A W$#!)"+)(5(#! "& 1"'+!)( '),,0(#!- 4" !(1#+2&( 5+%( (# X&*)( (%! %&'()*+%,( (! (%!2&"4+8,(- '4&% (3"!(5(#!- 0( &#C$#!)(C&# D$#(C*()%&%C$#(G RSUS℄ ") (44( $?)( &# <$# $5')$5+%(#!)( $5'4(3+!, (! '()7$)5"#(% RSUT℄AW(!!( 5,!1$0( 0( %(/5(#!"!+$# 5&4!+C4"%%(% (%! 0,)+*,( 0( 4" 5,!1$0( '4&% 4"%%+2&( ')(#"#!(# $5'!( 0(&3 4"%%(% %(&4(5(#! 2&+ )(1()1( &# %,'")"!(&) = *"%!( 5")/(- ;(%!C=C0+)( &#1>'()'4"# %,'")"#! "& 5+(&3 4(% 0(&3 !>'(% 0( 0$##,(%A I" 5,!1$0( &#C$#!)(C&# ,!"<4+! &# !(4%,'")"!(&) '$&) 1"2&( '"+)( 0( 4"%%(%A I(% /)"#0(% ,!"'(% 0( (!!( !(1#+2&( %$#! 4(% %&+*"#!(% 9Y "'')(#!+%%"/( 9Y ')$6(!+$# 0(% '$+#!% 0"#% &# (%'"( 0( '4&% /)"#0( 0+5(#%+$#-Y 0,$&*()!( 0(% 1>'()'4"#% %,'")"!(&)%A SFZ
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X

X
X

X

X

X

X
X O

OO

OO

O

HX-O

*

*

*

Marge

wxo

1 !" #$%&'%(!) *+%!'!,&-' &),'& .(!**&*  (&* %01),* +,01(+&* *0), (&*2&,&-'* *-%%0',*"
T

T

TT

X

X
X

X

X

X

X
X

T

O

OO

OO

O

HX-O
HO-T HX-T

 3" #$%&'%(!) %!' 0-%(& 4& (!**&
HX-O

HO-T HX-T

= O
= T

= T

 " 5(!**16!,10) 47-) )0-2&!-%01), %!' +(&,10) !"#  !" # $%&''()&+(,- ./%+(0%&''1' &21 %1' 345# +1'+' 6# 718718 91 :/1% �~w ? 1%/(0( 1+/- '&%&(81 b 81>8<'1-+&-+ ',- 9<&%&G1 >&8 8&>>,8+ ? %J,8(G(-1 91 %J1'>&1 1- '/(2&-+ %1 21+1/8 ~w!$,-'(9<8&-+ 91/K %&''1'@ l 1+ k@ %J7=>18>%&- -,+< Hl−k 1'+ '><()< >&8 %1 21+1/8 wlk 1+ %1 '&%&(81
blk! I1 &' /-0,-+810/- 9<)-(+ %J1-'1.C%1 91' 7=>18>%&-' ,..1 '/8 %& )G/81  !"ACB! D-)-@ +,/+>,(-+ ? +1'+18 1'+ >8,F1+< 9&-' %1 .O.1 1'>&1 1+ ,.>&8< ? 7&:/1 7=>18>%&- >,/8 (91-+()18%& %&''1 %& >%/' &>>8,>8(<1@ >/(' %& >%/' >%<C('(+<1 1'+ '<%1+(,--<1! P(-'( 9&-' %J1K1.>%1 91 %&)G/81  !"AB@ %& %&''1 N 1'+ 7,('(1 &8 6# HO−T L2,+1M N@# HX−T L2,+1M N@# HX−



 !"! #$%&'()($%*$%& ,-),(*'-'%*./ '* *'-),('/
1 2

3

℄1- D *L,&(*-( Z# .1' M*)+*0%1' *%;*(,+)1' (19:,)1%%1' )1:);'1-(*-( &- @*+- ./+-O,)9*(+,-?# &-1 ,-()*+-(1 (,:,%,@+>&1 +9:,'*-( &-1 '()&(&)1 *)0,)1'1-(1 B %* 9*C+-1 B ;(*('!N* =@&)1  !" +%%&'()1 %1' .+[;)1-(1' -,(*(+,-' +-(),.&+(1' +4*:)G'! J- 234567 1'( &- (&:%1
M =< S, sinit, I,O, ~X, T, ~Y > Z# S &- 1-'190%1 =-+ ./;(*(' |S| = n?# sinit %/;(*( +-+(+*%?# I = {i0(~v0), i1(~v1), . . . , ip−1( ~ip−1)} 1'( %/*%:C*01( :,&) %1' 1-();1' .,-( %1 *).+-*% 1'( p!IC*>&1 'D90,%1 :,''G.1 &- M1(1&) .1 :*)*9G()1'?# O = {o0( ~w0), o1( ~w1), . . . , oq−1( ~wq−1)} 1'( %/*%:C*01( :,&) %1' ',)(+1' .,-( %1 *).+-*% 1'( q!IC*>&1 'D90,%1 :,''G.1 &- M1(1&) .1 :*)*9G()1'?# ~X 1'( &- M1(1&) .1 M*)+*0%1' )1:);'1-(*-( %* ,-=@&)*(+,- .1 %* 9*C+-1?# T 1'( &- 1-'190%1 =-+ .1 ()*-'+(+,-'? (1% >&1 Z

∀t ∈ T, t =< s1, s2, i(~v), o(~w), P ( ~X, i(~v)), Q( ~X, i(~v), o(~w)) >*M1 Z# s1 1( s2 ',-( )1':1(+M191-( %/;(*( +-+(+*% 1( =-*%?# i ∈ I %1 'D90,%1 >&+ * .;%1-C; %* ()*-'+(+,-?# o ∈ O %1 'D90,%1 :),.&+( :*) %* ()*-'+(+,-?# P ( ~X, i(~v)) 1'( %* ,-.+(+,- @%,0*%1 B '*(+'O*+)1 :,&) );*%+'1) %* ()*-'+(+,- T&-1 1-();1 1(&-1 ,-=@&)*(+,- 0+1- .;=-+1U? W\W



 !"#$%&' () *+,-'..'/ %'!1$2,'/ 3' 415'&#&$1%$15 Q( ~X, i(~v), o(~w)) !"#!$%"&'" ()*',-& .$-/(*&' ." ()"0$/',-& ." (* '!*&%,',-& "& %" 1*%*&'%/! ("% .,2$!"&'% #*!*34'!"%5 ~Y "%' /& 6"'"/! *($*'-,!" ." .,3"&%,-& n − 1 -7 8*9/" 6*("/! "0#!,3" (" '"3#% 3-:"&#-/! "2"'/"! /&" ."% '!*&%,',-&%5;* '-#-(-<," ." (* 3*8,&" = $'*'% .-,' !"%#"'"! /&" %'!/'/!" *!1-!"%"&'" .-&' (* !*,&""%' ()$'*' ,&,',*(5 >*! -&%$9/"&'? ,( "0,%'" /& "&8*@&"3"&' /&,9/" ." '!*&%,',-&% "&'!" "' $'*'"' &),3#-!'" 9/"( */'!" A
∀s ∈ S | s 6= sinit,∃ ! r states si1, si2, . . . , sir, si1 = sinit ∧ sir = s

∀j, 1 ≤ j < r, tij ∈ T, tij =< sij, si(j+1), iij( ~vij), o(~w), Pij( ~X, i(~v)), Qij( ~X, iij(~v), oij(~w)) >BC5DE-7 (* &-'*',-& ij !"#!$%"&'" /& ,&."05 F"''" '-#-(-<," "&'!*@&" ()"0,%'"&" .)/&" %"/(" '!*&%,',-&#-/! *!!,6"! .*&% /& 9/"(-&9/" $'*' .)-7 |T | = n − 1 A T = {t1, . . . , tn−1}5 G" #(/%? "& '*&'9/)*!1!"? /& HIJKLM * ."/0 *''!,1/'% ,3#-!'*&'% A %* 8*/'"/! -/ #!-N-&."/! *,&%, 9/" %**!.,&*(,'$ $9/,6*("&'" = |S|5 !"!# $%&%'()*+&, -., ,*/&()0'.,O ','!" .)"0"3#("? (" #!-'--(" LP> "%' "3#(-:$ ,, QRST℄~`!,46"3"&'? ()*(<-!,'83" 3*,&',"&' /&#-,&'"/! %/! (" &X/. -/!*&' !$,&,',*(,%$ = (* !*,&" <$&$!,9/" ROOT #-/! *&*(:%"! 8*9/"%"%%,-&5 >-/! 8*9/" 3"%%*<" .)/&" %"%%,-& B(,<&" S\E? ()*(<-!,'83" .$'"!3,&" %, (" &X/. -/!*&'#-%%4." /& [(% ./ 3Y3" ':#" 9/" (" 3"%%*<" B(,<&"% SCJSTE5 G*&% " *%? (" .$(*, ." (* '!*&%,',-&-!!"%#-&.*&'" "%' 3,%" = a-/! *6" (" &-/6"*/5 L,&-&? /& &-/6"*/ &X/. "' /&" '!*&%,',-& %-&'!$$%5 ;" &X/. -/!*&' #-,&'" *(-!% %/! " &-/6"*/ &X/. -/ %/! (" &X/. #!$$."33"&' '!-/6$5F-33" (" .$(*, .)/&" '!*&%,',-& "%' /&" 3-:"&&"? -&%'!/,!" /&" (,%'" ."% .$(*,% .)/&" '!*&%,',-&"%' #!$N$!*1(" *6*&' .)"& *(/("! (* 3-:"&&" *#!4% ()"0$/',-& ." "' *(<-!,'83"5b'*&' .-&&$ n 3"%%*<"% !$#*!',% "& s %"%%,-&% *6" ni = |Si|? (" &-31!" .)"&'!"J"/0 *##*!J'"&*&' = (* %"%%,-& Si? ()*(<-!,'83" \ 1-/(" %/! ()"&%"31(" ."% 3"%%*<"% ." '-/'"% ("% %"%%,-&%S\R



 !"! #$%&'()($%*$%& ,-),(*'-'%*./ '* *'-),('/
Asterisk Autre

OPTIONS

4050.00158

0.0

INVITE

100

180

486

ACK

REGISTER

100

200

REGISTER

100

401
REGISTER

100

200

0.03828

0.0

0.30202

3.11656
0.00054

0.00053

0.0

0.00048
0.00378

0.00053

0.00318

0.00071

0.0

0.00302

S
1

S
2

S
3

S
4 !" #$%%&'(%  )!*$+, -.!+0$ 1 23*!&  %$4""  5" #&.(!6+,$ !"#  !" # $%&'()& *& +,-,./012- *34-& 51+-/04.& (24. 4- ,641(&'&-0 *& 07(& 850&.159 :;<=>:)1+-&5 ?? &0 ?"> 5210 4- 020/) *& n 10,./012-5! @/-5 )& (1.& *&5 /5B C/64& '&55/+& *&D./ E0.&2'(/., /D& )3&-5&'F)& *&5 G)5 *4 -H4* 24./-0 641 52-0B /4 ()45B /4551 -2'F.&4% 64& )& -2'F.&*& 5&5512-5 &%/'1-,&5 (.,,*&''&-0B *32I 4- -2'F.& *310,./012-5 ,+/) J it = ∑s

i=1 i × ni! K&'/%1'4' *& &00& D/)&4. &50 it = s(n − (s − 1)) +
∑s−1

i=1 i = ns + 1.5s − 0.5s2 < ns + 1.5s)2.564& 0240&5 )&5 5&5512-5 -& 2-01&--&-0 6434- '&55/+& &%&(0,& )/ *&.-1L.&! M2''& )& -2'F.&*& 5&5512- 401)15,& (24. C/64& 51+-/04.& &50 4- (/./'L0.& 2-50/-0B )/ 2'()&%10, +,-,./)& *&&00& /)+2.10C'& &50 &- O(n)! !"!# $%&' '( )*+,' !"$%!" "!&'(K/ )/551G/012- ;NO &50 /(()164,& */-5 )& /*.& *4 G-+&.(.1-01-+ 2'(2.0&'&-0/) &%1+&/-0/)2.5 )/ P2.'4)/012- *34-& P2-012- -27/4 K 5(,1G64& /. )/ ()4(/.0 *3&-0.& &))&5 52-0 )1'10,&5/4% D/)&4.5 -4',.164&5 &0 -2- J *&5 /.F.&5! @& -24D&))&5 P2-012-5 5(,1G64&5 /4% /.F.&5 P4.&-0'15&5 /4 (21-0 .,&''&-0 &- .&C&.C/-0 )&5 50.404.&5 51'1)/1.&5 Q?RSB ?R B ?TU℄ ! @/-5 &00&,04*&B & 2-&(0 &50 ,0&-*4 /4% WXYZ;O &- 5& F/5/-0 54. *&5 0./D/4% (.,,*&-05 Q?"R℄ ,D/)4/-0)/ 51'1)/.10, &-0.& *&4% /.F.&5 *& '/-1L.& ,641D/)&-0& J Q?T[℄! )/ 51'1)/.10, *210 E0.& ,+/)& J 4-(24. *&4% WXYZ;O 1*&-0164&5 &0 \,.2 )2.56431)5 52-0 020/)&'&-0 *1],.&-05!=24. 4- /.F.& tiB )3&-5&'F)& *&5 C&'1-5 *& )/ ./1-& J C/64& -H4* &50 *,51+-, (/. cheminsi =
chemini

