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G2(x) =

m
∑
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pi[G1(x)]
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Gj(x) =

{

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

m
∑

k=1

kxk−1 G′′0(x) =
α(m)

m

m
∑

k=1

k(k − 1)xk−2SC



 ! ! "#$%&'( )*+',*'+ -'&./ 01.+
Serveurs
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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
6 !R8G1 /2' %&<).'(*' +/ ./&(.A,/. A,/@ 
)*'.(%./&/*' (, &)+91/ <.=
=+/*' A,% %*'.)+,%2(%' ,* /*N2/&-1/ +/ *B,+2 +, .=2/(, /' 1%&%'(%' +)*
 (,')&('%A,/&/*' 1( '(%11/ +, .=2/(,@ %1 /2' *=
/22(%./%
% +/ &/''./ ,* 2/,%1 &(0%&(1! >* /?/'@ 1/ &)+91/ 2/ -(2/ ,*%A,/&/*' 2,. 1( <.)-(-%1%'= A,/
K(A,/ *B,+ <,%22/ E'./ 
)**/
'= C +;(,'./2 </, %&<).'/ 2% %1 /* /0%2'/ +;(,'./2 ), *)* /' %1 /2'+)*
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)**(%22(*
/ C <.%).%@ ,*/ .=<(.'%'%)* (1=(')%./ +/2 -)'2 2,. 1/2 2/.3/,.2 /2' P,2'%M=/! T'(*'+)**= ,* *)&-./ ')'(1 +/ -)'2 B@ 1/ *)&-./ +;/*'./ /,0 (''/%*'2 C ,*/ +%2'(*
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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
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4)$*"+! J? 3!% @,"&!"% 2! &,-.!33! <'&'+)"*,& ,&" "!&2)&
! I 7,&2!+3!-+% )+
4*"!
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*$)3! 26-& @,"&!"8>! #)&*:+! <'&'+)3!? -& +'%!)- 9M9 !%" ",")3!#!&" 2'
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 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℄ 3*,% &" %"!* .$'*,(($ 9/" .*&% ("
8*#,'!" T5 >*! (* %/,'"? ("% '"!3"% V$'*'W "' V '!*&%,',-&W %-&' !"%#"
',6"3"&' %:&-&:3"% ."V&X/.W B%-33"'E "' V*!
W B*!Y'"E5 Z& *!1!" 
-3#-!'"3"&'*( %)$.,[" = #*!',! .)/& &-31!"[&, ." %"%%,-&% .)/& 3Y3" $9/,#"3"&' *<!$<$% '"( 9/" 
"/0 ." (* [</!" C5\B1E ;* %,<&*'/!"%" !"#!$%"&'" .-&
 
