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(e,~&)0�>�ÿ�6�,.A\�%>K(UåC( &Ó0lxz0'/K$'&)('9Ï&)(×z&I,./K0'ED(¨åtòó=165{|$D/J}n0:,K=1$'6C>o(-,3&)0lHD(-=)&)&1(n,.(-" AC6C$D&1$DED=)���C(���@$'�5,.(->
"-(%>�0'xCx5&)=)"%0:,.=1$'6C>á>K$'6�,��5,K=)&1=1>K8%(->�xz0'/�åC(%>�=16CåC�C>�,./J=)(%&1>�(e,�åC(->�xz0'/J,K=)"-�C&)=1(-/K>��
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{|$D�5/K6C=1>K>K(-6�, & òü(%>J>K(-6�,.=1(%&`x;$D�5/ &Ó0 åC(%>J"%/K=1x5,.=1$D6 åtòü�C6C( &)0'6CED�C( Ç � /K$D>J>�(-,��@(-/K/K=16t9t�N^=K7QNÈ 9Çü�@(%/J/K=)6X9��N^	^TQeÈ��

õ�öÐ÷ºöÐ÷ ø!ùqú\ûºü�ý�úIþ©ÿbþ»ú������kú��Ðû��	��ý���
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&)0 ED8%658%/.0 ,.=)$'6 0'�<,.$D}~0:,.=1���C(på5( ,.(Bý�,.(%>-� ��&)> >K$D67, 0'�5>K>K=ô�5,.=1&)=1>J8%> x;$D�C/ &)0 "%$D/J/K(-"-,.=1$D6
$D/�,.AC$DE'/.0'x5AC=)���C(ß$'�`& òü(Bý<,K/.0'"e,.=1$D6 åXòó=165{|$D/K}~0:,K=1$'6C>ôåC(-> åC=1"-,.=1$D6C6C0'=1/K(->ú}o�5&1,.=1&I=165ED�C(%>ô(e, =)&1>
x;(%/J}~(e,K,K(%67,i8%ED0'&)(-}~(-6�,ßå5(ù"%$'6C>J,.=I,.�C(-/ßåC(%>öxC/J$DED/.0:}~}3(->qåtòó0'=)å5(®
 &Ó0 ,./.0:åC�C"-,K=)$'6��½�±0
/K(-xC/K8->K(-6�, 0 ,.=1$D6÷åC(->wåC=)"e,.=)$'6C6z0'=1/J(%>oxC0'/\åC(->30'�5,.$'}n0:,K(%>\0'"eÿ<"-&)=1���5(%>w(->J,w,K/��%>\/K8-xz0'6CåC�5(�"%0'/\=)&1>
/K(-6CåC(-6�,b&)(�,K(%}3xC>!åtòó0'"%"-�%>;
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&)0o, 0:=)&1&1(�å5�Uå5=)"-,K=)$'6C6z0'=1/K(:95>J(%�C&1(%}3(%67,�åC(+&Ó0o&)$D6CE'�C(%�5/�å5�U}3$',sGv�
2%��(->ø0'�5,K$D}~0:,.(->`0'"eÿ�"%&)=1���C(%>`>J$D67,ø�C65( >J,./J�C"-,K�C/K( åC( åC$D6C6C8-(%>ø�5=)(-6 0'åz0'x5,K8%( 
 &Ó0
/K(-xC/K8->K(-6�, 0 ,.=1$D6�åC(l&)(eý<=1���C(%>¨åC(�&)0'6CED�C(->¨6z0:,K�C/K(-&)&1(%>%9