1, . . . , chemin
i
m 2I C/4- *&5 ,),'&-05 &50 4- C&'1- 4-164& D&.5 4- -H4* 5(,1G64&!K/ P2-012- noeuds(cheminsi) .&-D21& )/ 02(2)2+1& *& )3/.F.& 5/-5 )&5 /00.1F405 *&5 /.5B 3&50YJY*1.& )&5 *,)/15 *&5 0./-51012-5! =/. /-/)2+1&B noeuds(chemini

j) &- P/10 *& 'E'& (24. 4- C&'1-*2--,! K31-0&.5&012- &-0.& *&4% /.F.&5 5& *,G-10 /)2.5 2''& ^
Iij = noeuds(cheminsi) ∩ noeuds(cheminj) : !S>?""
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 !"#$%&'() *  !"!#$%&'" ()*"+ ,&-"$%*#+ ! S *"+ .&,%+ (+ ,+,,&'","! Sj
i +,% / 0+,,$-+ (+ .$ & ,+,,&'"#! l.len +,% .+ "'01#+ ()!.!0+"% ($", .$ .&,%+ l$! m.type #+"2'&+ .+ %34+ (* 0+,,$-+ m 4#!56! 4$# 7 '* 8%! m.time #+%'*#"+ .+ (!.$& (* 0+,,$-+ m&! n.children +,% .$ .&,%+ (+, "9*(, 5., (+ n'! create:node(t) #!+# *" "'*2+$* "9*( (+ %34+ t(! n.update(d) 0+% < /'*# .+ (!.$& (+ .$ %#$",&%&'" 2+#, n -#=+ $* (!.$& d)! n.add:child(n2, d) $/'*%+ .+ "9*( n2 '00+ 5., (+ n $2+ *"+ %#$",&%&'" (+ (!.$& d *! nROOT +,% .+ "9*( #$&"+ (+ .$ ,&-"$%*#+  ! +#,$ i← 1 . . . length(S) -.%$) "! current:node← nROOT #! +#,$ j ← 1 . . . length(Si) -.%$) $! child = current:node.children %! k ← 1 &! &./&0,) k < child.length ∧ childk.type 6= Sj

i .type -.%$) '! k ← ind+ 1 (! 1/ &./&0,) )! 2% k > child.length .!#$2"*! new ← create:node(Sj
i .type)" ! current:node.add:child(new, Sj

i .time)""! current:node← new"#! 2%/#/"$! childk.update(S
j
i .time)"%! current:node← childk"&! 1/2%"'! 1/ +#,$"(! 1/ +#,$

>?@



 !"! #$%&'()($%*$%& ,-),(*'-'%*./ '* *'-),('/ ! "#$%& '() *++$,-%& +.*/-&%,&-*1/ 2& 2&$3 ,*#/!-$%&, ,4561+*,7& 8!% +&, 1$+&$%, 9$/& 1$+&$%8!% :&5*/ 155$/;( <1$% -1$, +&, :&5*/, 8!%-!#7,= +! ,*5*+!%*-7 ,.16-*&/- &/ ,& 6!,!/- ,$% +&,2*>7%&/&, 2& 27+!*, 2&, -%!/,*-*1/, 8!% +.*/-&%572*!*%& 2& +! ?1/-*1/ poids @
interAsim =

∑

p∈Iij

noeuds(chemini
k
)=p

noeuds(cehmin
j
l
)=p

poids(cheminsi
k, chemins

j
l ) 9'(';

B!/, 1/,*27%!-*1/ 2&, -%!/,*-*1/,= cheminj
l &- chemini

k ,1/- *2&/-*C$&,(  ! ?1/-*1/ poids 15D8!%& +&, 27+!*, 2& :!C$& -%!/,*-*1/ 155$/& ,.!88$4!/- ,$% $/ /14!$  !8+!*&/ @
poids(p1, p2) =

∑

n∈p1

e−α|fdelai(n,p1)−fdelai(n,p2)| 9'(E;F/ %7!+*-7= ,&$+, +&, 27+!*, */2$*-, 8!% +.7C$*8&5&/- 1/,*27%7 ,1/- G 8%&/2%& &/ 158-& .&,-DGD2*%& &$3 2&, 5&,,!#&, &/H147,( I*/,* fdelai(n, p) %&-1$%/& +& 27+!* 514&/ !,,1*7 !$ /J$2 n2!/, +& :&5*/ p ,* +& 5&,,!#& %&8%7,&/-7 8!% & /J$2 &,- 75*, &- H!$- K7%1 ,*/1/( !"#$%&' 0. 1,%*$,% 23$4.%*' '2* 3%' 1,%*$,% %,5.3 4./$6' ('2)'*.%* /'2 ,%6$*$,%2 63*78,(9-' 6' :'('( ;7.)$*(' < 6' =>?>℄A B
K(ti, tj) =

∑

p∈Iij

noeuds(chemini
k
)=p

noeuds(chemin
j
l
)=p

∑

n∈p

e−α|fdelai(n,p1)−fdelai(n,p2)| 9'(L;
($')*' +  .7C$!-*1/ 9'(E; &,- $/ /14!$ H!+*2& 1/,-%$*- G 8!%-*% 2& &+$* 2&  !8+!& Kl( F/&>&- fdelai(n, p) &,- $/& ?1/-*1/ G H!+&$% %7&++& 272$-*6+& G 8!%-*% 2& ti 8$*,C$& +&, :&5*/, p,1/- 2&, ,1$,D!%6%&, 2& ti &- tj C$* 1/-*&//&/- 7#!+&5&/- +&, /J$2, n(  &, -&%5&, 2& +! ,155&27"/*& 81$% K ,.7%*H&/- !+1%, ,1$, +! ?1%5& Kl(f(ti), f(tj) &- ,1/- 21/ $/ /14!$ H!+*2& 8!%1/,-%$-*1/( M& 8+$,= +! ,155& 2& /14!$3 &,- 7#!+&5&/- $/ /14!$ 8%1$H!/- !*/,* C$& K %&58+*-6*&/ -1$-&, +&, 1/2*-*1/, /7&,,!*%&,(  & +*H%& NOPO℄`( +! ,*5*+!%*-7 &/-%& :!C$& WXDYBZ &,- !+$+7& #%S& G +! ?1/-*1/ 2& /14!$ K= Oa_
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 !" #$%&'() *+*,  (-.%%)("  !" #$%' ()*+ ,-./0-1 23)4  567689:';1" !"#  !" # $%&'()*+, -, -,*. /0*%1,2,')3 -%4/+,')3! 5,3 ())+%6*)3 -,3 (+3 38') 9,3 -/9(%3 28:,'3!5,3 ;,2%'3 1(+)(&/3 38') 898+/3
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���℄! 5( D&*+,  ! 1+/3,'), 9,3 /9/2,')3 1+%'%1(*. -I*', ),99, +,1+/G3,')()%8'! 5,3 6+%0*,3 -, 6(3,3 38') 9,3 /9/2,')3 ),+2%'(*. 0*% +,1+/3,'),') -,3 >(9,*+3 +/,99,3BI,3)GJG-%+, -,3 (+()U+,3! V,*. ):1,3 ,.%3),') WS? 
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 !" #$%$&' '()*!+,-.&'




 !"! #$%&'()($%*$%& +,%*-.$/0' !"#$!% '($!% )*!+ ( !) ,- % $!" .!" %#, (,,/"0!1 2(,134/"%5 %, .%# ."%)# %),/% .%# )*!+#13(.%6%),  %!7%), #81)4)%/ +% .( #4/,%9 :(/ 4)#1$!%),; .%# +"#,()%# )!61/"$!%# .(##"$!%# #4),"6 /(,"(0.%#9 <% )4!7%..%# #4), (  (/!%# %, #% 0(#%),  4!/ .(  .! (/, #!/ .( +"#,()% +81+","4)=>?@℄ (  /1"(), .( +"#,()% %),/% !) (/0/% t1 %, !) (/0/% t2 466% .% )460/% +84 1/(,"4)#2(B4!,; #!  /%##"4); #!0#,",!,"4) +% )*!+#5  4!/ ,/()#C4/6%/ .8!) %) .8(!,/%9 D(.'%!/%!#%6%),;.%# (!,%!/# +% =>EE℄ )4,%), F B!#,% ,",/% $!% % (.!.; 4)#"+1/1 466% !)  /40.G6% H:I46 .%,=>JK℄; "6 4#% +8(B4!,%/ +%# 4),/("),%# ,%..%# $!% .84/+/% +%# L.# +8!) )*!+  4!/  4!74"/ M,/%/1(."#(0.% %) !) ,%6 #  4.-)46"(.9 N.#  /4 4#%), (.4/# +% )4!7%..%# +"#,()%# )8(B4!,(), (!!)%4),/("),% # 1"L$!% %,  /1#%),(), 13(.%6%), !)% 46 .%O",1  4.-)46"(.%9P..%# /% 4#%), #!/ .( )4,"4) +8"#464/ '"#6% %),/% +%!O (/0/%# t1 %, t29 N. %#, +4) )1%##("/%+% /(  %.%/ +()# !)  /%6"%/ ,%6 # $!%.$!%# )4,"4)# %##%),"%..%# #!/ .%# (/0/%# $!" #4), !) #4!#%)#%60.% +%# 3/( '%# QR !) 3/( '% %#, .% ,! .% < V,E > 4S V 4//%# 4)+ (!O )*!+# 4! #466%,# %, E .8%)#%60.%+%# (/M,%#;R +%!O )*!+# u %, v #4), +",# (+B(%),# %, )4,1# u ∼ v #" %, #%!.%6%), #" ".# #4), /%."1#  (/!)% (/M,%;R !) '%6") %),/% +%!O )*!+# u0 %, un %#, )4,1 u ⋊⋉ v %, 4//%# 4)+ (!O )*!+# %),/% u0 %,
un ").!#; 8%#,IFI+"/% ∀ 0 < i ≤ n, ui−1 ∼ ui;R G =< V,E > %#, (/0/% #" %, #%!.%6%), #" ∀u ∈ V, v ∈ V, u 6= v ⇔!∃u ⋊⋉ v9T) '46464/ '"#6% +% 3/( '% %#, !)% C4),"4) $!" ,/()#C4/6% !) 3/( '% %) !) (!,/%; /%#I %,(), .( 4))%,"7",1 ")","(.% +%# #466%,# Q !"#$%$&# '' Q 12$* G1 =< V1, E1 >3 G2 =< V2, E2 > 4'0. &(-)5'+3 f : G1 → G2 '+* 0%526262()5$+6' 4' &(-)5' +$ f = (fV , fE) 27 fV : V1 → V2 '* fE : E1 → E2 *'8 /0' +9$8 '.$+*'0%' -(:*' '%*(' 8'+ +266'*+ u '* v 4' G13 9'+*<=<4$(' u ∼ v3 -82(+ fV (u) ∼ fV (v) 27 fV (u) '*

fV (v) +2%* 4'+ +266'*+ 4' G2!<%!O 3/( '%# #4), "#464/ '%# #8".# 46 4/,%), .% 6M6% )460/% +% )*!+# %, $!8".# #4),4))%,1# +% .( 6M6% 6()"G/% Q !"#$%$&# '( Q f '+* 0% $+262()5$+6' +$ f '+* 0% 526262()5$+6' $%>'*$? '* +0(>'*$?!U4/#%..4 '* -8! +1L)"##%), (")#" .( )4,"4) +8"#464/ '"#6% +% #4!#I(/0/%# =>EE℄ Q !"#$%$&# ') Q 12$* 4'0. -(@('+ t1 = (V1, E1) '* t2 = (V2, E2)3 8- @$>'*$2% φ : H1 → H2-A' H1 ∈ V1 '* H2 ∈ V2 '+* 0% $+262()5$+6' 4' +20+<-(@(' +$ 8'+ +20+<-(@('+ 4' t1 '* t2'%&'%4(B+ ('+)'*$A'6'%* 0%$/0'6'%* )-( 8'+ %C04+ H1 '* H2 +2%* $+262()5'+! D'+ +20+<-(@('++' %2*'%* t1[H1] '* t2[H2]!V840B%,"C #%/( +4) +% '%/'%/ .%# #4!#I(/0/%# "#464/ '%# .%#  .!# 3/()+#  4!/ %) +1+!"/%.% +%3/1 +% #"6".(/",19:.!#  (/,"!."G/%6%),; .%# (/0/%# !,"."#1# "" #4), 1,%)+!# (! (# (,,/"0!19 T) (/0/% (,,/"0!1%#, # 1"L1  (/ .% ,/" .%, < V,E,α > 4S α %#, !)% C4),"4) (##4"(), F '($!% )*!+ +% .8(/0/%!) %)#%60.% +% (/(,1/"#,"$!%#9 T) "#464/ '"#6% +% #4!#I(/0/%# #!/ % ,- % /%#,% +1L)" 466% /11+%66%),; 8%#,IFI+"/% #()#  /%)+/% %) 46 ,% α9 W% %)+(),; .( #"6".(/",1 #%/( +8(!,(), .!# 3/()+% $!% .%# )*!+# +%# #4!#I(/0/%#  (/,(3%), +%# (/(,1/"#,"$!%# 466!)%#9 X")#"; #" φ :
H1 → H2 +1)4,% !) "#464/ '"#6% +% #4!#I(/0/%# %),/% t1 =< V1, E1, α1 > %, t2 =< V2, E2, α2 >;.( #"6".(/",1 +%# #4!#I(/0/%# %)3%)+/1 t1[H1] %, t2[H2] %#, Q

W (φ) =
∑

u∈H1

σ(u, φ(u)) >YJ
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 !"#  !" # $%&')%*+, -' ,*.,/0121', ,3+)04%5.',*6 σ ',) .+' 7*+)%*+ -' *89010%,*+ ,38:)1%5.' '+)1' ;', 010):1%,)%5.', -' -'.4 +<.-, ,*%) =
σ(u, φ(u)) = σ(α(u), α(φ(u))) >?0+, ;@01)%;' *1%A%+0;B ;', 0.)'.1, ;0%,,'+) ;' C*%4 -' -:D+%1;%21'8'+) ') %+-:9'+-088'+) ;0 7*+)%*+ α 9*.1 C0.+ -', 0121',E! φ12 -:+*)' ;0 2%&')%*+ 9'1/8'))0+) -@*2)'+%1 ;0 ,%8%;01%): 804%80;' 9018%, )*., ;', %,*8*19C%,8', -' ,*.,/0121', 9*,,%2;',F 901)%1 -', 0121', t1 ') t2 ! !"#$%'"G0 01-%+0;%): -' ;@0121' t =< V,E,α > +*):' |t| ',) :A0;' F ,*+ +*821' -' +<.-, ,*%) |V |!H1*%, -', -%,)0+', ,.AA:1:', -0+, IJKK℄ ,'1*+) 8%,', '+ <.M1' -0+, ;', '49:1%8'+)0)%*+,B ' C*%4030+) :): :)02;% F 901)%1 -@'49:1%'+', 91:;%8%+0%1', )*.) '+ A01-0+) ;@*2&')%7 -' *+,'1M'1 9*.1C0.+' -', )'C+%5.', >,.9'1M%,:' ') +*+ ,.9'1M%,:'E .+' -%,)0+' +*180;%,:' ') +*+ +*180;%,:' =

d1(t1, t2) = |t1|+ |t2| − 2W (φ12) (non normalisée supervisée ou non) > !NE
d2(t1, t2) = 1−

W (φ12)

max(|t1|, |t2|)
(normalisée non supervisée) > !JOE

d3(t1, t2) = 1−
W (φ12)

|t1|+ |t2| −W (φMAX)
(normalisée superviséeσ(u, v) = 1 ,% ;', +<.-, u ') v ,*+) :5.%M0;'+),! Q'))' -:D+%)%*+ ',) 2%'+ ,38:)1%5.'! G0JUO