-33" /& HIJKLM = #*!',! ." #(/%,"/!% %"%%,-&% */09/"(("% ,( * #*!',
,#$5F8*9/" $'*' "%' *%%-
,$ */ ':#" .)/& 3"%%*<" #!$[0$ #*!  (-!%9/),( "%' $3,% "' #!$[0$ #*! !(-!%9/),( "%' !"]/ #*! ()$9/,#"3"&' "& 9/"%',-&5 >*! "0"3#("? ("% 3"%%*<"% #!$[0$% #*!  %/! (*[</!" C5\B1E %-&' 
"/0 "&6-:$% #*! /& $9/,#"3"&' ." ':#" O%'"!,%^ *(-!% 9/" ("% */'!"% %-&' 
"/09/),( !"]-,' "' #"/6"&' .-&
 #!-6"&,! ." .,2$!"&'% $9/,#"3"&'%5 Z&" '!*&%,',-& %" 3*'$!,*(,%"#*! /& *!
 "&'!" ."/0 $'*'% "' (" 6"
'"/! ~Y ." .$(*, 3-:"& 
-!!"%#-&. */0 *''!,1/'% ."% *!
%5;* %,<&*'/!" ." (* [</!" C5\B1E "%' .$!,6$" ."% %"%%,-&% 
*#'/!$"% %/! (* [</!" C5\B*E5 F8*9/"%"%%,-& !"#!$%"&'" /&" %$9/"&
" ." '!*&%,',-&% .-&' ("% #!$[0"% 
-33/&% %-&' N/%,-&&$%5 >*!"0"3#("? ("% %"%%,-& '!-,% "' 9/*'!" #!$%"&'"&' ."/0 #!"3,"!% 3"%%*<"% ,."&',9/"% .)-7 /&" #*!',"." ()*!1!" "& 
-33/& %:31-(,%$" "& !-/<" %/! (* [</!"5 _& -/'!"? /& &X/. !*
,&" <$&$!,9/""%' 6-(-&'*,!"3"&' ,&'!-./,' #-/! 9/" ()"&%"31(" ."% %"%%,-&% *,' */ 3-,&% /& &X/. "& 
-33/&#"!3"''*&' ." !"%#"
'"! (* 
-&'!*,&'" %'!/
'/!"((" *!1-!"%
"&'"5;* 
-&%'!/
',-& ."% %,<&*'/!"% "%' !$*(,%$" #*! ()*(<-!,'83" \ -7? #-/! ."% !*,%-&% ." %,3#(,
,'$?(" .$(*, .)/&" '!*&%,',-& "%' .,!"
'"3"&' 
-&'"&/" .*&% (" &X/. .)*!!,6$" ." 
"(("J
, 
*! 
8*9/"&X/. &)"%' *''",<&*1(" 9/" #*! /&" /&,9/" '!*&%,',-&5 `!,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 50.4
04.&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$-&, +&, 
1/2*-*1/, /7
&,,!*%&,(  & +*H%& NOPO℄ 21//& 2& 8+$, !58+&, 27-!*+, ,$% +&, ?!R1/,2& 
156*/&% 2&, ?1/
-*1/, 2&, /14!$3 !*/,* C$& +&, 8%&$H&, !,,1
*7&,(,-.//01
.30#4B$% +! "#$%& '() +& +1#*
*&+ 2& -7+78:1/*& &/H1*& +&, 5&,,!#&, 2*3 ?1*, 8+$, %!8*2&5&/- C$& +&-7+78:1/& #%S
& G 2&, 
!8!
*-7, 5!-7%*&++&, 8+$, 7+&H7&, 98%1
&,,&$%= 5751*%&(((;( T&--& 16,&%H!D-*1/ 
1/"%5& +.:481-:U,& C$& +.!V1$- 2.*/?1%5!-*1/ -&581%&++& #%S
& !$3 WXDYBZ 8%1
$%& $/!H!/-!#& 
&%-!*/ ,$% +& "/#&%8%*/-*/# 2.$/ 7C$*8&5&/-( [*&/ &/-&/2$= +&, 27+!*, ,1/- +!%#&5&/-
1/-%!*/-, 8!% +.&/2%1*- 1\ +&, 5&,,!#&, ,1/- 
!8-$%7, &- *+ &,- /7
&,,!*%&= &/ 8%!-*C$&= 2& 5127%&%
&, 27+!*, ,&+1/ +& -&58, !++&%D%&-1$% */2$*- 8!% +& %7,&!$( T&8&/2!/-= 
& /.&,- 8!, /7
&,,!*%& ,*+& ,4,-U5& &,- &/-%!]/7 2!/, +& 5^5& &/H*%1//&5&/- C$& 
&+$* 1\ *+ ,&%! $-*+*,7 
!% +&, +!-&/
&,,1/- !+1%, 2*%&
-&5&/- 8%*,&, &/ 
158-& 2!/, +! 27"/*-*1/ 2&, ,*#/!-$%&,(M& ?!R1/ #7/7%!+&= +& "/#&%8%*/-*/# 
1581%-&5&/-!+ 8%181,7 ,$*- +&, 7-!8&, 2& +! "#$%& '(_ @O( +&, 5&,,!#&, 2$ V&$ 2.!88%&/-*,,!#& ,1/- %&#%1$87, &/ ,&,,*1/ C$* ,1/- &/,$*-& !#%7#7&,2!/, 2&, WXDYBZ=`( +! ,*5*+!%*-7 &/-%& 
:!C$& 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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��� !"#  !< # =%'&,+1+%')%'& 
8218+),2,')(9 3*1,+>%3/?! $@A 1+,'- ,' ,')+/, 
,3 -%4/+,'),3 3%2%9(+%)/3B"! $@A ,' -/-*%) 9( C8'
)%8' -, 
9(33%D
()%8'B<! 
,)), C8'
)%8' 
9(33, (98+3 *' 1(+ *' 
;(0*, '8*>,9 EFG=$A 
8'3)+*%)!H98+3 0*, 9( 3%&'()*+, -I*' /0*%1,2,') ,3) *' ,'3,269, -, EFG=$A &/'/+/ J 1(+)%+ -,3,33%8'3 -('3 9,30*,99,3 %9 ( 1(+)%
%1/B 9I,21+,%'), 8* 9, D'&,+1+%') -I*' ):1, -I/0*%1,2,') ,3)9I,'3,269, -,3 EFG=$A -,3 /0*%1,2,')3 -, 
, ):1, 
8'3)+*%)3 1,'-(') 9( 1;(3, -I(11+,')%33(&,! !" #$%&'()($%*$%& +,%*-.$/0' !"!# $%&'()%*+,+-.* !"##"$!% &'()5( 3:')(., -,3 2,33(&,3 -I*' 1+8)8
89, ,3) &/'/+(9,2,') -/
+%), &+K
, J 9( C8+2, -, L(
M*3GN(*+ (*&2,')/, OHLN=P QRS"℄! 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 +/,99,3B
I,3)GJG-%+, -,3 
(+(
)U+,3! V,*. ):1,3 ,.%3),') WS? 
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 !"#  ! " #$%&%'( )% )*+',(,-' )./'% 012&&2,1%" $%3 (%1&,'2/4 +4%3 *5/,62$%'( 7 /'% 
92:'% 
-'3(2'(% )% 
212
(;1%3<" $%3 =$20%3 )% 
212
(;1%3 3=*
,+*%3 =21 $%3 >-1'%3 ,'?*1,%/1% %( 3/=*1,%/1% %' 9%42)*
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