· · ·
�±0�/K(-xC/K8->K(%67, 0:,K=)$D6 xz0'/_0'�<,.$D}~0:,.(->

0'"eÿ�"%&)=1���C(%>�(%>�,�8-"%$D6C$'}~=1���C(+(-6U(->Kxz0'"-('9?(%&1&)(�x;(%/J}~(e,�åC(+/K8%0'&1=)>K(-/��56C(b"-$D}3xC/K(->K>K=1$D6�=1}~x;$'/J, 0:6�,.(
åC(->båC$'6C6C8%(->����#&)&1(o{|$'�C/K6C=I,!8%E70:&)(-}~(-6�,!åC(%>!{|$D6C"-,K=)$'6C>!åtòó0'"%"-�%>b(-,bå5(3/J(%" AC(-/K" AC(~åC(w}3$',.=I{|>%9ÁåC(->
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2%��(->~�56C=1,K8%>38-&)8-}~(-6�,.0'=)/J(%>\åC(%>~&)0'6CED�5(%>w>K$D67,~åC8-"%/K=I,.(->~åC0'6C>3åC(->~åC=)"e,.=1$D6C6z0:=)/J(%>\8-&)(-"-,./J$D6C=1���5(%>
· · ·
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&1$D/K>K���tòü=1&)>á>J$D6�,��5,K=)&)=I>K8%>áx;$D�5/�0:�C/K8-ED(%/�& òü8%6��C}38%/.0 ,.=)$'6_åXòó(-6C>K(-}o�C&)(->qz65=)>%95x;(%/K}3(-,J,.(-6�,��56C(+}3=)>K(
(-6Ô{ 0'"e,.(-�C/oåC(->\$D��þJ(-,K>o>.0'6C>o&Ó0:���5(%&)&1(3,K$D�5,.(nåC(%>J"%/J=)x5,K=)$D6�xC/J8%"-=)>K(¨>K(-/.0'=I,o=)}3x;$D>J>K=)�5&)(��Ï��6Ôx;(-�5,
0'=16C>K=tå58%"-/K=)/J(+åC(->�{ 0'=I,.>áåC(+&Ó0'65ED�C(!åC(+}~0'6C=��%/J(F
\&Ó0�{|$D=1>�>�ÿ<>�,.8%}~0:,K=)���C(+(-,�"-�C}o�C&)0:,.=IHD(	�C*�òó0'�5,K/K(
xz0:/J,49o&1(%>ÔåC$D6C6C8-(%>÷8-,.0'6�,õxz0'/J,K=)"-�C&)=��-/K(%}3(-6�,�HD$'&)�C}3=)65(%�C>J(%>%9o&)(->õ/J840'&1=)>K0:,.=1$'6C>�=)6<{|$D/K}~0:,K=1���C(->
6C8-"%(->K>K=1,K(%67,�åC(->á{|$D/J}n0:&)=I>K}3(->�(e,�åC(%>�0:&)ED$'/K=I,.A5}3(%>�8%"-$D6C$D}3(->�(-6_,.(-}~x5>��C�±0�/K(%x5/K8%>J(%67, 0:,K=)$D6_åC(->
åC$'6C6C8%(-> xz0'/ 0:�5,.$D}~0:,K(%>g(-,p,./.0:6C>KåC�5"-,.(-�C/K> (->J, /K(-}n0:/K���z0'�C&1(%}3(%67, 0'åz0'x<,.8%( 
 "%(e,K,.(
"-$D6�,K/.0'=16�,.(��Ó2!���ó�±0'x;$D/J,K(�ï�
��6 {|$D/J}n0:&)=I>K(�&)(->�6C$:,.=)$'6C>�&)=18%(->�0'�<ý 0'�5,.$'}n0:,K(%>�xz0:/�&1(%>�å58-z6C=I,.=1$D6C>�>J�C=1H:0:6�,.(->by
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ÍvÏ3u
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Σ∗ Ì
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/0�°Ê	ÏIÉÑÎ/ÒXÊ	ÉÓpA�����B�»Î�C",'vÉÑpvuïÒD�E����ÍvÉÓp�psÍvÉ¦Ï,�C4�Ï,�E�8É�Ï!&1Ë�pvÉ

A =< Σ, Q, δ, I, F >
ÉÑpvË�4�Ïkp<F

G Σ
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δ
psÍvÉ7'vÉÑp���"	Ïkp�Ê	Ï>NYÒ¬Î/ÉfÍ<pvÉºÊ	ÏQN}p��\ÍNpvÒ���Ë�psÍ�"�23'vÉ�Ê	É Íu�

2Q×Σ∗ → 2Q ÉÓpvË Ë�pL4�ÏkpLF
G ∀q ∈ Q,∀w ∈ Σ∗,∀a ∈ Σ : δ(q, ε) = q, δ(q, aw) =

⋃

q́∈δ(q,a) δ(q́, w)G ∀Q́ ⊆ Q, δ(Q́, w) =
⋃

q∈Q́ δ(q, w)
��(~&)0'6CE70'E'(30'>K>J$�"%=18¬
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x;$D>J(GåC(G/J8%åC�5=)/K(
A
(-,�åC(G"-$D6C>J,K/K�C=1/K(b& ò 0'�<,.$D}~0:,K(!}~=16C=1}~0:&t8-���5=1H:0'&1(%67,�
3& òó0'=1åC(!åC(%>�åC8vz6C=I,.=)$'6C>

>K�5=1H:0:6�,.(->by

k}dT��,��|¯F�0.1, 4���2
/0��'vÉ�Ê	É

q ∈ Q
psÍvÉ�����c�>�Q� t¡£¢I�9Í��¤� Ë psNK��ÍvÉÓp�Ï,�[rst8pvÒD�E� OÔÏ��°Ò×Î/É P &\Ê	uvÉÔÊ>�8É¥"3p�Ë523'vÉ�Ê	É*�E��� É#�0Ê	Ë pvÉÒ¬p��1Ê>�8É7�

q
Ì

q
psÍvÉ£Ê3rsrspsÍsÍ��#��Ë�p�Í��

∃w ∈ Σ∗ : δ(q0, w) = q
/0�C'vÉÔÊ	É

q ∈ Q
psÍvÉ7�¦K�x�c��>�Q� t¡�¢I��Í���� Ë~psNK��ÍvÉÓp�Ï,�°rst8pvÒD�E�M&\Ê	uvÉÔÊ>�8É�"3p:Ë523'vÉÔÊ	É

q
pvÉºÊ	Ë Ë¢Ê>�8É¨§ïÏTÍV4�ÏA2 �Ï,��'vÉ�Ê	Éo���1Ê	Ë¢Ì

q
psÍvÉ�rïÎ�Ê3rsrspsÍsÍ��#��Ë�p�Í��

∃w ∈ Σ∗ : δ(q, w) = q́, q́ ∈ F
Ì

��6 8-,.0:,U(->J,�=)6C0'"%"-(%>J>K=)�5&)(�&1$D/K>J���C(©0:�C"%�56C(�,K/.0'65>K=1,K=)$D6�6Xò 0'/J/K=IHD(�åC(->K>K�5>%9�0'=)6C>J= 9á&Ó0lzED�C/J(�LI�A@
/K(-xC/K8->K(-6�,.(b�C6U0'�5,.$'}n0:,K(!x;$D>J>K8-åz0'67,��56U8e, 0:,�=)6z0:"%"-(%>K>J=)�C&1(

q
�

p q

s

�

M

ñ�Ù¤è�òÁLI�W@;ón���5,K$D}n0 ,.(!x;$D>J>K8-åz0'6�,��C6�8e, 0:,�=)6z0:"%"%(->K>J=)�C&1(

L�?



k}dT��,��|¯F�0.1, 4��Õ� O
β
'54�Ï��E�/Ê	Ë�p��grïp P��pvÏQN�'vÉ�Ê	É Í

p
pvÉ

q
ÍNÎ�8É

β ©«ª£¬  �¨��¢I�K®°¯t�!�L�»Î/É�' pβq
�:Í��<Î�C&8pvÏIÉ;Ê	É�ÉÑp��E��"	u�p¤Ï,�±'vÉÔÊ	É����1Ê	Ëqp��

&\Ê	uïÉ�Ê>�8É9"3p
p
Î/ÏJp��²&\Ê=uïÉÔÊ>�8É9"3p

q
p��6Ï3ÉI� Ë���Í�Ê>�8ÉºË�p<Ò-�vÒ¬p�rst8pvÒD�E�1Ì

pβq
ÍsÍ��
∀w ∈ Σ∗ : δ(p, w) ∈ F ⇔ δ(q, w) ∈ F
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�±0�}3=)6C=1}30'&1= ,.8nåC(_& òó0'�5,K$D}n0 ,.(n(%>�,3&)=18%(}
�&)0lxC/K$Dx5/K=)8e,.8_å5( >.0 ,.�C/K0:,.=1$D6�´wå5( &Ó0l/J(%&Ó0 ,.=)$'6
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O(|Σ| . |Q| .log |Q|)
�

�#6ø�N^=^7L�9�	�(-H�� � $Dx5,.=1}~=I>K(ú& òó0'&1ED$'/K= ,.AC}3(ôåC(_P�$Dx;"%/J$'{¤, x;$D�C/ &1(%> 0'�5,K$D}~0:,.(-> 0'"eÿ<"-&)=1���C(%>Çü	�(eH�� � 9±�N^	^7LeÈ (e,ixC/K8->K(%67,.( �C6 0'&1ED$D/K= ,.AC}w( åC( }3=)65=)}w=1>K0:,.=I$D6 &1=)6C8%0'=1/K( å5(%> 0'�5,K$D}~0:,.(->
0'"eÿ�"%&)=1���C(%>����C=ÏxC/J$<"-�%å5(\(%6l,./J$D=)>�8-,.0'x;(%>oyX=ÕG�=)&�"%$D65>J,./J�C=1,��C6�0:/K�C/K(�&)(Bý<=)"%$'ED/.0'x5AC=)���C(:9Á(-6C>K�5=1,.(:9
=1= Go=1&�,K/K=)( &)(%>38-,.0:,.>~åC(U& òó0'/K�5/K(�xz0'/3Az0'�5,K(%�C/~(e,¨(-6\z6t9�=)=1=ÕGo=I,.8-/.0:,K=1HD(-}~(-6�,3>K�C/~&)0�Az0'�<,.(%�5/%9�=)&
{|�C>J=)$D656C(½&)(%>�8e, 0:,K>©åC(½}9�-}~(÷Az0:�5,.(-�C/%9b}9�-}~(÷"%$'6�,K(%6�� (-,©}X�%}3(%>�,K/.0'6C>J=1,K=)$D6C>�>K$D/�, 0'67,.(->��
��(e,K,.(b}38e,.AC$�åC(!åC(+}~=16C=1}3=I>.0:,K=1$D6¨(%>�,�/.0:xC=)åC(!}~0'=1>áED$D�C/J}n0:6CåC(!(%6�}38%}3$D=1/K(	�
�#6�L:MDMDM59�0�8e,.8�xC/K$'x;$D>K8��C6_0'&)E'$D/K=I,KAC}3(�=)6C"-/K8-}~(-6�, 0:&;åC(�}~=16C=1}3=I>.0:,K=1$'6~�5,K=)&)=I>.0'67,��C6C(�>J,K/.0:,K8%ED=1(
åC=¢¡X8-/K(-6�,.(6Çü*�0'"-=)� � pvÉ£Ê	Ë¢Ì)9?L'MDM'M/ÈÔ�@�±(nxC/J=)6C"-=)x;(~åC(n"%(e,w0'&)E'$D/K=I,KAC}3(3(->J,\åXò 0PþJ$D�5,K(%/�&1(%>�}3$',K>�&1(%>�C6C>á0'xC/�%>�&)(->á0'�<,./K(->�
G& ò 0'�<,.$D}~0:,K(	����=)65>K= 9�04H:0'67,áåtòü=)6C>J8%/K(-/��C6¨}~$',%9�&Ó0b}~8e,.AC$�å5(�/K(-"BA5(%/K" AC(!&1(%>
xC&1�C>�&)$D65ED>�x5/K8-<ý5(->�(e,�>K�I�wý<(->�"%$D}3}o�C6C>�(%6�,K/K(b&1(+}3$',�(-,�& òó0'�5,.$'}n0 ,.(����C=±6C(b>J(G" AC(eH:0'�C" AC(%67,
xz0:>%9z(%65>K�C=I,.('9z(-&)&)(!0PþJ$D�5,K(+"-(b���C=�/K(->J,.(+åC��}~$',�(%67,./J(b&)0�z6�åC��xC/J8-5ý<(b(-,�&1(!åC8%�C�<,�åC��>K�I�wý<(��
�±0nåC=�¡Á8%/J(%6C"-(\}~0PþJ(%�C/J(o0FHD(-"\"%(o���C=�0n8-,.8ox5/K$Dx;$D>J8w04H:0'67,!(->J,!���tòó=1&@(%>J,!x;$D>J>K=1�C&)(�åtòü$D�5,K(%6C=1/��C6
0'�<,.$D}~0:,.(ôxz0:/J,.=1(%&1&1(%}3(-6�, }3=)6C=1}w=1>J8ô(%6 =)67,.(%/J/K$D}3xz0'67, & ò 0'&1ED$'/K= ,.AC}w(	�U��(e,�0:&)ED$'/K=I,.A5}3(ô(->J,
8-"%$D6C$'}~(+(-6U}38%}3$D=1/K(:95}~0'=1>áxC&)�C>�&)(-6�,�(%6 ,.(-}~x5>�åC(+"40'&1"%�C&��

�±0�, 0'=1&)&I(�åXòó�C6�0'�<,.$D}~0:,.(�åC8e,.(-/K}3=)6C=1>J,K(�x;(-�5,q�-,./J(!/K8-åC�C=I,.(�
\"-(%&1&)(�åC(!& òó0'�5,K$D}~0:,.(�åC8e,.(%/J}~=16C=)>�,.(
}3=)6C=1}30'& 9C(e,�"-('9;}X�%}3(+&)$D/J>�åC(G>K0~"-$D6C>�,./K�C"e,.=1$D6t9?}~0'=)>�"%(-&)&1(eO "%=�/K(->J,K(�=1}3x;$D/J, 0:6�,K(	�z�#/K(-6C$D6C>��C6
(Bý5(-}~x5&)(�>J=)}3xC&)(��<�#6_{|/K0'6�¥%0'=)>-9<�C6_åC=1"-,.=1$D6C6z0:=1/K(�å5(!}3$',K>�}~$'6C$D&)(Bý<=)"%0'�<ý~"%$'6�,K=)(%67,á(%6�H�=1/K$D6_A��C=I,
"-(%6�, }3=)&1&1(�}3$',.> (e, $D6 å58%xz0'>J>K( &)(ú}3=)&1&I=1$'6ù04HD(%" &1(%> }~$:,.> x;$D&Iÿ�&)(Bý5=1"40'��ý»�U�#òó0'�5,K$D}~0:,.(
åC8e,.(-/K}3=)6C=1>J,.(Ø}3=16C=1}~0:&_åC�öåC=)"e,.=1$D6C6z0'=1/J( {|/.0'6\¥40'=1> *�������� Çó��$D�C/J,K$D=)>�(e,��<=)&1�;(%/ � ,.(-=)6t9X�N^	^DM/È
"-$D}~x5/K(%65å