 !"! #$%&'()($%*$%& +,%*-.$/0' !"#$ %&' #$(#$)* +$, $-$.(+$, *$ .$,,/!$, (#00*$)2, $2 .$2 $) $-$#!"$ 2#34, 546$243), 2$++$,7"$ +$, ,3",8/#5#$, !0)0#0, ,34$)2 54$) 4,3.3#(9$, *:3; <= W (φ1) = 1 /# ,$"+$, +$, #/4)$, ,3)2 07"4>/+$)2$, ?")$ #0(024243) $2 ")$ ,07"$)$@A= W (φ2) = 1 (3"# +$, .B.$, #/4,3),A= W (φα(n)#$23"#)$ ") 3"(+$ < nom, r ⋊⋉ n > 3; nom $,2 +$ )3. *" )Q"* n ?+$ )3. *:") )3) 2$#.4)/+3" +$ /#/2E#$ C SD (3"# ")$ ,07"$)$ 3" ")$ #0(024243)@ $2 r +/ #/4)$ *$ +:/#5#$ !0)0#/+& T2/)2*3))0 +$, O3)243), nom(n) #$23"#)/)2 +$ )3. *:") )Q"* $2 parent(n) #$23"#)/)2 +$ (/#$)2 *$
nA +/ O3)243) σ(u, v) .$,"#/)2 +/ ,4.4+/#420 *$ *$"- )Q"*, $,2 ,(04 0$ 3..$ ,"42 <

σ(u, v) =







1 si u = r ∧ v = r
1 si nom(u) = nom(v) ∧ σ(parent(u), parent(v) = 1
0 sinon

?%&UV@ ! "#$%&'()N) 2903#4$A +$ /+"+ *$ +/ ,4.4+/#420 $)2#$ *$"- /#5#$, t1 $2 t2 4.(3,$ *$ *03">#4# 23",+$, 4,3.3#(94,.$, *$ ,3",8/#5#$,& F$($)*/)2A +$, 3)2#/4)2$, (#00*$)2$, $-4!$)2 7"$ +$, )Q"*,*$, ,3",8/#5#$, (/#2/!$)2 +$, .B.$ /)B2#$,& K/ *0 )4243) #0"#,4>$ *$ +/ O3#."+$ %&UV 4)*47"$54$) 7"$ 23", +$, /)B2#$, *34>$)2 B2#$ ,4.4+/4#$,& W4),4A +:4,3.3#(94,.$ *$ ,3",8/#5#$, $)2#$ t1$2 t2 $)!$)*#/)2 +/ ,4.4+/#420 ./-4./+$ ,$ #$,2#$4)2 G 4*$)24 $# ") 4,3.3#(94,.$ *$ ,3",8/#5#$,$)#/4)0, ,"# +/ #/4)$ 3#4!4)/+$A +$, /"2#$, 02/)2 O3#0.$)2 ,3",83(24./"-&X/), ") (#$.4$# 2$.(,A +$, 9$.4), $)2#$ +/ #/4)$ $2 23", +$, )Q"*, (3,,45+$, *$ t1 $2 t∩chemins $,2 +:$)8,$.5+$ *$, 9$.4), 4*$)247"$, $)2#$ +$, *$"- /#5#$, 54$) 7"$ $ )$ ,342 ") $),$.5+$ /" ,$),./290./247"$ *" 2$#.$ ./4, (+"2�2 ")$ +4,2$ /# $++$ ($"2 3)2$)4# *$, *3"5+3), 3..$ (#08,$)20 */), +/  !"#$ %&UY& [) 9$.4) *" (#$.4$# /#5#$ ($"2 0!/+$.$)2 3##$,(3)*#$ G (+",4$"#,9$.4), */), +$ ,$3)* ./4, ") ,$"+  !"#$#/ +3!47"$.$)2 */), +:4)2$#,$243)& X$ ./)4E#$ !0)08#/+$A +:/+!3#429.$ \ #0/+4,$ $22$ 4)2$#,$243) $) 420#/)2 ,"# 9/7"$ 9$.4) *$ +:/#5#$ t1 $2 4+ ,$#/U\U
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%+��"#��$�%��&"&�'�'(��)�%�

 !"#  !" # $%&%' %()*+,-%) .&* /0' ')*-)-*0' )*+. %2.+'&()0'&3+-)4 ,&(' ∩chemins(t1, t2) '5%/ 0( 06%')0 -( %,0()%7-0 ,&(' /0' 802%(' ,0 t2 )+-) 0( '-..*%2&()0 ,0*(%0* .+-* (0 .&' /5%(/-*0 ./-'%0-*' 9+%'!:%(&/020(); 0' 802%(' .&*)&<0&() /& 2=20 *&%(0 9+() &%('% .&*)%0 ,- 2=20 '+-'>&*?*0 0)8+*2%' .+-* /0 (@-, *&%(0; 8&7-0 802%( 0') 4<&/ A -( &-)*0 A /5060.)%+( ,- ,0*(%0* (@-,!B%('% /& &*,%(&/%)4 ,0 /5%()0*'0)%+( '+%) |∩chemins(t1, t2)| +**0'.+(, A /& '%2%/&*%)4 0()*0 /0' ,0-6&*?*0' +*%<%(&-6 t1 0) t2! C&(' /0 .%*0 ,0' &'; /& +2./06%)4 ,0 0) &/<+*%)820 0') O(|t1||t2|



 !"! #$%&'()($%*$%& +,%*-.$/0'

 !"#  !"# $ %&')' *+ '& ,-.-'&/-01 +2 *10+/.-2&20 '3-20+/,+0-42 *+, 5+.-2, *+, *-61/+20, &/7/+, !"#$%&'() * ,-.-'&/-018t19t2: ! res = [ ] +,0 '+ /1,)'0&0 -2-0-&'-,1 ; )2+ '-,0+ <-*+"! chemins(t) /+04)/2+ '& '-,0+ *+, 5+.-2, *+ '3&/7/+ t#! l.ajouter(e) &=4)0+ '31'1.+20 e ; '& '-,0+ l$! long(l) /+04)/2+ '& '42>)+)/ *+ '& '-,0+ l%! enlever(l, e) +2'?<+ '31'1.+20 e *+ '& '-,0+ l&! c1 = chemins(t1)'! c2 = chemins(t2)(! +#,$ c ∈ c1 -.%$))! i← 1 *! bool← V RAI  ! &./&0,) bool ∧ i < long(c2) -.%$) "! 1% c = c2[i] .!#$1 #! bool = FAUX $! res = res.ajouter(c) %! enlever(c2, c) &! 2/1% '! i← i+ 1 (! 2/ &./&0,) )! 2/ +#,$
@! +00+ A420-42 '&,,+ &'4/, 5&B)+ .+,,&>+ *) =+) *+ 0+,0 )2 C&/ )2!
D& *-,0&2+ 24/.&'-,1+ )0-'-,1+ +,0 d3! %+C+2*&209 EFG 21+,,-0+ )2+ .+,)/+ *+ ,-.-'&/-01+0 242 )2+ *-,0&2+ *34H d′3 = 1 − d3! D& *-,0&2+ 242 24/.&'-,1+ +,0 d1 *420 '+, <&'+)/, ,420/&.+21+, <4'420&-/+.+20 +20/+ # +0 " C4)/ )2 C&/&.10/&>+ C'), A&-'+ I d′1 = e−0.01d1 ! J'4/,B)+ '& ,->2&0)/+ *3)2 .+,,&>+ +,0 ,42 &/7/+ ,K20&L-B)+9 '3+.C/+-20+ *3)2 0KC+ *31B)-C+.+20, +,0'3+2,+.7'+ *+, ,->2&0)/+, 4//+,C42*&20+, 42,0/)-0+, C+2*&20 '& C5&,+ *3&CC/+20-,,&>+! "MN
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℄!K.&, 5( ., 9( 5. 5.,,%?.+%6& 97.)8)(,; 571,.'( 97.5'6)%+>@(, ,*3%?01(, .1/ 96&&3(, .<+3'6)%01(, (,+ (,,(&+%(5! LMNC E"HI℄ =.%+ *.)+%( 9( (++( =.@%55( 97.5'6)%+>@(, *()@(++.&+ 1&(,('@(&+.+%6& (O.( 9(, *6%&+, 9( 96&&3(, (& %&+)691%,.&+ 5. &6+%6& 9( 26%,%&.'(; 93?&% *.) 1&(9%,+.&( @./%@.5(; (&+)( 9(1/ *6%&+,! P+.&+ 96&&3( 1&( =6&+%6& 9( 9%,+.&( d; 5(, .)8)(, t1 (+
t2 ,6&+ 26%,%&, ,% (+ ,(15(@(&+ ,% d(t1, t2) < τ 6Q τ (,+ 1& ,(1%5 *.).@3+).85(! R1,017S ( *6%&+;57.5'6)%+>@( )(,,(@85( 9( +)T, *)T, S 1& .5'6)%+>@( 9( *.)+%+%6&&(@(&+ >%3).)>%01( ,.1= 01(573+.*( ,1%2.&+( &( )(')61*( *., 5(, *6%&+, 26%,%&, (&+)( (1/ @.%, ,(15(@(&+ (1/ 01% *.)+.'(&+9(, 26%,%&, (& 6@@1&! N( *)6(,,1, (,+ )3%+3)3 (& *)(&.&+ (& 6@*+( &6& *51, 5. 9%,+.&( (&+)(9(1/ *6%&+, @.%, 5. 9%,+.&( '3&3).5( (&+)( 9(1/ 51,+(),! N(++( 9%,+.&( &6@@3( score``



score℄4 !"#$52,#/#J"#,%#+ 0(W%*$ &% <=>? %'+ *#% /01-%6,+" (''%X "-%J"% RSTY℄ ($  9(;*% ./,' ;*2*#-*'+%$ %'+ 0/&,8"D '/# score (J% +/*' -%' (*+$%' %'+ $%(-*-" %+ *#% -,'+% &% '/$% +$,"% &/,+M+$% 0(,#+%#*%  W/*$ 1/*$ 1/*J/,$ 9/,',$ -%' )/#' -*'+%$'  .*',/##%$ %# 1$,/$,+"4 O% 1-*'D ,-#"%'',+% &% /##(Z+$%  1$,/$, -% #/0)$% &% -*'+%$' (-/$' ;*% %++% &/##"% #2%'+ !"#"$(-%0%#+1(' &,'1/#,)-% +%--% ;*% &(#' %++% "+*&%4 [<=>? RSTY℄ %'+ *#% J%$',/# )%(*/*1 1-*' $(1,&%$"(#+ *# -*'+%$  1($+,$ &% 9(;*% /01/'(#+% /##%6% &* !$(19% /#'+$*,+ ,#,+,(-%0%#+ 1($<=>?4 \-*' 1$",'"0%#+D 9(;*% '/00%+ &% % !$(19% %'+ *# 1/,#+ &* W%* &% &/##"%' %+ ,-%6,'+% (-/$' *#% ($M+% %#+$% &%*6 '/00%+' '2,-' 1($+(!%#+ (* 0/,#' *# J/,',# B/01-%6,+" &% -(/#'+$*+,/# %# O(n2)C4 P# (-!/$,+90% &% $%9%$9% &%' /01/'(#+%' /##%6%' %'+ -(,$%0%#+1-*' $(1,&% ;*% <=>?4 >%1%#&(#+D -( &%#',+" &* J/,',#(!% #2%'+ 1-*' &* +/*+ 1$,'% %# /01+%%#!%#&$(#+ (,#', -( .*',/# &%' 1/,#+' @ %+ N '*$ -( 8!*$% Y4S]4 >% 1$/)-E0% %'+ -(,$%0%#+ ,--*'+$"'*$ -( 8!*$% Y4SAB(C /: -%' 1/,#+' '/#+ &,'1/'"' '*$ *#% !$,--% 1/*$ *#% 0%,--%*$% -,',),-,+"4 P#%&,'+(#% τ "!(-%  -( -($!%*$ &2*#% ('% %'+ /)-,!(+/,$% 1/*$ %'1"$%$ $%!$/*1%$ ;*%-;*%' 1/,#+',01-,;*(#+ ,#"J,+()-%0%#+ -( .*',/# &%' &%*6 -*'+%$' '*1"$,%*$' B-% 0M0% 19"#/0E#% 1/*$$(,+'% ^1$/1(!%$_ J,( *#% ^9(Z#%_ &% 1/,#+' 1-*' -/#!*%C4 ` /#+$($,/D %# ,01/'(#+ *#% &,'+(#%
τ "!(-%  -( &,(!/#(-% %+ &%*6 #K*&' %# /00*# 0,#,0*0D -%' -*'+%$' '/#+ ),%# '"1($"'4#%&'(%&)*5%' 1$/)-E0%' '/*-%J"' 1($ -( &"8#,+,/# /$,!,#(-% %+ [<=>? ,01/'%#+ &% /0),#%$ -%' (J(#L+(!%' &% 9(*# ab !($&%$ -( #/+,/# &% &%#',+" (11($(,''(#+ &(#' <=>?Db "J,+%$ &% (-*-%$ &%' 0"+$,;*%' +$/1 /01-%6%' 1/*$ /$&/##(#%$ -%' $%!$/*1%0%#+'45( /01-%6,+" &% -2(-!/$,+90% <=>? "0(#% &% '/# 1$/%''*' &% $%!$/*1%0%#+ #"%'',+(#+ &%$%(-*-%$ -% score &2*# -*'+%$ 1($ $(11/$+  +/*' -%' (*+$%'  9(;*% ./,' ;*2,- %'+ 0/&,8" '(#'/*)-,%$ &% 0(,#+%#,$ /$&/##"% -( -,'+% &%' '/$%'4 5% #/*J%(* /01$/0,' ,#'+(*$" #% $%(-*-%$(1(' -% score  9(;*% "+(1% ($ ,- /$$%'1/#& (* #/0)$% 0(6,0*0 &% J/,',#' %# /00*# %#+$%ScU
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 !"#  !"# $ %&'(()*',)-.'/0 12%3  !" #$%&'
1 seul voisin en commun

1 seul voisin en commun

 (" )*+,-..- ,-/01*2 -2 134*0!25!+ 31213+3 6-+7 ,*10120 *33+204*+/ 95!(.1/ +2 .1-2 -25/- 6-+72:+60 !"#  !"4 $ 56'780 90( 7-).,( 7'6,':0'., 90( /-)().( '/012%390;< .=;9( 90 8'>;0 &;(,06 C1 0, C2 (-), 7&;( ?-6@0&&0@0., A
score(Ci, Cj) = good(Ci, Cj) = maxpt∈Ci,pl∈Cj