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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 /506
0.)%+( ,- ,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%D0 E(<0*.*%()%(< 'F()&6%7-0 '-.0*G%'4 02./+%0 /& 24)8+,0 HIJ 2-/)%>
/&''0' ,0 /& '0
)%+( !K .*0(&() 
+220 0()*40' /0' &*?*0' 'F()&6%7-0' +- ./-' .*4
%'420() /0' ,%')&(
0' &''+
%40'LG+%* E<-*0  !MMN OM! /0' 20''&<0' ,- 30- ,5&..*0()%''&<0 '+() 
+(G0*)%' 0) ')+
P4' /5-( &.*Q' /5&-)*0 '+-' 9+*20,5-(0 /%')0 ,0 
802%(';R! /& '%2%/&*%)4 0()*0 
8&7-0 
+-./0 ,5&*?*0' 0') 
&/
-/40 47-%G&/0()0 &- (+2?*0 ,54/420()',&(' /& /%')0 ,0' 
802%(' 
+22-(' L%()0*'0
)%+(N;K! /50('02?/0 ,0' ,%')&(
0' 0') 
&/
-/4' 0()*0 
8&7-0 
+-./0 ,5&*?*0' .+-* .+-G+%* 0()*&S(0*HIJT! HIJ 0( ,4,-%) /& 9+(
)%+( ,0 
/&''%E
&)%+(;MTR



 !"! #$%&'()($%*$%& +,%*-.$/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+ A42
0-42 
'&,,+ &'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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 !"#  !"" # $%&'()*)%&+%&' ,-&+./%01( ,1*()2%,3 !"!# $%
'()*+% (,( -+.%/0)-1% !"#456), 017%5 (,+ *6,,%85( 9732.51() 5. 9%,+.&
( (&+)( 9(1/ .)8)(, ,-&+./%01(,; 
(1/<
% )(,+(&++61+(=6%, 9(, 96&&3(, 
.+3'6)%01(, *61) 5(,01(55(, 5(, +(
>&%01(, 1,1(55(, 9( 
5.,,%?
.+%6& 9(<@(1)(&+ %&.9.*+3(,! A& (B(+; 5. @3+>69( 9(, C<@(.&,; 9(, C<@(96%9 61 *51, '3&3).5(@(&+
(55(, 9( *.)+%+%6&&(@(&+ >%3).)
>%01( 61 
(55(, 32.51.&+ 5. 9(&,%+3 9(, *6%&+, 9( 96&&3(, 9.&,57(,*.
( ,6&+ 8%(& 
6&D1(, *61) 5(, 96&&3(, &1@3)%01(, +(55(, 01( 5(, 9%,+)%81+%6&, 93?&%(, .1
>.*%+)( *)3
39(&+ E"FG; "HI℄!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 
6&,%9T)(5( &6@8)( +6+.5 9( 26%,%&, (&+)( +61+(, *.%)(, *6,,%85(, 9( *6%&+, 9( 
>.01( 
51,+() @.%, .1,,%1&( (,+%@.+%6& +>36)%01( 9( 5. 2.5(1) @./%@.5( 9( 
( &6@8)(! U768V(
+%= 9( 
(++( &6)@.5%,.+%6&(,+ 9732%+() 01( ,(15, 5(, ')6, 
51,+(), ,6%(&+ =1,%6&&3, %@*5%01.&+ 1& )%,01( 35(23 9768+(&%) 1&').&9 
51,+() (+ 9( @15+%*5(, *(+%+,! W51, (/.
+(@(&+; LMNC 3+.85%+ 1& ').*>( 6Q 
>.01( &X19(,+ 1& 
51,+() Y1& *6%&+ S 573+.*( %&%+%.5(Z (+ 6Q 1&( .)[+( *6&93)3( %&9%01( 5( &6@8)( 9( 26%,%&,
6@@1&, (&+)( 9(1/ 
51,+(),!U7.5'6)%+>@( 6)%'%&.5 ,1**6,( 
6&&1 5( &6@8)( 9( 
51,+(), (+ ,7.))[+( 96&
 01.&9 %5, ,6&++)6123,! U. ?'1)(  !"\ (,+ 1& (/(@*5( 9( 
51,+(), 9( 9%B3)(&+(, =6)@(,! U( 
>.*%+)( *)3
39(&+.2.%+ ,615%'&3 57%@*6)+.&
( 91 
>6%/ 971& .5'6)%+>@( ,(56& 5. =6)@( 9(, 
51,+(), Y?'1)( 4!\ (&.&&(/(Z 976Q 57%&+)691
+%6& 9( +(
>&%01(, @69()&(, 
>()
>.&+ S 93
612)%) 9(, =6)@(, %))3'15%T)(,!]^N =.%+ *.)+%( 9( 
(++( =.@%55( @.%, &7(,+ *., .**5%
.85( 9.&, 5( 
., 9(, .)8)(, ,-&+./%01(, 
.),. 9()&%T)( 3+.*( 93+()@%&.%+ ,% 9(1/ *6%&+, =.%,.%(&+ *.)+%( 91 @[@( 
51,+() (& '3&3).&+ 1&3
>.&+%556& 9( *6%&+, %&+()@39%.%)(,! 456), 01( 
(++( +_
>( (,+ =.
%5( 9.&, 5( 
.9)( 9( 2.5(1),&1@3)%01(, Y
6@8%&.%,6& 
6&2(/(Z; (55( 57(,+ 8(.1
61* @6%&, .2(
 9(, .)8)(, 
.) (55( )(2%(&9).%+"``



 !"! #$%&'()($%*$%& +,%*-.$/0' !"#"$%$ &%' ($)$%' %# *+,-,'(#+ &%' +$(#'./$0(+,/#' ',01-%'  -2,#'+($ &% -( &,'+(#
% &2"&,+,/#45% !(,# &% 
/01-%6,+" (++%,#+ !$7
% (*6 &,'+(#
%' &"8#,%' 1$"
"&%00%#+ '%$(,+ (-/$' +/*+  .(,+(##,9,-" &2/: -( #"
%'',+" &2*# (*+$% (-!/$,+90% +%- ;*% <=>?4 @,#', &(#' -2%6%01-% &% -( 8!*$%@4AB(C %# (##%6%D ,- %'+ 
(1()-% &% &,''/
,%$ -%' 
-*'+%$' 0(-!$" -%*$' ./$0%' ,$$"!*-,E$%' %+ -%'.(,)-%' &,'+(#
%' ;*, -%' '"1($%#+4F# %G%+D *# (-!/$,+90% 
-('',;*% &% 1($+,+,/##%0%#+ !$7
% (* '(*+ 0,#,0(- (*$(,+ '(#' &/*+%.*',/##%$ -%' 
-*'+%$' H %+ = 1%* '"1($"' (-/$' ;*% -2*+,-,'(+,/# &2*# )($I
%#+$% #2(*$(,+ 1('./$
"0%#+ ),%# &"-,0,+" -%*$ .$/#+,E$% %+ $,';*%$(,+ &% #% 1(' &"
/*J$,$ -( ./$0% ,$$"!*-,E$% &% H4>%1%#&(#+D <=>? &"+%
+% ;*% -%' #K*&' .$/#+,E$%' %#+$% H %+ = #% 1($+(!%#+ (*
*# J/,',# 
/0L0*# %+ #% '%$/#+ &/#
 1(' ,#
-*' &(#' -% 0M0% 
-*'+%$4 5%' 1/,#+' @ %+ N '(+,'./#+ 
%++% 
/#&,+,/#-%' .*',/##(#+ 0(-!$" +/*+4 F# 
/#'";*%#
%D <=>? *+,-,'% -( 0%'*$% score 1/*$ $(''%0)-%$ %#1$,/$,+" -%' 1/,#+' 1($+(!%(#+ -% 1-*' &% J/,',#' +%-' ;*% > %+ O '*$ -( 8!*$%4F#8#D ,- %'+ ,01/$+(#+ &% #/+%$ -2%6,'+%#
% &2(*+$%' 0"+9/&%' 
/00% 1($ %6%01-% >P<F;*,D 1/*$ "J,+%$ -%' ,#
/#J"#,%#+' &%' 0"+9/&%' &* '(*+ 0,#,0(- /* &* )($I
%#+$%D $%1$"'%#+% *#
-*'+%$ 1($ *# #/0)$% -,0,+" &% 1/,#+'4 <=>? "J(-*% %# .(,+ -( &%#',+" &% J/,',#' &% &%*6 #K*&'D'% $(11$/
9(#+ (,#', &%' (-!/$,+90%' )('"' '*$ -( 0%'*$% &% &%#',+" &% 1/,#+' +%- ;*% ONQ
(#&(#' -% 
(' &% J(-%*$' #*0"$,;*%'4 P#% J*% 1-*' 
/01-E+% &% -2%#'%0)-% &% 
%' (-!/$,+90%' (,#',;*% -%*$' 
(' &2*+,-,'(+,/# %'+ 
/#'*-+()-% &(#' RSTU℄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( /-)().( '/0
12%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.D
0((),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'( good I
8'>;0 ?-)( 0, .D
0((),0 0.
-60 @-).( ;.0 .-6@'&)(',)-. 7;)(>;G0&&0 (0 C'(0 0<
&;()/0@0., (;690;< 7-).,(! !"#$%&' 6' 
."//'7'1% 8%"9.$ #"& ." 1+,-'..' -'&/$+1 3' :; < '/% $138#'13"1%' 3' .=+&3&'3' >,/$+1 3'/ #+$1%/)M' 760;/0 0(, 9)60
,0 7;)(>;G)& D>;)/';, I ;. 
'&
;& 90 
-@7-('.,0( 
-..0<0( @')( N;(,)*0&G).,D6H, 90 
0,,0 .-;/0&&0 /06()-. 
'6 12%3 90/'), ).),)'&0@0., @').,0.)6 ;.0 &)(,0 ,6)D0 90 (
-60(7-;6 H,60 9D,06@).)(,0! M' 
-@7&0<),D 0(, D>;)/'&0.,0 I 
0&&0 90 K12%3 
'6 
0( '&:-6),8@0(
'&
;&0., &' @H@0 
8-(0 I ;.0 
-.9),)-. 76H, (;6 &0( '6H,0(! O-;,0?-)(J &0 76-C&F@0 90 K12%3(-;&):.D (;6 &' *:;60  !"4P'Q .0 (0 7-(0 7&;( 
-@@0 &0 9D@-.,60 &' *:;60  !"4PCQ! MG '&:-6),8@0R 60@7&), &' @',6)
0 9G'9N'
0.
0 0. 
'&
;&'., 7-;6 ,-;, 
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84))2  !"## ).(* *+.-@12! =4 01
.-@2+*2 2I
4
2 02) 0(J1+2/*) *;72) 02 62))4<2) )2 B4(* 4-01*+(62/* 02 84 7+1
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O39F=0 ,0 
;-//94
-.923 -A0
 