#voisins(pt, pl)-B #voisins(pt, pl) 0(, &0 .-@C60 90 /-)().( 7'6,':D( 7'6 pt 0, pl! E 760@)F60 /;0 0,,0 @D,6)>;0.D0((),0 ';(() 9GH,60 60'&;&D0 I 8'>;0 D,'70 90 &' &'(()*',)-.! %070.9'.,J ()@)&')60@0.,I K12%3J &0 .-@C60 90 &;(,06( .G0(, 7'( *<D I 76)-6) 0, 0,,0 .-;/0&&0 /06()-. 60:6-;70 &0(&;(,06( ,'., >;0 0 (-60 0(, '; 90((;( 9G;. 06,'). (0;)& γ! E).()J 0&' 60/)0., I 0<,6')60 &0(-@7-('.,0( -..0<0( 9; :6'780 ).),)'&0@0., -.(,6;), 9-., &0( '6H,0( (06-., 7-.9D6D0( '/0;. 7-)9( (;7D6)0;6 I γ! L. -.(D>;0.0J 0,,0 .-;/0&&0 /06()-. 90 12%3 .GD/'&;0 7'( goodγ /-)().( >;) (06-., '&-6( 'N-;,D( '; .-;/0'; &;(,06!W.0 76-D9;60 ()@)&')60 0(, '&-6( '77&)>;D0 6D;6()/0@0., (;6 8';. 9G0;< 7-;6 X7'6-;6)6Y&G0.(0@C&0 90( '6C60( ?-6@'., &' -@7-('.,0 -..0<0 7-.9D6D0!"Z 



 !"! #$%&'()($%*$%& +,%*-.$/0' !"#$%&'() *  !"$" %& "! '!()*& %+!%,!&-& ! T = {t1, . . . , tN}  !"#$"%& " '"$ ()&)"$ *  ($$") ! d(ti, tj) "$,  ( '-$,(#" "#,)"  "$ ()&)"$ ti ", tj"! τ "$,  ( '-$,(#" %(.-%( " "#,)" '"/. 01-$-#$#! Mij "$,  " #1%&)" '" 01-$-#$ 1%%/#$ "#,)" ti ", tj -#-,-( -$2 * 0$!  !"# i← 1 . . . N $%&#'%!  !"# j ← 1 . . . N $%&#'&! (& d(ti, tj) < τ %)!#('!  !"# k ← 1 . . . N $%&#'(! (& k 6= ∧k 6= j ∧ d(ti, tj) < τ %)!#()*! Mij =Mij + 1))! *+(&) ! *+  !"#)"! *+(&)#! *+  !"#)$! *+  !"#,)-!#&./0' 1  ($$-3(,-1#)! T = {t1, . . . , tN}  !"#$"%& " '"$ ()&)"$ *  ($$") ! Mij "$,  " #1%&)" '" 01-$-#$ 1%%/#$ "#,)" ti ", tj"! init(t) )2" /# #1/0"(/  /$,") 1#,"#(#, ". /$-0"%"#, ti#! c.add(t) (41/,"  !()&)" t (/  /$,") c$! Labeli -#'-5/" $- ti "$, '24* -#,26)2 '(#$ /#  /$,") ", "$, -#-,-( -$2 * FAUX%!  !"# i← 1 . . . N $%&#'&! (& ¬Labeli %)!#('! c = init(ti)(! Labeli = V RAI)*!  !"# j ← 1 . . . N $%&#'))! (& i 6= j ∧Mij > γ ∧ Labelj = FAUX %)!#() !  /$,")-#67489)"! *+(&)#! *+  !"#)$! *+(&)%! *+  !"#)&! )"(.'#&+-7:8 /$,")9 ;)'! Labelk = V RAI)(! <(''7tk9 *!  !"# j ← 1 . . . N $%&#' )! (& k 6= j (#' Mkj > γ (#' Labelj = FAUX %)!#(  !  /$,")-#67489 "! *+(& #! *+  !"# =>?
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d3! @)+)'9/',M PQR '5)--&,) 2') =)-2*) 9) -&=&;/*&,5), '3' 2') 9&-,/') 9<3S d′3 = 1 − d3! 6/ 9&-,/') '3' '3*=/;&-5) )-, d1 93', ;)- 4/;)2*- -3',*/=)'5)- 43;3',/&*)=)', )',*) T ), " +32* 2' +/*/=5,*/() +;2- L/&;) I d′1 = e−0.01d



 ! ! "#$&'()#$ !" " $%&' (" )*&+ ,-&+.%/0*'&%+ &+.1/1 2*/ (* $'/!'!/" $3+'*4&5!" ,-!+ 0"$$*)" %! 2*/(" %02%/'"0"+' '"02%/"( ,-!+ 15!&2"0"+'6 "$ '"7+&5!"$ /"$'"+' +1*+0%&+$ 2*$$&8"$ "' $",&91/"+&"+' (*&/"0"+' ,"$ *!'/"$ *22/%7"$ 2/%2%$1"$: ;"!( <=>?℄ 5!& * &+$2&/1 (-!'&(&$*'&%+,-*/A/"$ $3+'*4&5!"$ "$' 2/%7" 0*&$ $" ,10*/5!" ,"$ '/*8*!4 2/1$"+'1$ && 2*/ (* %+$'/!'&%+,-!+ */A/" )1+1/&5!" 2%!/ 7*5!" '32" ,-15!&2"0"+' +1"$$&'*+' !+ '"02$ ,-*22/"+'&$$*)" '/B$(%+) 2*/ /*22%/' C (* '"7+&5!" 2/1$"+'1" && D(" 7*2&'/" E ,%++"/* 2(!$ ," ,1'*&($F:

=GE
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 !"#$#%&' ()!*#'
 !"#$"%&'(

 ! 





  !"#$"%&'!) *!) +$,'!,)
 !""#$%&  !" #$%&'()%+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ",- !. /0123)4 #/5 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ",6 !"!# $%&'(&% ')*+,& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #-- !"!" $.%.'+/%&0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #-- !"!1 2//&(34.5(,(/6 ')7&44& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #-8 !"!9 :)'5%& *& 0.;/0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #-  !"!- :)'5%& *& 4<;*0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #-= !- 73&389%&21 (21 8'(9:21 ;3+&<=<;3+& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ">? !6 @:3;;2& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ">? !9!# :)'5%& *& 0.;/0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #8> !9!" :)'5%& *& 4<;*0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #8# !, 5A'&( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ">. !-!# :)'5%& *& 0.;/0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #81 !-!" ?(0/.4& &4/%& *&;A (*&4/(B.4/0 d ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #89 !-!1 :)'5%& *& 4<;*0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #8- !-!9 2//&(34.5(,(/6 ')7&44& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #88 !> 5'8;3&3+1'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ">> !8!# C./&;% *& 5%.4D&'&4/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #88 !8!" E'F./ *&0 .//.G;&0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #8  !8!1 ?6,.(0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #8  ! 5'$:)1+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ">B !" #$%&'()%+'$ !" #!$%&$'()!" !)+,"(-!(./!" #($ /!" '&01/!" ,)2$&03,2" 0()" /! 4(#,2$! 5 %&)2 /6&.7!2 0!!/3,8,9 :&3$ $(##!/; /6&.7!2,% #$(2,<3! +,"= !"2 3)! "3#!$+,",&) > /($-! =4!//! 2!/ <3! /6!)+&,063) '!""(-! ?3)! $!<3@2!A #($ /! &)2$�/!3$ ?"3#!$+,"!3$A !) .$&(0("2 > 3) -$()0 )&'.$!06=<3,#!'!)2"9  !" .&2)!2"; &32,/" 0!" (22(<3()2"; &)2 "!'./= @2$! 3) 4&,C 730,,!3C '(," <3,)=!"",2! <3()0 '@'! 06@2$! #$&3+=9 D,)",; ! 4(#,2$! =230,!$( 2$&," ($4,2!23$!" 0! .&2)!2"#&"",./!" #&3$ 0=2!$',)!$ /!3$ +,(.,/,2= !2 /!" &'#($!$ "!/&) 0! )&'.$!3"!" &)E-3$(2,&)" FGHI
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avg_att(N,m) = { f1(α(m),N) , N ≤ 20

f2(β,N) sinon
PS<OQO`a
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6× ts + 100 × th < 3000 × th
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α(m) = e
i−m
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att(N, d) =

{

f1(m,N) , d ≤ 20
f2(β,N) sinon

A !GB%>' f1 -+' <0+460+ (0633%+4' 3'$0+ m '4 /8(0633%+4' 3'$0+ N 011' $' 10+4(' $'3 &('16H('3023'(>%460+3 6@/'33-3 4%+/63 ?-' f2 '34 -+' <0+460+ /8(0633%+4' /' N '4 10/8(8' &%( β!D+I+: $'3 &'(<0(1%+'3 (83-$4%+4 /5-+ <%4'-( /' 2(%+C'1'+4 m = 2 30+4 /83%34('-3'3 '4 $%<0(1' 78+8(%$' /' $5%44'67+%26$648 /8/-64' &(88/'11'+4 +5'34 &%3 %&&$6%2$' &0-( ' %3 &(863!J$0(3 ?-' '44' >%$'-( '34 $% >%$'-( &%( /8<%-4 /' #$%&&'(: '$$' 0+3464-' -+ 1%->%63 C06K '4 '346+-46$63%2$' '+ &(%46?-' /%+3 -+' 0&46?-' /' 3-&'(>6360+ $%(7' 8C'$$'! !" #$%&'L'3 &%6(3 30+4 (8&%(463 -+6<0(181'+4 3-( $5%++'%- /' 4'$$' 30(4' ?-' $% /634%+' '+4(' $'36/'+46I%+43 /' /'-K &%6(3 0+38-46<3 3064 '+ 10M'++' 87%$' N d !"##" $%&#'(" (" $*%# +'& ,#-"*(.*($/" '0" 1' $%&#'(" "( (*23-" $" &'/#& 4/% &5+'-"(# $"/6 +'%-& "# (*#5" 75(5-'1"2"(# k%8'+-9& :'(& 1" +-"2%"- '&; 1' $%&#'(" &"-' "6+1%%#"2"(# 4/'1%<5" $" $%&#'(" "(#-" %$"(#%<'(#&'1*-& 4/"; $'(& 1" &"*($ '&; "11" &" $5(*22"-' $%&#'(" "(#-" $"/6 +'%-& =>?
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#routes = log2(NMAX)− log2(d) = log2

(

NMAX

d

)

= log2(N)U&'502,5,/+I 2,4 +,'5,4 log(NMAX) ,+ log(d) 4&/+ ,/434 K+', (,4 ,/+-,'4 02&'4 E7, , /?,4+ ;04@3'->3 (0/4 2, 04 (,4 &7'1,4 C1 ;&7' 2,4E7,22,4 7/ +,'5, 2&.0'-+%5-E7, ,4+ ',5;203 ;0' 2,;274 .'0/( ,/+-,' -/L3'-,7' J 20 @02,7' '3,22,! N/ &/43E7,/,I 2&'4E7, d ,4+ 7/, ;7-440/, (, 28C0<I 077/, +'&/0+7', /?,4+ &;3'3,! V &/+'0'-&I 20 4,&/(, 2044, -5;2-E7, 7/, +'&/0+7', ,+(&/ 7/, '3(7+-&/ (7 /&51', (?,/+'3,4 (0/4 20 +012, (, '&7+0., (?&W 7/, 0++,-./01-2-+3 ;274',4+',-/+,! *;'P4 0@&-' +,4+3 0@, (,4 @02,7'4 (, d (, S J SXI 2?,G-4+,/, (, ,4 (,7G 2044,4 ,4+1,2 ,+ 1-,/ @3'->3,!Y&7' 7/ '34,07 (, +0-22, 3E7-@02,/+,I 20 ;',5-P', 2044, &M', 7/, 5,-22,7', 0++,-./01-2-+3-/(3;,/(0/+, (, 20 (-4+0/, d ,/+', -(,/+->0/+4! Z0/4 2, 4,&/( 04I 2?0++,-./01-2-+3 ,4+ 23.P',5,/+SX[
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β -;, >1(/.013 1( :0 1,,1E:10, )4;.(10, )4':C(.( ,':, 3- (4;-1: )-C(1.,= )10; 3- >-.33-:( )-;1; 8':( 3:.= F,(- -0 >-;:(- )G-;8.'00-( 3-; '00-?.'0; )- N

log(N)
0J:); 5C'.( ;-,.'0 K!L!M9!%&'() -;, )'0 31 >-.33-:(- ;'3:,.'0 )10; 3G'8,.E:- )- ).D:;-( :0- (-E:F,- )- ;:8-(C.;.'0 C-(;3G-0;->23- )-; 4E:.8->-0,;! %-,,- '03:;.'0 -;, 1-0,:4- 81( 3- 81(133N3- 1C- 3G1,,-./012.3.,4)- 63188-( ;:( 31 O/:(-  !P! Q3:; 8(4.;4>-0,= 3- <1,-:( )- 2(10&->-0, )- 63188-( <:, O?4@ log2(N) 8':( 8':C'.( '>81(-( 4E:.,123->-0, 3-; ).D4(-0,; >')N3-;! R0O0= .3 -;, 8(4<4(123-)G:,.3.;-( :0- 1(&.,-,:(- )- ,S8- 63188-( 83:,�, E:- %&'()= 83:; '>83.E:4- )10; ;1 8&1;- )-)483'.->-0, -, )- >1.0,-010- 1(= 8':( :0 0'>2(- )- ;1:,; .0<4(.-:( ': 4/13 @ 6= 63188-( ;-1(1,4(.;- 81( :0- 1,,-./012.3.,4 4E:.C13-0,- C'.(- >-.33-:(-! !"!# $%&'()+ +)',+ -+./ %-+)'%0()'& d+3'(; E:- 3G-?84(.-0- 8(44)-0,- O?1., 3- 0'>2(- )- 81.(; 1,.<;= -33-U. '0;.)N(- 31 ,1.33- )-3G-;81- )-; .)-0,.O10,; '>>- .0C1(.123- -, 4,:).- 3-; 8-(<'(>10-; ;-3'0 31 ).;,10- d >'S-00--0,(- )-:? .)-0,.O10,;! V1 O/:(-  !"#519 ;:88';- NMAX = 214 -, >'0,(- 31.(->-0, E:- 3G1,,-.U/012.3.,4 -;, :0- <'0,.'0 ('.;;10,- )- d! RD-,.C->-0,= NMAX 4,10, O?4= N ).>.0:- 3'(;E:- d1:/>-0,- 8':( (-;8-,-( 31 '0,(1.0,- N = d×NMAX ! W'(;= :0- 8('8(.4,4 -;;-0,.-33- )- %&'()-;, ;'0 (':,1/- -0 log(NMAX) .0).E:10, E:- )10; 3- 8.(- )-; 1; 31 (-E:F,- )-C(1 F,(- ,(10;U>.;- log(NMAX) <'.;! +.0;.= 1C- :0 (':,1/- ,':, 1:;;. -X1- -, >'.0; )- 0J:); @ '0,1,-(=3G1,,-./012.3.,4 1:/>-0,- -0 81(133N3- )- d!Q3:; 8(4.;4>-0,= :0- (4):,.'0 )- N ;G1'>81/0- <'(4>-0, )G:0- (4):,.'0 ): 0'>2(-)G-0,(4-; ).D4(-0,-; )10; 3-; ,123-; )- (':,1/- )-; 0J:); 1(= '>>- 8(44)->>-0, >-0,.'004=.3 S -0 1 log(N)! %-8-0)10, 31 )4('.;;10- )- 31 <'0,.'0 3'/1(.,&>.E:- -;, >'.0; 43-C4- E:- -33-3.041.(-! +.0;.= 3'(;E:- d -;, >:3,.83.4- 81( k= 3- 0'>2(- )G-0,(4-; )- 31 ,123- )- (':,1/- ).>.0:- )-