0 <-5-6@.50E ;0/ 57/=;.-./ /23. ;7H@50603. 609;;0=5/-A0
 =30 <57
9/923 ,0 T#U! I93/9E ;0 :23 <-5-6@.50 /06:;0 >.50 
0;=9 
2V3
9,-3. -A0
 =30 -=H603(.-.923 :5=.-;0 ,0/ ,0=? 67.59F=0/! J- 4H=50  !""W:X 0?<2/0 <;=/90=5/ <9
/ -:5=<./ 6-9/ -=
=3,G03.50 0=? 30 /23. A5-9603. /96=;.-37/! P; 0/. ,23
 37
0//-950 ,G93.52,=950 =30 
05.-930 6-5H0,0 ;9:05.7 ,-3/ ;- /96=;.-379.7 ,0/ ,0=? 67.59F=0/ .2=. 03 
23/9,75-3. F=0 ;0 <9
 ;0 <;=/ 7;0A7 ,0/,0=? /<7
9405- ;- A-;0=5 N 
O29/95! +-5 
23/7F=03.E ;0 <506905 <9
 
;-950603. 9,03.94-:;0 93,=9." Y



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



 !"#$%&' () *+
-./'&%' ".%-0"%$1.' 2'3 %4#'3 2' 0'33"5'3 !"##$ %&' 
)**' $+ 
&"%,&' -.%'&*"+/+% -/+ #/ -"0.&'+
"/%")+ -' %12' -' *'  /3' 4 5'%%'.%/2' ' % '  '+%"'##' -/+ #' 
/-&' -' #/ &.%&)6"+3.+"'&"' 
/& '##' 
)+ %"%$' #/ 2&'*",&' .%/2'2)$& /22&.7'+-'& #' 8)+
%")++'*'+% -!$+ 2&)%)
)#' "+
)++$ 2)$& +)%/**'+% '+ 
)+ %&$"&'  /*/
7"+' 9 .%/% 4 :/& ';'*2#'< "# -'="'+% 2)  ">#' -' -.%'&*"+'& #' 8)+
%")++'*'+% 2&)%)
)#/"&'-!$+ */#?/&' =)"&' -' 
">#'& 2#$ 2&.
" .*'+% #' &'@$A%' 9 "+B'
%'& 2)$& #' &'+-&' 7)& -' +$"&'4C+D+< #/ 
)*2/&/" )+ /='
 $+' *.%7)-' 2#$ 
#/  "@$' -' 2/&%"%")++'*'+% 7".&/&
7"@$' /*" '+ .="-'+
' #!"+%.&A% -' 
'%%' +)$='##' *.%7)-' "*2#"@$/+% $+' 2&.
" ")+ /$ *)"+ %)$% /$  ">)++' */" /$  " $+' -.
)$='&%' 2#$ 'E
/
' -' %12' 
!' %696-"&' @$!'##' +'  ' 8)
/#" ' 2/ $+"@$'*'+%  $& #' %12' #' 2#$ &'2&. '+%. -/+ #' B'$ -' -)++.' 4C+ 2#$ -' #/ =.&"D
/%")+ -' #!/22#"
/%")+ -' 
'%%' *.%7)-'< #' 
7/2"%&' F /=/"% 
#/"&'*'+%*" '+ .="-'+
'  )+ "+%.&A% '+ %'&*' -' 
)*2#';"%.4 5'%%' *.%7)-' ' % 2'&8)&*/+%'< $%"#" ' $+'&'2&. '+%/%")+  "*2#"D.' '% 
)+-'+ .' -' *'  /3' '% &'2) ' $+"@$'*'+%  $& #!)> '&=/%")+ -'%&/
' &. '/$;4C+D+< 9 #!"+ %/& -' *.%7)-' 2)$& 2/&/*.%&'& 
)&&'
%'*'+% #/ 
#/  "D
/%")+ 7".&/&
7"@$'/$%)*/%"@$'*'+% GHIJ℄< .%/>#"& $+ 2&)
.-. =" /+% 
'% )>B'
%"8 -/+ #' 
/-&' -' LM5  !' % /=.&.'  '+%"'#4 N"+ "< '+ 2#$ -' 
)+%&">$'& /$ -)*/"+' -' #/ &.%&)6"+3.+"'&"'< 
' +)$='/$ 2&)
.-. !.%'+- /$ -)*/"+' -' #/ 
#/  "D
/%")+ '+ 3.+.&/#' '% 2'$% /"+ " /"-'& 9 -.*)
&/%" '& #!$%"#" /%")+-' LM54

HIO



  !"#$%&
($%)# !"* +,-%."/"#$*
 !""#$%&  !" #$%&'()
%+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ",- !. /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 %(5'5
5+! .511); <$1/ 
!''!)',.!= 
!/ 8)'#5.!/ /!(51' &++,/'()!/ 4(>
! $, %(5'5
5+! ?@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