log(NMAX

d
)− log(NMAX

d×k
) = log(k)! R0 >F>- ,->8;= 3- 0'>2(- )- 0J:); )10; 3- (4;-1: -;, E:10,@ 3:. ).C.;4 81( k! B-; C13-:(; 1;;-Y 43-C4-; )- N ,(1):.;-0, :0 0'>2(- )- 0J:); E:. )4('Z, 83:;"[K
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 !"#  !"/ $ 0123+4+5*16 )'* 21)78'* +9'
N = 5000 !"!# $%&') *+, '))'-.+,0'((' ;9+8-+(516 2'*-4' 8+ 4;*5*(+6' )'* )5&;4'6(* *<*(72'* +-= +((+,-'*! 0122' '=385,-;+-3+4+9+6(> ?8+33'4 '( @A0 *16( *1-25* )' 8+ 2B2' 2+6574' C 8+ 341D+D585(; β ,-E-6 6F-)*15( 1234125* +4 -6 *'-8 6F-) )' ' (<3' '6(4+G6' 8+ );1-9'4(' )- 4;*'+- (1-( '6(5'4! H+416*;,-'6(> -6 +((+,-+6( 166+G( 8'* N 6F-)* )- 4;*'+- +9' -6 341D+D585(; 1 − (1 − β)N ! %621<'66'> 58 '*( )16 31**5D8' )' )54' ,-' *-4 38-*5'-4* D1(6'(* )' 2B2' (+588'> detectslapper =

N(1− (1− β)N ) 6F-)* *16( 3'4I-* 3+4 8E+((+,-+6(!J+6* 8' +* )' 0K14)> 8' 612D4' 21<'6 )' 6F-)* +((+,-;* '*( βN '( K+-6 )E'6(4' '-=166+G( log2(N) +-(4'* 6F-)* LM142-8' LN!"OPP! %6 16*5);4+6( 8' 354' +* 1Q 8+ (+D8' )' 41-(+R')' K+,-' 6F-) 1234125* *15( (1(+8'2'6( )5&;4'6('> 8' 612D4' 21<'6 )' 6F-)* 166-* 3+4-6 +((+,-+6( '*( S detectchord = βN × log2(N)!H1-4 31-9154 123+4'4 4+35)'2'6( '( *5238'2'6( 8'* )5&;4'6(* 21)78'*> 8' 4+(51 *-59+6( '*('2381<; S
r(N) =

detectslapper

detectchord

=
1− (1− β)N

β × log2(N)TE'&'( D;6;U,-' )' 0K14) '*( 25* '6 '='4R-' *-4 8+ UR-4'  !"# +4 8' 4+(51 +-R2'6(' 4+.35)'2'6( '6 3+4+8878' )- 612D4' )' 6F-)* )+6* 8' 4;*'+- V-*,-EC +(('56)4' 8+ 9+8'-4 2+=5.2+8' r(215) = 650! 0'8+ *5R65U' ,-E58 < + WOX M15* 38-* )' 6F-)* 166-* +9' @A0 1- ?8+3.3'4 ,-E+9' 0K14)! T+ 1-4D' +214' +814* -6' 8;R74' );415**+6' 9'4* *+ 8525(' '6 8E56U65 S
limN→∞ r(N) = 0! 0'3'6)+6( 31-4 -6 4;*'+- )' (47* R4+6)' (+588' ('88' ,-' 2512 6F-)*> 8' 4+(519+-( #X! J' 2+6574' R;6;4+8' 0K14) '*( 38-* 4;*5*(+6( +-= +((+,-'* ,-' ?8+33'4 1- @A0 +4 8'*6F-)* )' 0K14) 6E16( ,-E-6' 9-' (47* 4;)-5(' )- 4;*'+-! !"!/ 012'3,Y(+6( )166; -6 ('23* )' (4+6*25**516 ttrans '6(4' )'-= 6F-)* ,-'816,-'* L*'49'-4 1- D1(*P>-6 612D4' )' *+-(* 3'42'((+6( )E1D('654 -6' +(('5R6+D585(; *5258+54' )+6* 8E'='238' )' 8+ UR-4' !"/ LO 31-4 @A0> Z 31-4 ?8+33'4 '( W 31-4 0K14)P '( (1-V1-4* -6' 21<'66' )' "XX D1(* 3+4*'49'-4 @A0> 8'* M142-8'* LN!"XP '( LN!"WP '*(52'6( 8' );8+5 6;'**+54' 31-4 )5&-*'4 8+ 4',-B(' +-=6F-)* S "W 
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36
-'73 &) '3 (*;3)75 CN = 5000D: #)()7-'75 &)3 -;&'03 -'73 #+,*-*)35)75 (&13 ,1*53 91) )1< 'B) 17) '*+05)51*) !"# 'B) 17 *'50, -) 105

73
: E (*)/08*) B1)A)55) -0F;*)7) 3)/6&) 4'06&) /'03 3)1& #+,*- )35 '('6&) -) -0F13)* 17) *)91G5) H 5,13 &)37@1-3: I'* )<)/(&) !"# 7?)35 '('6&) -?'55)07-*) 91) 0.6× 5000 = 3000 6,53 C>=1*) J:KLD 'B)17 -;&'0 -) 105 × ttrans '&,*3 91) #+,*- &)3 '55)075 5,13 )7 KM 3'153 3,05 17 -;&'0 /'<0/1/ -)

10log2(5000) × ttrans = 122ttrans: I'* ,73;91)75A #+,*- )35A -'73 ) '3A &;=8*)/)75 (&13 &)75'* 122
105

= 1.16 /'03 ('*B0)75 H 5*'73/)55*) &' *)91G5) H NMO -) 6,53 )7 (&13 3,05 (*'5091)/)75&) -,16&) ! "#$&'()#$.) +'(05*) N 'B'05A )7 (&13 -) -;>70* &'0*)/)75 &)3 /,-8&)3A 3(;0>; &)3 ,6P)5043 H '55)07-*)-'73 &) '-*) -) &' 31()*B030,7 H &'*=) ;+)&&) $ ('33'=) H &?;+)&&) $ 17 =*'7- 7,/6*) -) /'+07)3 H ,7>=1*)*A )Q'05; $ 7,1B)&&) ,7>=1*'50,7 -;(&,R;) *'(0-)/)75A '7,7R/'5 $ 17 '55'91'75 7) -,05 ('3 (,1B,0* -;,1B*0* &)3 /'+07)3 31()*B03;)3 '0730 91))&&)3 910 ,75*��&)1*)35 60)7 (*;3)*B; -'73 &)3 *;3)'1< ('0*THT('0* =*W) '1< 7,/6*)1< 7@1-3 075)*/;-0'0*)3: .) 4'06&)7,/6*) -) )3 -)*70)*3 -'73 !"# '0730 91) &' 7;)3305; -?'B,0* 17) '15,*05; )75*'&) (*)7'75 )7+'*=) &) -;(&,0)/)75 -)3 3)*B)1*3 *)7- ) 5R() -) *;3)'1 6)'1,1( (&13 B1&7;*'6&): .?'B'75'=)KXY
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sens(y) =

∑

mi∈M |t(mi)=y xi
∑

mi∈M |t(mi)=y 1
avec xi = 1 si t(mi) = t(c(mi)) sinon 0 >M7R?NSF
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 0" 1+,*'(/!'()* +,. '23,. !$, τ = 0.1 !"#  !" # $%&'()*+,- .+/*0*.+2&) # 3+'(*+4&(+5, 6)' 0*0(7*)'(0,(' 08, 6) %)' /%0()* ), 9%&'+)&*' 9),60,( %0 ')5,6) 90'')!:,8,; )(() 9*)<+7*) %0''+80(+5, +%%&'(*) %) 5<95*()<),( 6& 90*(+(+5,,)<),( .+/*0*.+2&)%5*'2&) '5, 90*0<7(*) 9*+,+90%; τ ; =0*+) )( 65,( %>+<90( '&* %)' */'&%(0(' )'( 5,'+6/*04%) 5<<)%) <5,(*) %0 8-&*)  !?@0A! B+,'+; %5*'2&) τ 0&-<),(); 6)' %&'()*' 9%&' /%5+-,/' 9)&=),( C(*)-*5&9/' +<9%+2&0,( &,) 0&-<),(0(+5, 6) %0 %0*-)&* 6)' %&'()*' 54(),&' )( 65, &,) 6+<+,&(+5, 6)%)&* ,5<4*)! B 5,(*0*+5; %>/=5%&(+5, 6) %0 9*/+'+5, )( 6) %0 '),'+4+%+(/ ')%5, %) 90*0<7(*) τ ,>)'(90' 0&''+ /=+6),()! D0* )E)<9%); 0& F&* )( G <)'&*) 6) %>0&-<),(0(+5, 6) τ ; %0 9*/+'+5, 5<<),)90* *5H(*) 0=0,( 6>C(*) 6/-*06/)! :, )I)(; τ 9)(+( ),-),6*) %0 */0(+5, 6) <&%(+9%)' <+*5J%&'()*'/90*9+%%0,( 0+,'+ %)' <)''0-)' 6) <C<) (K9) 0& ')+, 6>),(*) )&E <0+' 0+60,( 0%5*' G 6/5&=*+*%>),')<4%) 6)' (K9)' */)%'! $)9),60,(; ')&% &, %&'()* 90* (K9) )'( 5,'+6/*/ 5<<) L&'() )( %)'0&(*)' +-,5*/' 6>5M 6)' */'&%(0(' </6+5*)'! N5*'2&) ττ = 0.05A; (5&( ), 5,')*=0,( &,) 9*/+'+5,'+<+%0+*) G )%%) 54(),&) 60,' %) <)+%%)&* 6)' 0' 0=) %0 6+'(*+4&(+5, 5*65,,/) 6) %0 8-&*)  !?@0A2&+ ,) 6+'(+,-&0+( 2&) QTR 6)' (K9)'! D0* 5,'/2&),(; %0 '),'+4+%+(/ <5K),,) )'( 9%&' F5*()!P0%.)&*)&')<),(; %0 5<95'+(+5, 6)' %&'()*' 95&* &, 45, 5<9*5<+' @τ = 0.1A ,) <)( (5&L5&*'90' ), /=+6),) 6)' 9*59*+/(/' 2&+ %0+'')*0+),( ),=+'0-)* &,) 6)&E+7<) 90'') 6) %0''+80(+5,!UVV
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βWiniti < C < 1=4 )2-82 ./*+4(/*2 )-778162/*4(+2 7.-+ .,*2/(+ -/2 84))(>4*(./ 19-(@482/*2 2)* 02 /2 74)A.()(+ 02) @482-+) *+.7 2?*+X62)M :2)*POP0(+2 7+.A2 02 -/! q 4+.Y* 82) 0(J1+2/2) 2/*+2 82)62))4<2) 0:.Z -/ 2J2* ./)(01+4,82 )-+ 84 84))(>4*(./! UJ2*(@262/*M 8.+)9-2 q 4-<62/*2M 82)0(J1+2/2) 2/*+2 82) 62))4<2) 4-))(M 2-?P( )./* 02 78-) 2/ 78-) )174+1) 72+62**4/* 4(/)( 02 74))2+0:-/ <+4/0 8-)*2+ *+.7 <8.,48 O 02) 8-)*2+) 78-) )71(>9-2 2* 0./ -/2 62(882-+2 7+1()(./! R./*+4+(.M 9-4/0 q 4-<62/*2 2?4<1+162/*M 82) 8-)*2+) )./* 2/.+2 184*1) 0()72+)4/* 82) 62))4<2)02 6X62 *;72 2* +10-()4/* 4(/)( 84 7+1()(./ 02 84 84))(>4*(./! =2 /.6,+2 02 *;72) 01.-@2+*)2)* 9-4/* O 8-( +.())4/* 4+ -/2 4-<62/*4*(./ 0- /.6,+2 02 8-)*2+) ):4.674</2 8.<(9-262/*02 84 01.-@2+*2 0:-/ 78-) <+4/0 /.6,+2 02 *;72)! D"[
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 0" 1+,*'(/!'()* +,. '23,. !$, q = 0.1 !"#  ! " #$% " &'()*'+,)'-. /0( 1-(')'-.( 1-./2*20( /0( 4*4)5*0( !"!# $%&'()* +,(-.,* !"#$ %&' !' (')!!'&# "(+#"()$ ,-' ./0 "1"#2,)3 ,-' q = 14 !5)2'13)6,3)"1 $+7)6%&' 2'8,%&' 39+' 2,1$ !' ,$ q�37=.&)3' G +!&$)'&#$ 3'$3$4 !' +,#3)3)"11'('13 +,#,(73#7 +,# τ
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C = 0.3

Précision
%Types trouvés

Sensibilité (moyenne)
Sensibilité (écart−type)

 !"#  !"# $ %&' ( %)*+ ,-.-/0.234567 /23 8-9:;0 96<-. 0. 9; <0=. >.50 4?7 ,0 ;- 6-39@50 /=9A-3.0 B
βCiniti = 1

N
/ C! D.-3. ,2337 ;0 <-5-6@.50 qE ;- 67.59F=0 evolCc(q) 60/=50 ;G7A2;=.923 ,= 326:50 ,0 ;=/.05/03.50 ,0=? A-;0=5/ .0/.70/ ,0 q -;25/ F=0 evolCw(q) 0/. ;G7A2;=.923 ,0 ;- <;=/ H5-3,0 ;-5H0=5,G=3 ;=/.05E 0;;0(6>60 ,74390 2660 ;- <;=/ H5-3,0 ,9/.-30 03.50 ,0=? 60//-H0/ ,G=3 6>60;=/.05! '0..0 ,9/.-30 ,29. :903 7A9,06603. >.50 -;=;70 ,0 ;- 6>60 6-39@50 F=0 <03,-3. ;0;=/.0593H! I= A=0 ,0/ 57/=;.-./ <577,03./E ;G=.9;9/-.923 ,0/ <2/9.923/ <23,7570/ 0/. 23/09;;70!J0 5�;0 ,0 ;- <5069@50 <-//0 ,0 %&' 0/. ,23 ,0 5705 ,0/ H5-3,/ ;=/.05/ <2=A-3. 50H52=<05<;=/90=5/ .L<0/ /-3/ .2=.0829/ >.50 67;-3H7/ <-569 <;=/90=5/! I93/9 =30 -=H603.-.923 ,0 q ,29.96<;9F=05 =30 2:/05A-.923 /9H394-.9A0 ,= 326:50 ,0 ;=/.05 -93/9 F=G=30 57,=.923 ,0 ;- ;-5H0=56-?96-;0 93,9F=-3. F=0 ;G-=H603.-.923 ,= 326:50 ,0 ;=/.05/ 0/. :903 ,M0 N =30 ,9A9/923 85-3O0,G=3 2= <;=/90=5/ H52/ ;=/.05/! evolCw(q) 0/. 03 8-9. ;G7A2;=.923 2<<2/70 ,0 ;- ;-5H0=5 6-?96-;0<0560..-3. ,0 .5-05 ;0/ ,0=? 67.59F=0/ /=5 =3 6>60 H5-<O0 N ;G93/.-5 ,0 ;- 4H=50  !""!J0 <-5-67.5-H0 ,GP)I+ 57A@;0 <;=/90=5/ <9/ <2=5 evolCw(q) ,23. ;0 ,053905 <2=5 ;- A-;0=5

q = 8.5 0/. 8-9;0603. 0?;= -5 ;0 326:50 ,0 ;=/.05/ 23/.5=9./ 52Q. 6293/ 5-<9,0603. 2660 ;0,7623.50 =30 A-;0=5 <5-.9F=0603. 3=;;0 <2=5 evolCc(q)! J0 <9 03 q



 !"! #$%'()*$%
 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0  1  2  3  4  5  6  7  8  9  10

q

evol_w(q)
evol_c(q)

 !" #$%&  0

 0.1

 0.2

 0.3

 0.4

 0.5

 0  0.05  0.1  0.15  0.2  0.25  0.3

q

evol_w(q)
evol_c(q)

 '" ($)& !"#  !"" # $%& # '()(*+,)(-. (/,0*(,12/. 3. q

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0  0.25  0.5  0.75  1  1.25

q

evol_w(q)

 0

 0.002

 0.004

 0.006

 0.008

 0.01

 0.012

 0.014

 0.016

 0  0.25  0.5  0.75  1  1.25

q

evol_c(q)

 !"#  !"4 # ,/515-$6'
q = 0.02 2/17 *(8-)+ 9( 31:+).5. <() )(<<0), = 8( >(8./) 9+8.,1055+. *(5/.88.*.5,7 <.)*.,3?(/-*.5,.) 8( <)+19105 3?/5 <015,!&05.)5(5, $6'7 8.9 <8(-.9 3. >(8./)9 3. evol@w(q) ., evol@c(q) 905, ,)0< 31:+).5,.9 ., 9.).,)0/>.5, (1591 ,)(+.9 9/) 3./A -)(<B12/.9 31:+).5,9 9/) 8( C-/).  !"4! D?+>08/,105 3. 8( 8()-./)3/ <8/9 -)(53 8/9,.) 5. 3+>018. 2/?/5. 9./8. (/-*.5,(,105 E)/,(8. <0/) 8(2/.88. 8( 0/)E. 3/50*E). 3. 8/9,.)9 <)+9.5,. +-(8.*.5, /5 <1! &.,,. >(8./) 9+8.,1055+. (/,0*(,12/.*.5, .9,
q = 0.05 .,7 E1.5 2/. 31:+).5,. 3. 8( >(8./) *(5/.88.*.5, B0191.7 <.)*., 3?0E,.51) 8.9 *F*.9<.)G0)*(5.9! !" #$%'()*$%D.9 ,.9,9 *.5+9 (/ 0/)9 3. . B(<1,). 05, *19 .5 +>13.5. 3. E055.9 <.)G0)*(5.9 <0/)8( 8(991C(,105 = 3./A 51>.(/A <)0<09+. 3(59 8. B(<1,). H 9. E(9(5, 9/) $%& ., /5. 50/>.88.).<)+9.5,(,105 3.9 *.99(-.9! I:.,1>.*.5,7 8( 319,)1E/,105 3.9 <091,1059 <053+)+.9 3.9 ()(,J).9" K
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 !""#$%&  !" #$%&'()%+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ",- !. /0%&+1)23 (40567)6%+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ",8 !9 :+$;2&<&+$%+$; '=<'&%2=2$%67 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ",> !"!# $%& '% '())*%+ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #,- !"!. /0102*3104% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #,, !"!" 5*+%0& (6*103%&1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! # # !? :+$;2&<&+$%+$; 3@$%6A+1)2 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! " ? !7!# $%&8 '% '())*%+ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! # 7 !7!. 9:)4%161:)3:)4 +&6%1;:+* ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! # 7 !7!" 9:)4%161:)3:)4 )() +&6%1;:+* ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! # < !7!7 =6*103%&1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #   !- B'$7)3+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "   !" #$%&'()%+'$ ! #$%&'(! )*$+,! +$ *&$-&+&') .!/ .&0)(!1'!/ '!#1&2,!/ .! 314!(%(&1'&14 )+$-5()!/ .$1/ +!#$%&'(! 6 *&/$1' 7 .)'!(8&1!( +! '9%! .:,1 )2,&%!8!1' %5,( ,1 %(5'55+! .511); <$1/ !''!)',.!= !/ 8)'#5.!/ /!(51' &++,/'()!/ 4(>! $, %(5'55+! ?@A &1'(5.,&' .$1/ +$ /!'&51 B;C; A5,(($%%!+= !/ 8)'#5.!/ (!%5/!1' /,( .!/ .!/(&%'&51/ /)8$1'&2,!8!1' (&#!/ .:,1 5, %+,/&!,(/8!//$4!/ .$1/ +:5%'&2,! .:D'(! .&E&+!8!1' 51'(!F$&'!/;G&1/&= +$ %(!8&H(! (!%()/!1'$'&51 !/' .&'! 58%5('!8!1'$+! $( !++! (!4(5,%! ,1 !1/!8-+!.! 8!//$4!/ $, /!&1 .:,1 $(-(! IJKL?M &++,/'($1' +!/ /)2,!1!/ %5//&-+!/ .! 8!//$4!/ !' +!/.)+$&/ !1'(! !,N;  !''! $($')(&/$'&51 %!,' $+5(/ D'(! '!/')! $*! +$ 8)'#5.! .!/ 8$#&1!/ 7*!'!,(/ .! /,%%5(' 4(>! 7 ,1! F51'&51 159$, /%)&$+!8!1' .)31&!; O:$,'(! (!%()/!1'$'&51%5//&-+! /:$%%,&! /,( +$ /'(,',(! #&)($(#&2,! !' /91'$N&2,! .!/ #$8%/ 58%5/$1'/ ,1 8!//$4!$( ,1! '!++! /'(,',(! %!,' .&E&+!8!1' D'(! 51'(!F$&'!; O!/ 8$#&1!/ 7 *!'!,(/ .! /,%%5('/!(51' )4$+!8!1' !8%+59)!/ 8$&/ $,//& 58%+)')!/ %$( ,1 15,*!+ $+45(&'#8! .! +$//&3$'&51'5'$+!8!1' 151 /,%!(*&/)= :!/'K7K.&(! 1! 1)!//&'$1' %$/ .! %#$/! .:$%%(!1'&//$4!;PBQ



℄*+,' 4,! %$('&! $ *2E@ 2'2 *2(&'! $4 #$%&'(! %(22*!,'7  +,/&*2($,' xd .! ,+-9(! *5$(9(!/$//+&2/ @ 4, 234&%!-!,' *! '>%! d8 yd .! ,+-9(! *5$(9(!/ &*!,'&<2/ +--! *! '>%! d !' zd2d1.! ,+-9(! *5$(9(!/ *! '>%! d2 .$//2/ +--! d18 N .! ,+-9(! '+'$. *5$(9(!/8 .$ %(2&/&+, !/' .$%(+%+('&+, =2,2($.! *5234&%!-!,'/ +((!'!-!,' &*!,'&<2/ L
acc =

∑

d∈D

zdd/N MI7HNF$ /!,/&9&.&'2 !/' .! ,+-9(! *5234&%!-!,'/ *54, '>%! d &*!,'&<2/ +((!'!-!,' L
sens(d) = zdd/xd MI7JNF! ($'&+ /4&)$,' !/' .! ,+-9(! r *! *&12(!,'/ '>%!/ *2+4)!('/ %$( .! <,=!(%(&,'&,= ,+,/4%!()&/2 !, +-%$($&/+, *4 ,+-9(! k *! '>%!/ *&/'&,'/ (2!./ L
%types =

r

k
MI7ONP! %.4/8 .$ /%2&<&'2 -!/4(! .$ +,/&/'$,! *54, .4/'!( !, $.4.$,' .! ,+-9(! *5$(9(!/ 345&.+,'&!,'8 +((!/%+,*$,' $4 '>%! *4 .4/'!( L

spec(d) = zdd/yd MI7QNF!/ -2'(&34!/ &,*&)&*4!..!/ ,! *+,,!,' -$.#!4(!4/!-!,' %$/ 4, $%!(R4 =.+9$. *!/ %!(0+(S-$,!/ *5+T .5&,'(+*4'&+, *! )$.!4(/ -+>!,,!/ L
avgUsens = ∑

di∈D

sens(di)/N

avgUspec = ∑

di∈D

spec(di)/N
MI7AN;.+(/ 34! .$ %(2&/&+, *+,,! 4, ($%&*! $%!(R4 *!/ %!(0+(-$,!/8 !..! %!4' 0$&.!-!,' :'(!9&$&/2!7 V, !1!'8 /& 4,! .$//! (!%(2/!,'! BWX *!/ *+,,2!/ @ .$//!(8 &. /4Y' *! ($,=!( '+4'!/ .!/*+,,2!/ $4 /!&, *! !''! .$//! $<, *5+9'!,&( 4,! %(2&/&+, *! -:-! !,)!(=4(!7 V, +,/234!,!8.$ %(2&/&+, *+&' :'(! -+*2(2! /!.+, 4,! -2'(&34! '!,$,' +-%'! *! .$ (2%$('&'&+, *!/ *+,,2!/*$,/ .!/ .$//!/ @ .5&,/'$( *4 +!Y&!,' *5&,0+(-$'&+, -4'4!..! L

IC =
H(X) +H(Y)−H(Z)

H(X)
MI7ZN+T H !/' .5!,'(+%&! $%%.&342! /4( .!/ *&/'(&94'&+,/ /4&)$,'!/ LHBZ



 !"! #$%&'()($%*$%& ,-),(*'-'%*./ X = xi/N Y = yi/N Z = zij
F − score =

2× avgRsens× avgRspec
avgRspec+ avgRsens /S:T5
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Délai moyenα = 1000 6/&3 0/ I-&+%-& 6( &-=/5 5+%0%32( 9>-%)T!U!S *-5) 6( *053 /.*0(3 62+/%03 35) (++( 6()&%C)(A L
K(ti, tj) =

∑

p∈Iij

noeuds(chemini
k
)=p

noeuds(chemin
j
l
)=p

∑

n∈p

e−α|fdelai(n,p1)−fdelai(n,p2)|





 !"#$%&' () *+',%$-"%$/, +'0 123$#'4',%0 !"##$%&!''($)*"++!,$  !"##$ %$ *$+*- . -/ 0/ 1/- /2340 /24-5 /246/ /24/. /271.8/2//59 8/2/-69 8/2/-69 8/2/6-9 8/2/619. /2135 /24.4 /25/. /2446 /24//8/2/049 8/2/-69 8/2/--9 8/2/0.9 8/2/6.9-/ /2673 /24/5 /2451 /2476 /24-58/2/119 8/2/--9 8/2/-69 8/2/0-9 8/2/6.90/ /2070 /23.3 /240- /2431 /24678/2/049 8/2/049 8/2/-.9 8/2/-.9 8/2/-091/ /200- /2135 /2307 /2731 /27308/2/079 8/2/039 8/2/6/9 8/2/679 8/2/649
< ./: ./;7/: 7/;4/: 4/;4.: 4.;5/: ≥⌈5/0.4⌉