 !"#$%&' () *+',%$-
"%$/, +'0 123$#'4',%0 ! 
#$%&'(! )$ *+,
 -+,'(!( .!/ %!(0+(-$,
!/ *!/ *&12(!,'!/ -2'#+*!/ $&,/& 34! .5&-%$
'*! .!4(/ %$($-6'(!/ %+4( !, 0$
&.&'!( 4,! 4'&.&/$'&+, 04'4(!7  !%!,*$,'8 .!/ (2/4.'$'/ ,! /+,' %$/*&(!
'!-!,' 
+-%$($9.!/ 
$( 
#$34! -2'#+*! ,! /5$%%.&34! %$/ $4 -:-! 
$/ /!.+, .5&,0+(-$'&+,*&/%+,&9.!7 ;&,/&8 .! <,=!(%(&,'&,= 
+-%+('!-!,'$. !/' $%%.&
$9.! !, ,! 
+,,$&//$,' 34! .!/ '>%!/*! -!//$=!/8 '?
#! (2$.&/$9.! =(?
! @ .$ -2'#+*! %(+%+/2! !' 2)$.42! *$,/ .!/ 
#$%&'(!/ A !' B8$.+(/ 34! .! <,=!(%(&,'&,= />,'$C&34! *!-$,*! .$ 
+,,$&//$,
! 
+-%.6'! *! .$ =($--$&(! *!/-!//$=!/ *4 %(+'+
+.!7 D$($..6.!-!,'8 4, E!4 *5$%%(!,'&//$=! 
+((!
' *+&' :'(! 0+4(,& %+4( .!/'!
#,&34!/ /4%!()&/2!/7 !" #$%&'()*+ ,-$./0)/%'12F$ 34$.&'2 *! .$ 
.$//&<
$'&+, /! 9$/!($ /4( 
!('$&,!/ -2'(&34!/ #$9&'4!..!-!,' 4'&.&/2!/ GHIJ℄*+,' 4,! %$('&! $ *2E@ 2'2 *2
(&'! $4 
#$%&'(! %(2
2*!,'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/N!" 
$"%
&"'( )*+&" "'(+" ,-+$ "( .' /
0*11&2
*(&$' 3*+4*&("5 "( +"67(" 8 0* 4$&1 0* 1"'1&9&0&(- "( 0*13-
&2
&(-: ;*'1 0" 
*1 <. 3"(&( "=">30" 3+-
-<"'( *)"
 .'" 3+-
&1&$' -?*0" 8 @ABC IC )*.( AC1D'$'D>" <E.'" >*.)*&1" 
0*11&2
*(&$':!$>>" <*'1 0" 
F*3&(+" 3+-
-<"'(C 0* 
0*11&2
*(&$' '$' 1.3"+)&1-" '" 3".( "' *.
.' 
*1*11$
&"+ .' (D3" +-"0 *.= 
0.1("+1 
*+ 
" 'E"1( 3*1 1$' $9G"
(&4: HE-)*0.*(&$' '-
"11&(" '-*'>$&'1<E*11&?'"+ .' (D3" 8 
F*I." 
0.1("+ 1"0$' 0" 3+$
-<- 1.&)*'( JK: 
F*I." 
0.1("+ 1" )$&( *((+&9."+ 0" (D3" 
$++"13$'<*'( 8 0* >*G$+&(- <"1 *+9+"1 I.E&0 
$'(&"'(CL: 3$.+ 
F*I." (D3" +-"0 <&M-+"'(C 1".0 0" 
0.1("+ -(&I."(- 3*+ 
" (D3" "( 
$'("'*'( 0" 30.1<E*+9+"1 
$++"13$'<*'(1 "1( 
$'1"+)-:H* <"+'&7+" -(*3" 
$'1(+.&( <$'
 .' 
0.1("+ 
$00"
(*'( 0"1 <$''-"1 <" ($.1 
".= I.& $'( -(--0&>&'-1: HE-)*0.*(&$' <. 
$"%
&"'( <E&'4$+>*(&$' 'E* *0$+1 3*1 <" 1"'1 <E$N 0E.(&0&1*(&$' <.OPQ
$+" <*'1 0" 
*1 '$' 1.3"+)&1- J
F − score =