 !"! #$%&'()($%*$%& ,-),(*'-'%*./ !"##$%&!''($)*"++!,$  !"##$ %$ *$+*- . -/ 0/ 1/- /2./1 /2.10 /2..3 /2.3. /2.045/2/--6 5/2/316 5/2/306 5/2/116 5/2/136. /2041 /27/. /2718  !"#$  !%$ & ! '"( & ! )%( & ! )%( & ! #*( & ! #%(+  !''#  !%%  !"'%  !")"  !%,,& ! '$( & ! +*( & ! ')( & ! '#( & ! #*('  !+#%  !#%'  !%*'  !"+%  !"''& ! '+( & ! % ( & ! ) ( & ! #%( & ! '*(#  !+ ,  !)+"  !),,  !% %  !%''& ! '$( & ! ) ( & ! )'( & ! % ( & ! )$(
< ) - ) .# - # .% - % .%%- %%." - ≥ " - !"# ,!) / 01234565127123 9:69574:427;< / =4> ?@4AA;1 B A42A1C1<17D :9E4224 &D;57 7E64 427546;5427FGA4(;774127 $ -H 4 I>1 4A7 C4;>9>6 6<>A ;467;C<4 I>4 <4A "%- 9C742>A ;>6;5;J;27! K;5J4215 L, - 4A7 924J;C<4 42 1:69A;27 >2 :121:>: ?4 F>17 MN.0OP! Q2R2H <4A C9S74A L :9>A7;F49554A692?;274A A927 D759174A A1321R;27 I>4 <; A42A1C1<17D 4A7 A7;C<4! T;2A <; A>174 ?4 4774 D7>?4HOUP V9545; <@;6654271AA;34 A>5 ?4>W ;5C54A :121:>:! !"#% &' "#(#!)%(* αX4 6;5;:G754 α ?4 <; V927192 29E;> Y9>4 >2 5�<4 :;Y4>5 ;5 6<>A 1< 4A7 35;2?H 6<>A <4A?1[D5424A 42754 <4A 64717A ?D<;1A A927 ;:6<1RD4A! X; R3>54 ,!'&C( D7>?14 47 ;A647 42 :9?><;27 46;5;:G754 42754 >2 47 +  !   ! T@>2 ?4 69127 ?4 J>4 3D2D5;<H <; 9>5C4 A>17 >24 V95:4 6;5;C9<1I>4!Q2 4[47H >24 ?1[D5424 ?4 ?D<;1 42754 >24 47 I>;754 A492?4A ?917 \754 1274565D7D4 ?1[D54::427?@>24 ?1[D5424 42754 %" 47 %, A492?4A ?@9] <@9C<13;7192 ?@;J915 >2 V;74>5 α > 1! ^4642?;27H?GA <95A I>@α 4A7 7596 D<4JDH <4A ?1[D5424A :121:4A A927 7596 4W;3D5D4A! ^4774 4W6D51:427;7192;1?4 L F91A15 <4 C92 9:659:1A 47 :47 42 4W453>4 7591A J;<4>5A ;467;C<4A B +  H +   9> + !   !M9>74V91AH ?4A 5DA><7;7A A7;C<4AH @4A7.L.?154 924275DA ;>79>5 ?4 <; :D?1;24H A927 65DVD5;C<4A ;51<A A132;<427 I>4 <4A C92A 5DA><7;7A 24 A927 6;A ?D642?;27A ?> 6594AA>A ;<D;79154 ?4 AD<47192 ?4AA4AA192A ?@;6654271AA;34 ?@9] >24 65DVD5424 69>5 α = 1000! !"!" #$%&'( )*$+',&(+O>174 ;>W 5DA><7;7A 65DD?427AH >24 7;1<<4 ?@;6654271AA;34 ?4 ?1W 47 >24 7;1<<4 ?4 74A7 ?4 12IA927 92A1?D5D4A! X4 7;C<4;> ,!# 5DA>:4 <@42A4:C<4 ?4A A7;71A71I>4A 47 ?4A 5DA><7;7A A>5 <4A Y4>W96D5;74>5A 79>7 42 546542;27 <4A 5DA><7;7A 65DD?427A! _D;2:912AH <4A Y4>W 96D5;74>5A D7;27 6<>A35;2?AH OUP V>7 4275;S2D 42 2@4:6<9E;27 I>4 + - ?4A A4AA192A A4><4:427 79>7 42 5D6D7;27 7591AV91A F;I>4 4W6D51424!X; 654:1G54 6;5714 ?> 7;C<4;> 7D:91324 ?4 I>4<I>4A A7;71A71I>4A A>5 <4A Y4>W ?4 ?922D4A ;65GA92A75>7192 ?4A ;5C54A MN.0OP! `95:1A <4 29:C54 ?@;5C54A I>1 4A7 ;>79:;71I>4:427 RWD 6;5+,+
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 !"! #$%&'()($%*$%& ,-),(*'-'%*./
α = 1000Q "*$77'C' "')" R ,;Q"*$77' C8*55#'9"$))*:' R =FD S*7'&#) A6H'99') E!*#" "H5' '9"#' 5*#'9"TU)')F

+H5' C8!%&$5'A'9" 0A'))*:') @*&"'&# 09V&C) *B  $9  6H'99'  *B  $9  6H'99'W)"'#$)XYZ,D/D-, ,;G, -G -. -= -=,< GG. ,-G/I$)62<>/;YZGD> ,?G -= -. -/ -<G/ G,- ,.=-+T6A)69-;.;YZ,D=> ,?/ -G -. -/ -=<? <>. ,.>,+[$9X7'YZ,D, ,>= -= -. -. -/=< G;= ,->>\$9X)H)YZ=D,DG ,>= -G -. -= -<G. G=- ,-/G4]JT69'YZ,D?= -GG .; -. -/ -..; >=, ,,.. !"# >D= P 3$9:'#5#$9"$9: )H9"*B$%&' P 4"*"$)"$%&') )&# 7') *#L#') )H9"*B$%&')
,>.



 !"#$%&' () *+',%$-"%$/, +'0 123$#'4',%0 !" #$%&'()($%*$%& +,%*-.$/0' !"# #$%%&'( '&) *+,-#&./&) 0-/1!*&) %&"2&./ "/+'+)&# %'")+&"#) *+)/$.&) &./#& *&"4 $#5#&)
t1 &/ t2 #$%%&'-&) +6*&))!") 7

d1(t1, t2) = |t1|+ |t2| − 2W (φ12) (non normalisée supervisée ou non)

d2(t1, t2) = 1−
W (φ12)

max(|t1|, |t2|)
(normalisée non supervisée)

d3(t1, t2) = 1−
W (φ12)

|t1|+ |t2| −W (φMAX)
(normalisée supervisée)!8 W (φ

d1 L.!. .!#0$'+)-&P; <$ >:"#& B;OL$P #-2K'& @"& &//& .!"2&''& /&1.+@"& *& >.:&#%#+./+.: &)//#K) &\$& $#( 0$':#- ". /$"4 *=$%%#&./+))$:& D$+5'& /&' @"& IH]( BH] *&) -@"+%&0&./) )!./!##&/&0&./ #&!.."); ^+&. -2+*&00&./( %'") '& /$"4 $":0&./&( %'") '& )?)/K0& &)/ 0+&"4&./#$Y.- *=!8 *& 0&+''&"#) #-)"'/$/) &/( *K) ". /$"4 *=$%%#&./+))$:& *& GH]( '$ #&%#-)&./$/+!. *&)@"$#/+'&) +.*+@"&./ *&) #-)"'/$/) %&" _"/"$./);  $# !.)-@"&./( #-"))+# 9 +*&./+>&# ". -@"+%&0&./IBU
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 !"! #$%&'()($%*$%& +,%*-.$/0'
γ !"#$%$&%' τ  ($%)*&, -$&$-*., ,&)/, "#$%$&%'0102 0103 012 0123 0142 01335 01676 01642 01806 01804 01769'  01:03'  01756'  01885'  01729'3 019:0 0169: :02 01807 01807 353'  016:6'  016:2'  01887'  01855'20 01939 01694 01:64 01806 01806 01360'  016:9'  01:65'  01458'  01458'23 01949 01646 01:74 01343 01806 01394'  01676'  01504'  019:5'  01458'40 01860 0175: 01:09 01349 01806 01956'  01699'  01:34'  019::'  01458'
< 90; 90<70; 70<60; 60<:0; :0<:3; ≥ :3; !"# 517 = >$&?,/@/$&)$&? %A&)*B$CD, &#& %D@,/"$%E ,& /,?/#D@*&) .,% -,%%*?,% @/#F,%G ),-@#/,..,-,&)HI ρ = 5 %,1 I($%)*&, d2 < J/E$%$#&  ><K#/, ,&)/, @*/,&)FL%,%'

τ 0102 0103 012 0123 014!.D%),/% 829 20: 72 88 29M#-N/, (O*/N/,% (*&% D& .D%),/  -$&$-D-' 2 2 2 2 2M#-N/, (O*/N/,% (*&% D& .D%),/  -*B$-D-' 247 42: 444 9:0 640M#-N/, (O*/N/,% (*&% D& .D%),/  -#A,&&,' 4188 7165 24104 441424 341836 !"# 516 = P*/*)E/$%)$CD,% (,% .D%),/% *", γ = 15@*% D&, Q#&)$#& -#&#)#&, @*/ /*@@#/) R τ 1 S, (E?/*(E &#& #&)$&D (,% #.#&&,% /E"L., *D%%$CDO,.., &O,%) @*% &#& @.D% -#&#)#&, ,& Q#&)$#& (, γ1 J.D% ,& (E)*$.%I :6; (,% ECD$@,-,&)% %#&)/,#&&D% ,& D)$.$%*&) τ = 0.1 ,) γ = 10 %#$) ($B @#$&)% (, @.D% CD, (*&% ., -,$..,D/ (,% *% *",
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X 7+ 8)(*'3 > 8%&'('()**+&; 2+ 3+1(2 ,%6(,%2 τ 8)1& &+4&)18+& 7+16 213'+&3 +' d 1*+ H)*'()* 7+7(3'%*+ +*'&+ 7+16 213'+&3! N@(*('(%2(3%'()* ),,+*+ 7)* 8%& &.+& 1* 213'+& (*7(=(71+2 8)1&-%01+ ,+33%4+ F2(4*+ RG 81(3 %212+ 2% ,%'&(+ 7+ 7(3'%*+3 +*'&+ +3 7+&*(+&3 S! N@%24)&('-,+('<&+ %2)&3 '%*' 01@(2 +6(3'+ 1*+ 7(3'%*+ (*H.&(+1&+ > τ
dpoints; 8213(+1&3 %88&)-+3 +6(3'+*' 8)1& +* 7.71(&+ 2% 7(3'%*+ d(c1, c2) +*'&+ 2+3 213'+&3 c1 +'
c2 7)*' 2+3 8213 &.8%*71+3 3)*' Q# 2+ 3%1' ,(*(,%2 +3' 2% 7(3'%*+ 2% 8213 8+'('+ +*'&+ 7+16 8)(*'3 7+ -%01+ 213'+& Q

d(c1, c2) = min
xiinc1,yj∈c2

(dpoints(xi, yj))# -%01+ 213'+& ci +3' &+8&.3+*'. 8%& 3)* A%&D+*'&+ bar(ci) 31& 2+01+2 )* %882(01+ 2% H)*'()*YYT



 !"! #$%%&'( )*(&' ,-$.(*'/01 !"#$%&'() * !"#$%&'()*)&'+"(,-. τ . /0 ! dim(M) )($1")2( !* /'3(2#'12 /( !* 3*$)'( *))4( 5"! résultat = {}#! +#,$ i = 1, . . . , dim(M) -.%$)$! résultat%i = {xi}%! /0 +#,$&! )(36!') M $(! +"( Mij = d(résultat%i, résultat%j)'! &()&() !* 7*!(") 3'2'3*!( min =Mkt(! &.0&1,) min < τ -.%$))! résultatk = résultatk ∩ résultatt *! #"66)'3() résultatt  ! (2!(7() !* !'82( Mt "! (2!(7() !* 1!122( Mt #! +#,$ i = 1, . . . , dim(M) -.%$) $! Mki = d(résultatk, résultati) %! Mik =Mki &! /0 +#,$ '! &()&() !* 7*!(") 3'2'3*!( min =Mkt (! /0 &.0&1,) )! )($1")2() résultat/( /'#$*2( 9
d(c1, c2) = (dpoints(bar(c1), bar(c
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 3" /)02('*0+ 3( $4896()5&68:)( 3!+& $4(&6!( 340)*5;*+( !"#  !9 # :)' /(07)' 4) ;<$ =:)' /(3+%)' '6>?3%+'),( %)' @)()&*' '&773*('A !"!#  $$%&'()**+,&$.02&) 73+,( xi 4) X )'( 7*3B)(/ 40,' &, ,3&@)% )'70) 4+>),'+3,,)% @+0 %C077%+0(+3, 4)%0 D3,(+3, Φ! :C.67)*'7.E*) 3,(),0,( %)' 73+,(' 7*3B)((/' )'( '7/+F/) 70* '3, ),(*) a )( '3,*063, R! G0* 3,'/2&),(H )(() '7.E*) ') 4/F,+( I 70*(+* 4)' 73+,(' 4C3*+-+,) 3>>) J
‖Φ(xi)− a‖

2 ≤ R2 ∀i = !KA$)7),40,(H )*(0+,' 73+,(' 7)&@),( (3&( 4) >L>) ,) 70' L(*) D0+%)>),( +,(/-*/' 40,' %0'7.E*) I >3+,4*) 3M(! N, D0+(H ;<$ +,(*34&+( 4)' @0*+0?%)' 4C0B&'()>),( 0&(3*+'0,( 2&)%2&)'73+,(' I ,) 70' */73,4*) ),(+E*)>),( 0&5 3,4+(+3,' +>73'/)'! $) .3+5 /@+() 0+,'+ 4) ?+0+')*%)' */'&%(0(' I 0&') 4) 2&)%2&)' 73+,(' 4) 43,,/)' ,3, D0+%)>),( +4),(+F0?%)' @3+*) (3(0%)>),()**3,/'! G0* 3,'/2&),(H %C.67)*'7.E*) )'( 7%&' D3*>)%%)>),( '7/+F/) 70* J
‖Φ(xi)− a‖

2 ≤ R2 + ξi ∀i = !"A3O %)' ξi '3,( %)' @0*+0?%)' 4C0B&'()>),(!P(0,( 43,,/ %C3?B)(+D 4) (*3&@)* %0 '7.E*) 4) *063, >+,+>0% R (3&( ), *)'7)(0,( %0 3,(*0+,()7*//4),()H %)' 0&()&*' +,(*34&+'),( %)' >&%(+7%+0()&*' 4) :0-*0,-) βi )( µi J
L = R2 −

∑

i

(R2 + ξi − ‖Φ(xi)− a‖
2)βi −

∑

i

ξiµi + C
∑

i

ξi = !9A"9Q



 !"! #$%%&'( )*(&' ,-$.(*'/01 ! "!#$! C∑i ξi #!%#&'!("! )*+(" , -*. -+ %&(+-."& .(/*."! %+# -!' 0+#.+1-!' /2+3*'"!$!("4 5! !""!7+89( !""! 79#$*-+".9( %#!(/ !( 9$%"! -! 7+." /2+09.# /!' 0+-!*#' /2+3*'"!$!(" -!' %-*' %!"."!'%9''.1-!' /9(" -2.$%+" !'" %+#+$&"#+1-! :#;! , -+ 9('"+("! C4 <(! "!--! 79#$*-+".9( "#+('79#$!-! %#91-=$! /29%".$.'+".9( !( *(! #!>!#>! /!' 0+-!*#' "!--!' )*! -+ /&#.0&! /*  +:#+(:.!( '9."(*--! %9*# >+*(! /!' 0+#.+1-!' /* %#91-=$!4 ?( /&#.0+(" -2&)*+".9( @A4BC #!'%!".0!$!(" '!-9(
RD a !" ξi !" !( %#!(+(" -+ 0+-!*# !( E&#9 9##!'%9(/+("!D -! #&'*-"+" !'" #!'%!".0!$!(" F

∑

j

βj = 1

a =
∑

j

βjΦ(xj) = 1

βj = C − µj

@A4GCH!%!(/+("D -! %#91-=$! /29%".$.'+".9( !( )*!'".9( !'" '9*' 9("#+.("! (9( -.(&+.#! /2.(&:+-."&(&!''."+(" -2+39*" /!' 9(/.".9(' IIJ @I+#*'>KI*>(KJ*L!#C )*. 7*#!(" &"*/.&!' /+(' -! +/#!/!' MNO %+# P-!">!# QRST℄ F
ξjµj = 0