2× avgRsens× avgRspec
avgRspec+ avgRsens /S:T5

F − score 
$>9&'" 0* 1"'1&9&0&(- "( 0* 13-
&2
&(- >*&1 '" +"67(" 3*1 0* <&1(+&9.(&$' <"1 >"11*?"1<*'1 0" G". <" <$''-"1: U$.("4$&1C .'" <-
$.)"+(" <"1 (D3"1 0"1 30.1 +"3+-1"'(-1 1".0">"'( &'<.&(.' 1
$+" >-<&$
+": !" #$%&'()($%*$%& 
,-),(*'-'%*./HE&>30->"'(*(&$' <. 2'?"+3+&'(&'? 
$>3$+(">"'(*0 "1( +-*0&1-" "' 3D(F$' &'("+4*
- *)"
HVWQXY ZKTL℄ "( \&O Z]L℄: !"!# $%& '% '())*%+^0.1&".+1 G".= <" <$''-"1 <&1(&'
(1 1"+)&+$'( 8 0E-)*0.*(&$' <. 2'?"+3+&'(&'? 
$>3$+(">"'(*0:H" 3+">&"+ 4.( ?-'-+- )&* .'" 30*("P4$+>" <E"11*& 0$
*0" 
$>3+"'*'( *.11& 9&"' <"1 (-0-3F$'"13FD1&I."1 <" <&M-+"'("1 >*+I."1 /!&1
$C H&'_1D1C Q'$>C UF$>1$'5 I." <"1 0$?&
&"01 <" (-0-3F$'&"
$>>"  !"#$%& $. '$"(): ;" 30.1C <"1 1"+)".+1 1$'( -?*0">"'( <-30$D-1 
$>>" *+,&-"+$C ."+
0.)%% 1)#)(&-C 23&#+&-: ^$.+ +"'<+" 0* (`
F" "'
$+" 30.1 <&%
&0"C .' (D3" <E-I.&3">"'( /3&0"3+$($
$0*&+"5 3".( a(+" +"3+-1"'(- 3*+ 30.1&".+1 )"+1&$'1 <&M-+"'("1: !" 3+">&"+ G". <" <$''-"1"+* <-'$(- 0'1 23'44.$ 3*+ 0* 1.&(" *0$+1 I." 0"1 *.(+"1 1"+$'( '$>>-1 0'1 ,)5(.*'1( 
*+ &013+$)&"''"'( <E.' $3-+*(".+ X$V^ +-"0: ^0.1 3+-
&1->"'(C &01 "' "=&1("'( I.*(+" /<" UK 8 U]5C
F*
.' +"3+-1"'(*'( "')&+$' ]bY$ <" (+*
"1 +-1"*.=: HE"')&+$''">"'( "1( <&M-+"'( <" 0* 30*("P4$+>" <E"11*& 
*+ &0 "1( 
$>3$1- "' >*G$+&(- <E-I.&3">"'(1 3FD1&I."1 
$''"
(-1 )&* V'("+'"(<E$N <"1 <-0*&1 30.1 -0")-1 /(*90"*. S:K5 "( 9"*.
$.3 30.1 9+.&(-1 3"+>"((*'( *&'1& <E"1(&>"+ 0*+$9.1("11" <. '$.)"*. 1D1(7>" <" 2'?"+3+&'(&'?:H" (*90"*. S:K <$''" .' *3"+c. ?0$9*0 <"1 
*+*
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,>.
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&) &./#& *&"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 (φ12) 0&)"#& '$ )+0+'$#+/- &./#& *&"4 $#5#&) 9 %$#/+# *" %'") :#$.* )!")6$#5#& 
!00".; !"!# $%&' (% ()**+%,<=-2$'"$/+!. *" >.:&#%#+./+.: )?./$4+@"& )=$%%"+& )"# *&"4 A&"4 *& *!..-&) *+)/+.
/); <&%#&0+&#( *!./ '&) 
$#$
/-#+)/+@"&) )!./ #&%!#/-&) *$.) '& /$5'&$" B;C( D"/ :-.-#- :#E
& 9 ".&%'$/&D!#0& *=&))$+ &/ '&) &4%-#+0&./$/+!.) )& 5$)&#!./ :-.-#$'&0&./ *&))") 9 0!+.) @"& 
& .&)!+/ 0&./+!..-; F' 
!0%#&.* )+4 /?%&) *=-@"+%&0&./) *+)/+.
/) %!"# ". /!/$' *& GHBI 0&))$:&); J&%'")( '&) 
$#$
/-#+)/+@"&) #-2K'&./ @"& '&) $#5#&) )?./$4+@"&) #-&') )!./ 5&$"
!"% %'") 
!0%'+@"-)LMHH .N"*)( 1$"/&"# *& GC6OH .N"*)P @"& 
&"4 "/+'+)-) *$.) '$ 
1$%+/#& O 9 /+/#& *=&4&0%'&;Q!*+>&# '$ )/#"
/"#& *=". /&' $#5#& )$.) &. 
1$.:&# '$ )-0$./+@"& &)/ *!.
 #-&''&0&./ /#K)
!0%'+@"- *=!8 '$ '-:+/+0+/- *& '=$%%#!
1& %#!%!)-&;<& )&
!.* A&" *& *!..- %#!2+&./ *" 0R0& !%-#$/&"# S!F @"& %#-
-*&00&./ LTIP $2&
 '&) UH/?%&) *=-@"+%&0&./) *+)/+.
/); V&%&.*$./( 
&"4 @"+ .& )!./ %$) $))&W #&%#-)&./$/+D) )!./ -'+0+.-)L0!+.) *& GH 0&))$:&)P; J& 
&//& 0$.+K#&( )&"') OX /?%&) )!./ 
!.)&#2-) &. .& :$#*$./ @"=".0$4+0"0 *& IHH 0&))$:&) %!"# 
1$
". *=&"4; !"!- ./*0%121/*3/*0 ,&2%14/,+ !"# $%!&&'()*+,,!-(J$.) '& 
$*#& *" >.:&#%#+./+.: )"%&#2+)-( ".& %$#/+& *&) 0&))$:&) &)/ &4/#$+/& *" A&" *&*!..-&) %!"# &./#$Y.&# ZSQ &/ )& *->.+/ 
!00& ". %!"#
&./$:& *" .!05#& /!/$' *& 0&))$:&).!00- /$"4 *=$%%#&./+))$:&; V!00& '&) #-)"'/$/) .& )!./ %$) D!#
-0&./ +*&./+@"&) )&'!. '&)0&))$:&) )-'&
/+!..-) %!"# '=$%%#&./+))$:&( +') )!./ 2!'!./$+#&0&./ 0-'$.:-) $2$./ *=R/#& )-%$#-)&./#& A&"4 *=$%%#&./+))$:& &/ *& /&)/; J& %'")( '&) &4%-#+0&./$/+!.) )&#!./ #-%-/-&) *+4 D!+) %!"##&.D!#
&# '&"#) 2$'+*+/-; [. >.:&#%#+./+.: &\
$
& +0%'+@"& ". /$"4 *=$%%#&./+))$:& D$+5'& *=!8'$ >:"#& B;O @"+ 
1&#
1& 9 0&)"#&# '&) %&#D!#0$.
&) )&'!. *+,-#&./) /$"4 &. "/+'+)$./ '$ *+)/$.
&

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]( '$ #&%#-)&./$/+!. *&)@"$#/+'&) +.*+@"&./ *&) #-)"'/$/) %&" _"
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+3)%,+%01(, &( 
I.&'(&+ *., .1,,% C)301(99(&+!7&@&4 
?99( 8H.8'?)%+I9( 5( 
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.+%?& (,+ 53+()9%&%,+( (+ 01H.1
1& P(1 5H.**)(&+%,,.'(&( 5?%+ J+)( ,38(
+%?&&34 )3*3+() 8(, (/*3)%9(&+.+%?&, (,+ +?1+ T C.%+ %&1+%8( 
.) 8(, )3,18+.+, ,().%(&+
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( 9./%9.8( (&+)( 5(1/ 9(,,.'(, 2?%,%&,4# γ R 8( &?9B)( 9%&%9.8 5( 2?%,%&, *?1) 01( 5(1/ 9(,,.'(, C.,,(&+ *.)+%( 5( 8. 9J9( 
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 !"! #$%&'()($%*$%& +,%*-.$/0'
γ !"#$%$&%' τ  ($%)*&
, -$&$-*., ,&)/, "#$%$&%'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/ (,% 
*% *",

γ = 11 P,)), #N%,/"*)$#& ,%) @/$-#/($*., 
*/ ,.., @/#D", .O*"*&)*?, 
,/)*$& (D &#D",. *.?#/$)F-,@/#@#%E (*&% ., 
F*@$)/, 8 @*/ /*@@#/) R TUVPWI ECD$"*.,&) R γ = 11 K#& D)$.$%*)$#& @,D) (#&
X)/, ,&"$%*?E, @#D/ (O*D)/,% (#-*$&,% (O*@@.$
*)$#&1 S,% -,%D/,% (, ><%
#/, E.,"E,% *%%#
$E,% *DB
#&Y?D/*)$#&% #N),&*&) .,% -,$..,D/,% @/E
$%$#&% %$?&*.,&) D&, Q#$% (, @.D% CD, 
,% N#&% /E%D.)*)%&, %#&) @*% ZD%), .* 
#&%ECD,&
, (, .* %D//,@/E%,&)*)$"$)E (, 
,/)*$&% )A@,% (OECD$@,-,&)%1[*.?/E D&, @/E
$%$#& .E?L/,-,&) $&QE/$,D/,I .* 
#&Y?D/*)$#& YB*&) γ = 15 ,) τ = 0.1 ,%)*

/E($)E, (OD& ><%
#/, /,-*/CD*N.,-,&) @.D% E.,"E @*/ /*@@#/) R .* ($-$&D)$#& (, .* @/E
$%$#&(O#\ 
, @*/*-E)/*?, @*/ .* %D$), F#/-$% @#D/ .,% ),%)% %D$"*&)% ]= )*N.,*D 516 ] γ = 15 ,) τ "*/$,I= )*N.,*D 51: ] τ = 0.5 ,) γ "*/$,1S, ND) &O,%) @.D% (OE)D($,/ .* @,/Q#/-*&
, (, .* 
.*%%$Y
*)$#&I 
*/ .O,B@E/$,&
, @/E
E(,&), AE)*$) (E($E,I -*$% (, "#$/ .* %)/D
)D/, (,% 
.D%),/% %,.#& 
,% (,DB @*/*-L)/,% 
#-@.E)*&) *$&%$.O*&*.A%, (, 
,)), &#D",.., ),
F&$CD, (, 
.D%),/$&? @,/-,))*&) (, N$,& 
#-@/,&(/, .O$-@*
) (,
F*CD, @*/*-L)/,1J/,-$L/,-,&)I $. ,B$%), )#DZ#D/% (,% 
.D%),/% (OD& %,D. */N/, 
#&%)$)D*&) *$&%$ D& ,&%,-N.,(, -,%%*?,% ($^
$.,-,&) $(,&)$Y*N.,%1 S#/%CD, τ *D?-,&),I .,% -,%%*?,% #&) @.D% (, "#$%$&% @,/<-,))*&) (O,& QD%$#&&,/ D&, @.D% ?/*&(, @*/)$, (O#\ D&, ($-$&D)$#& (D &#-N/, (, 
.D%),/% *$&%$256



 !"#$%&' () *+',%$-
"%$/, +'0 123$#'4',%0
γ  !  "  ! #"$
&'()*+(  , -, ./ 0 ,#1234+* 567+4+*( 578( '8 
&'()*+ 93:8:3'3;      1234+* 567+4+*( 578( '8 
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233'8 G2'+ G2'D2:+ I)+* +7((*34&B( 578( &* 3I3* 
&'()*+> J:8(:K 32:8( 5*3*((7F*( (28) +*F+2'GB( 7' (*:8 56'8 3I3* 
&'()*+ *8F*85+78) &*( *L*)( :8D*+(*( 5* &67'F3*8)7M):28 5* τ > N8O8K &*( 
&'()*+( G2'+ γ = 1 
23G7+B( 7D*
 γ = 15 (28) )2)7&*3*8) 5:LB+*8)( 7'((:4:*8 G7+ &*'+( )7:&&*( C'* G7+ &*'+ 8234+* G7((78) 5*  , P 0 > Q'+BD7&'*+ &* 8234+* 5* 
7)BF2+:*(*() 528
 8B
*((7:+* G2'+ 24)*8:+ 5* 4288*( G*+R2+378
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&'()*+( 8* 
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28R+28)B* P &7 5:()78
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∑
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li
) !"#M%N<+>( /9+,)*3,75 '3 
*.
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'( /'+5,'+( /' .* F*W75 (2,)*53'  

blk =
1

|SV lk|

∑

li∈SV lk

(ρlk
li
−

∑

lj∈{Tl∪Tk}
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dl si flk(lx) ≥ 0
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
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