(R2 + ξj − ||φ(xj)− a||
2)βj = 0

βj = C − µj

@A4VC ! %#91-=$! !'" +-9#' 9$%-="!$!(" /&W(.D !'" )*+-.W& /! %#.$+- !" /&09.-! "#9.' "X%!' /! %9.("' FY -!' 0!"!*#' '*%%9#"' )*. '9(" -!' %9.("' !Z+"!$!(" , -+ '*#7+! /! -+ '%>=#!4 [-*' %+#".K*-.=#!$!(" ! '9(" !*Z "!-' )*! 0 < βi < C !" .-' 79#$!(" -2!('!$1-! SV \Y -!' %9.("' !( /!>9#' /! -+ '%>=#!D 2!'"K,K/.#! "!-' )*! βi = C \Y -!' +*"#!' %9.(' , -2.("&#.!*# /! -+ '%>=#!4 ! %#91-=$! !'" $*"+1-! !( *(! 0!#'.9( /*+-! F
W =

∑

i

Φ(xi)
2βi −

∑

i,j

βiβjK(xi, xj) @A4]C+0! 9$$! 9("#+.("!' F
0 ≤ βi ≤ C ;

∑

i

βi = 1 @A4TC
K(xi, xj) !'" *(! 79(".9( (9X+* #!'%!"+(" -! ">&9#=$! /! O!#!# QRSR℄4 M9( .("#9/*".9( !'"-2+*"#! %9.(" -& /! "9*"!' -!' $&">9/!' 1+'&!' '*# -!' MNO +# !--! &0."! -+ /&W(.".9( /! -+79(".9( /! "#+('79$+".9( Φ !" '! +("9((! , *(! 79(".9( +%%-.+1-! , /!*Z %9.("' "!- )*! -!(9X+* ^+*''.!( %+#+$&"#& %+# q F

K(xi, xj) = e−q‖xi−xj‖
2 @A4_C?( +(:-+.'D !""! +'"*! '! (9$$! 2*'0*- ('/2 !" #$%&'()" *+%#,-)-./,-%0 ." $1.2)" *%0 4,$%25"$ '". 5/'"2$ *" βi #"$)",,/0, *" )/6-)-."$ W 7$8" 4 *". )1,9%*". *" $1.%'2,-%0 *"#$%&'()". *" #$%7$/))/,-%0 :2/*$/,-:2" !/ *-.,/0" *+20 #%-0, x :2"'%0:2" #/$ $/##%$, 4'/ .#9($" "., /'%$. /'2'/&'" ;

R2(x) = K(x, x)− 2
∑

j

βjK(xj , x) +
∑

i,j

βiβjK(xi, xj) <= >?@AB



 !!"#"  $ %&'()()*!!"+"!( !*! ,-."'/),0 1" 1*!!0",

 !"#  !" # $%&'( )*+),%-&( ./01 *03,(&4 *(3 *-51(3 (1 6%-1,-**+3 '%1,&(1, 70( 6%0& ,%0, 6%-1, .0*03,(&4 -* (8-3,( 01 3(5'(1, *-1+)-&( *( &(*-)1, 9 01 )0,&( 3)13 3%&,-& .( *) :%&'( .0 *03,(&;( &)<%1 .( *) 36=>&( 3( )*0*( .%1 5&?( 9 (,,( :%&'0*( )66*-70+( 30& *(3 @(,(0&3 3066%&,3+,)1, .(3 6%-1,3 30& *) 30&:)( .( */=<6(&36=>&( 6)& .+A1-,-%1!
R = {R(xi)}, xi ∈ SV;) 6=)3( .-,( ./)66&(1,-33)5( 3( ,(&'-1( )-13- ')-34 ')*5&+ ( 70)*-A),-:4 (,,( '+,=%.( &(3,(,%,)*('(1, 1%1 306(&@-3+( (, 1( .(')1.( )001 B(0 ./)66&(1,-33)5( 1- *( 1%'C&( .( *03,(&3 96&-%&-! !"!# $%'()*+,* -*. /(.,*+.;) 36=>&( .+%0@(&,( (, &(D6&%B(,+( .)13 */(36)( ./%&-5-1( .+*-'-,( *(3 :&%1,->&(3 .(3 *03,(&3!;) '+,=%.( 6&%6%3+( -1-,-)*('(1, .)13 EFGH℄

Aij =

{

1 si ∀y sur le segment [xi, xj ], R(y) < R
0 else;(3 %'6%3)1,(3 %11(8(3 .0 5&)6=( .+&-,(3 6)& (,,( '),&-( %1%&.(1, )*%&3 )@( *(3*03,(&3!

STS



  !#$%&' ( )&*&+,' -& '+../,*0+1*$21!''&'
 !""#$%& !" #$$%&'()**+,& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! -.. !- /()0)*+()1' ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! -.2 !""! #$$!%! &'"#())! )# )#++(,#"(-$ ./)"(0)#++! 1#+'! +/2 )!+ .#3($!+ 4 5!"!/2+ &! +/66-2"/"()(+'!+ &#$+ )! #&2! &/ ,$7!262($"($7 +/6!25(+' &8'9/(6!.!$" &#$+ )! 3#6("2! : &/9/!) !+"2!62(+ )8!$+!.1)! &!+ $-"#"(-$+ ;< )8!$+!.1)! &! "!+"+ -.6-+' &! N #212!+ ; T = {t1, . . . , tN}=< )! >!/ &8#662!$"(++#7! &',$( 6#2 /$ !$+!.1)! &! M #212!+ L = {l1, . . . , lM}=< )8!$+!.1)! &!+ "?6!+ &8'9/(6!.!$" ; D = {d1, . . . , dK}@A-/2 2#66!)= )!+ '"#6!+ )' &! )# .'"3-&! +-$" ;< #662!$"(++#7! ;< 62->!"(-$ &!+ 6-($"+ &#$+ /$ !+6#! &! 6)/+ 72#$&! &(.!$+(-$=< &'-/5!2"! &!+ 3?6!26)#$+ +'6#2#"!/2+@< "!+"+ ;< 3!23!2 &! 9/!) �"' &! 3#9/! 3?6!26)#$ )! 6-($" 4 "!+"!2 +! "2-/5!=< &'"!2.($!2 9/!))! !+" )# )#++! C"?6!D )# 6)/+ 62-1#1)!@ !" #$$%&'()**+,&A2!.(E2!.!$"= )!+ 6-($"+ &! )8!+6#! ($("(#) 8!+"040&(2! )!+ #212!+ &! )8!$+!.1)! &8#662!$"(+0+#7! +-$" 62->!"'+ &#$+ )8!+6#! &! 2!0&!+2(6"(-$ 5(# /$! F-$"(-$ ϕ(li)@ A-/2 3#9/! 6#(2! &!"?6!+ &8'9/(6!.!$"+ < dl, dk >= )8!$+!.1)! &!+ #212!+ -22!+6-$&#$" !+" F-2.' ;

Ll = {li ∈ L|real(li) = dl}

Lk = {li ∈ L|real(li) = dk} CG@HDI83?6!26)#$ +'6#2#"!/2 Hl−k +6'(,' 6#2 wlk !" blk &-(" 2'+/)"!2 !$ /$ 6#2"("(-$$!.!$" 9/#+(6#2F#(" &! Ll ∪Lk !$ ($"2-&/(+#$" !2"#($+ #212!+ .#) 6-+("(-$$'+ 5(# &!+ 5#2(#1)!+ &8#>/+"!.!$"JKK



 !!"#" $% &')*!"+ , -"."/0+ 1" +/2230. 4/5.*65'++"+
ξlk
li

 
∀li ∈ {Ll ∪ Lk}

〈ϕ(li) · w
lk〉+ blk ≥ 1− ξlk

li
, si li ∈ Ll

〈ϕ(li) · w
lk〉+ blk ≤ −1 + ξlk

li
, si li ∈ Lk

!"#$%&'( )*+,*-.'( /0*12(3'4'53 753+,-2'53 8 /972)+,+ 25 :;<'+<.*5 (9<*+*3'2+ 4=4' (, .'( .*(('(5' (753 <*( '53,>+'4'53 (9<*+*-.'(# ?*+ '@'4<.'A (, 25 <7,53  (' 3+72)' *2 4,.,'2 /'( <7,53( !(2+ .* BC2+' D#E!%A *225 :;<'+<.*5 (9<*+*3'2+ 50'(3 '5),(*C'*-.'# &* F7+42.*3,75 <+99/'53',5/2,3 25' 57+4*.,(*3,75 /' 4*5,>+' 8 ' G2' .'( <7,53( (7,'53 8 25' /,(3*5' +1 72 −1 ('.75.' �39 /' .0:;<'+<.*5 !(*5( <+'5/+' '5 74<3' .'( )*+,*-.'( /0*12(3'4'53%# &* 4*+C' *((7,9')*23 *.7+( 1

||wlk||
# &' <+7-.>4' (' +9(24' *.7+( 8 4*@,4,('+ 72 <.23�3 4,5,4,('+ (75 ,5)'+(' '5<+'5*53 '5 74<3' .* 4*+C' /'( /'2@ �39( /07I .' F*3'2+ 1

2
/*5( .* F7+42.' ,J/'((72(  

min
wlk,blk,ξlk

li

1

2
||wlk||2 +C

∑

li∈{Ll∪Lk}

ξlk
ti

!"#K%L' <+7-.>4' /07<3,4,(*3,75 *,5(, G2' .'( 753+*,53'( <+99/'53'( 12(3,B' 25' F7,( /' <.2( .0,53+7J/23,75 /'( 42.3,<.,*3'2+( /' &*C+*5C'  
L =

1

2
||wlk||2−

∑

li∈Ll

αlk
li
(〈ϕ(li) ·w

lk〉+ blk− 1+ ξlk
li
)+

∑

li∈Lk

αlk
li
(〈ϕ(li) ·w

lk〉+ blk +1− ξlk
li
) !"#M%N<+>( /9+,)*3,75 '3 *.2. '5 O9+7 ('.75 .'( /,P9+'53'( )*+,*-.'( wlkA blk '3 ξlk

li
A .' <+7-.>4'/07<3,4,(*3,75 /2*. (2,)*53 '(3 7-3'52  

max
∑

li∈{Tl∪Tk}

αlk
li
−
1

2

∑

li∈{Tl∪Tk}
lj∈{Tl∪Tk}

αlk
li
αlk

lj
ρlk

li
ρlk

lj
〈ϕ(li).ϕ(lj)〉 !"#Q%*)'  

ρlk
li
=

{

1 ∀li ∈ Ll

−1 ∀li ∈ Lk
!"#D%R0*23+'( 753+*,53'( 74<.>3'53 .' <+7-.>4'  

∑

li∈{Tl∪Tk}

αlk
li
ρlk

li
= 0

0 ≤ αlk
li
≤ C, li ∈ {Tl ∪ Tk}

!"#S%L744' <72+ TUL /*5( .' :*<,3+' <+99/'53A .02(*C' /025' F753,75 57;*2 75372+5' .'<+7-.>4' /' .* /9B5,3,75 /' .* F753,75 ϕ  
K(li, lj) = 〈 ϕ(li).ϕ(lj) 〉 !"#V%&' <+7/2,3 (*.*,+' /' .* F7+42.' "#Q <'23 *,5(, =3+' +'4<.*9#&'( <7,53( 93*53 '@*3'4'53 (2+ .* (2+F*' /' .* 4*+C'A 57449( )'3'2+( (2<<7+3( '3 F7+4*53.0'5('4-.' SV lk (753 *+*39+,(9(A <*+ 25 42.3,<.,*3'2+ /' &*C+*5C' 575 52.  

∀li ∈ SV α
lk
li
6= 0&' (*.*,+' blk '(3 /,+'3'4'53 *.2.*-.' 8 <*+3,+ /' '( /'+5,'+( /' .* F*W75 (2,)*53'  

blk =
1

|SV lk|

∑

li∈SV lk

(ρlk
li
−

∑

lj∈{Tl∪Tk}

αlk
li
ρlk

lj
K(lj , li)) !"#X%$KM



 !"! #$%&%'($%)* !" #$%&%'($%)* !"# $% &'()*&*#+)*!,- (, ,!(.%+( /!*,) lx $!*) 0)"% "+,12 $+,# &'(,% !( &'+()"% &+##%4  '25(+6)*!, 748 *,$*5(% %9/&**)%:%,) 5(% &+ &+##% $'(, /!*,) !(- $+,# %))% 2)($%- &'25(*/%:%,) $'(,+";"% $2/%,$ $% #+ /!#*)*!, /+" "+//!") < &'=>/%"/&+,4 ?&(# /"2*#2:%,)- &+ @!,)*!, $% $2*#*!,#(*.+,)% #'+//(*% (,*5(%:%,) #(" &%# .%)%("# #(//!")# +" /!(" &%# +()"%# /!*,)# li αlk
li
= 0 A

flk(lx) =
∑

li∈{Tl∪Tk}

αlk
li
ρliK(li, lx) + blk B74CDE?+" !,#25(%,)- &% #*1,% $% &+ .+&%(" "%)!(",2% /+" %))% @!,)*!, "%,#%*1,% #(" &+ /!#*)*!, $%

lx /+" "+//!") < &'=>/%"/&+, $'!F &+ @!,)*!, classelk(lx) +##*1,+,) (,% &+##% +( /!*,) lx A
classelk(lx) =

{

dl si flk(lx) ≥ 0
dk sinon

B74CCEG!::% (, =>/%"/&+, #2/+"% $% $%(9 &+##%#- &+ &+##*H+)*!, ,2%##*)% +()+,) $'=>/%"/&+,#5('*& %9*#)% $% /+*"%# $% &+##%# $'!F &% +&(& $% K(K − 1)

2
@!,)*!,# $% $2*#*!, +" K %#) &%,!:;"% $'25(*/%:%,)# $*#)*,)# %) $!, $% &+##%#4I*,+&%:%,)- &+ @!,)*!, Ω !,#)"(*)% /%,$+,) &+ /=+#% $'+//"%,)*##+1% %) +"+)2"*#)*5(% $(H,1%"/"*,)*,1 #(/%".*#2 )%#)% &'+//+")%,+,% $'(, +";"% /+" "+//!") < =+5(% =>/%"/&+, /!(" %,$2$(*"% &% )>/% &% /&(# /"!;+;&% A

Ω(lx) = argmax
di∈D





∑

classelk(lx)=di

1
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8JK
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