67 995
8-,.0:,.>�(e,

177 465
,./K0'6C>K=I,.=1$D6C>-�

��6C(�x;$D>K>J=)�C=1&)=I,K8�x;$D�C/�/K8%å5�C=)/J(©&Ó0÷, 0'=1&)&I(�åC(�>�,.$�" � 0'ED(�åC(->�å5$D6C6C8-(%>�(%>�,�åtòü�5,.=1&)=1>K(-/U"%(-/J,.0'=)6C(->,.(-" AC6C=)���C(->�åC(+"-$D}3xC/K(->K>K=1$D6��
õ�öÐ÷ºö#Å Æ)þxÇ	
�È©ÿ3þ��¦ú\ý�ú��Óû��Vþ»ú��gû¦üÉÇ	
�þ©ÿ3ÿ��Óû��Ê��þ©ÿbýºùqúIû¦ü�ý�úIþ©ÿ
4x�0+o��Mx�0+ h}d3,hd�¬P�85 �|¯Ud<µo�z°�¯N.;°�¬¨²±J5|��®=.Á��c@¬P�µ4µ4�f.g,
��6JC"BAC=1(%/�"-$D}3xC/K8->K>K8\x;(%/J}~(e,!åC(\}3=)65=)}w=1>J(%/�&)(->�"%$K�<,.>!åC(o>K$D6�>J,.$�" � 0:ED(\(%6�}38-}~$D=1/J('9;>K(->,.(-}3xC> åC( ,./K0'6C>�{|(%/J, (-, åC( /J8%"%�5x;8%/.0 ,.=)$'6 Ç �<0'&)$'}~$D6X9zL'M'MDM/È 9 Çó�50FÿD$�$�åX9;L'MDMDMeÈ (e,Çü�á0'/K&)0'�Cå_(-,��±0'�C=I,49zL'MDMDLeÈÔ�

��&t(Bý5=1>J,K(+�C6 ED/.0'65å 6C$D}o�C/J(!åtòó0'&1ED$D/K=I,KAC}3(->áåC(!"%$D}3xC/J(%>K>J=)$'6 åC(+å5$D6C6C8-(%>%9z$D6_ÿ¨åC=1>J,.=16CED�C(�å5(%�<ý
"%0:,.8-ED$D/K=1(%>-����(%>¨0'&1ED$D/K=I,KAC}3(->~04HD(%"�x;(%/�,.(bE#Ë=ÌcÍ5Í�Îô(%6 0'65ED&Ó0'=1>�G\(e,¨&1(%>n0'&1ED$D/J=I,.AC}w(%>3>K0'6C>nx;(%/�,.(EÐË�ÎNÍsÍïË�psÍsÍ�(%6 0'6CED&)0'=1>sGï����(-,K,K(�åC=�¡Á8-/K(%65"%(�>J(�/K(e,./K$'�5HD(�&1$D/K> åC(�&Ó0ÔåC8%"-$D}3xC/K(->K>K=1$D6t9�$Dx;8-/.0:,K=)$D6
=16�HD(%/J>K(+���5=±x;(-/K}3(-,�å5(b/J(-,K/K$D�5HD(-/�&1(:z" AC=)(-/�$D/K=1ED=16C(-&Ô�

L'N



f
��®=.;��c@¬P�µ4µ4�f.1,õ��Ï;�®¤c#�¬F¯F >%òü(-¡Á(%"e,.�C(+E'8%6C8-/.0'&1(%}3(%67,�åC0'6C>á&)(�åC$'}n0:=)6C(�åC�¨,./K0'=1,K(%}3(%67,
åC(->�=)}~0'ED(->�(e,�å5�l>J$D6l"%0'/�&Ó0wx;(%/J,K(�åtòü=)6<{|$D/K}~0:,.=I$D6�>J�C/�"-(G,�ÿ�x;(�åC(�å5$D6C6C8-(%>�6Xòó=16\�z�C(Gxz0:>�,K/K$Dx
>K�5/�&)(%>�=165{|$D/J}n0 ,.=I$D6C>�/J8%"-�Cx;8%/J8%(%>+0'x5/��%>�åC8-"%$D}3xC/J(%>K>J=)$D6»�X�Ï0'/�, 0'67,�åC�l"%$D65>J, 0 ,����C(o& òó$'�¨Ð (b(-,�&Ó0
H�=)>J=)$D6 A��C}~0'=)65(%>Ø>K$D67, &1=)}w=I,K8%(%>Ø(e, åC=)>�,.=16CED�C(-6�, åC=¢�~"-=)&1(%}3(%67,ØåC(%> 6��z0'6C"-(%> åC(ä"-$D�C&1(%�C/J>
xC/J$�"BA5(%>3$D�÷åC(->w,K$D6z0'&1=1,K8%>oåC( >K$D6õHD$D=1>K=16C(%>-9#&1(_�C�5,3åC( "%(e,K,K(�"%$'}~xC/J(%>J>K=)$'6÷(%>�,~å5(�/J8%åC�5=)/K(_&Ó0
, 0:=)&1&1(öå5(%>ZåC$D656C8%(->q(-6 "%$'6C>K(-/JH:0'67,ß&1(%> =)65{|$D/J}n0 ,.=I$D65> &1(%> xC&)�C> x;(%/J,K=)6C(-6�,K(%>Zx;$D�5/v&)(-�C/
/K(-"%$'6C>J,.=I,.�5,K=)$'6��Á��=)6C>J= 9;&)(%>�{|$D/K}~0:,K>BÑ c#£� x;$D�C/�&)(%>�=)}~0'ED(->%9 ��c M 9 .o�o� $D�:Ò �©� x;$'�C/�&)(�>J$D6
$D67,�8-,K8!åC8-HD(-&)$Dx5x;8%>�x;$D�5/�"-$D}3xC/K(->K>K(-/�(v�~"%0'"-(%}3(%6�,�&)(->áåC$D6C6C8-(%>�(-6�0'�5,K$D/K=1>.0'67,áåC(%>�x;(%/�,.(->����C=
6tòó0'&I,��%/J(%67,����C(+{ 0:=)�C&1(%}3(-6�,�& òó=1}~0'E'(�(e,�&)(!>K$'6Ux;$'�C/�& òBÚ+=)&Á(-,�& òó$'/K(%=1&1&1(�A��C}~0'=16C(	�
f
� ®=.;��c�¬ �µ4µ%�0.1, µ-�8,@µ°c#�¬P¯4 (%>J,w6C8-"%(->K>.0'=1/K( x;$D�5/o,./K0'=1,K(%/�åC(->wåC$'6C6C8%(->3å5(%>w&)0'6CE'�C(%>

6z0 ,.�C/K(-&)&1(%>-����6C(�{|$D=)>Uå58%"%$'}~xC/J(%>J>K8'9��C6 ,K(eý�,.(�"-$D}3xC/K(->K>K8�åC$'=1,�x;$'�5HD$D=1/§�e,./J(�/J(%"%$'6C>J,K=1,.�58b

& òó=1åC(%67,.=)���C(�����òü(%>J,ú�C6C(Z"%$D}3xC/J(%>K>J=)$D6g���5=õE70'/K0'6�,K=1, & òó=16�,K8%ED/J=I,.8 å5(%>ôåC$D6C658%(->ú&)$'/K> åC(Z&Ó0
åC8-"%$D}3xC/J(%>K>J=)$D6»�
��(%>�0:&)ED$D/J=I,.A5}3(%>á0:åz0'x5,K8%>�x;$D�5/á,K/.0'=I,.(-/�&)(->�,.(eý�,K(%>�(-6 &Ó0'6CE'�C(�6C0:,.�C/J(%&1&)(�{|$'6C"-,K=)$D6C65(%67,�>K�C/�å5(%�<ý
6C=IHD(40'��ý»�#��(_xC/J(%}3=)(-/\0'6z0:&1ÿ�>K(¨& òü(%6C>J(%}o�C&1(¨åC(%>w8-&)8-}~(-6�,K>\���C=á"%$D65>J,.=I,.�C(-6�,w�C6Ô,.(Bý�,.(:9#}~$:,.>o(e,
>K8-xz0'/K0:,.(-�C/K>-9Ï(-6�&)(%>Gå58%"-$D�Cxz0'67,o(%6�"%0'/.0'"e,��-/K(%>}E �C65=1,.8~0:,.$'}~=1���C(3åC(~,K/.0'=I,.(-}~(-6�,sGv�±�±(~>K(-"%$D65åt9
"-$D6C>K=1å��%/J(b(e,�,./K0'=1,K(!&1(�,.(eý�,K(b(%6�(%67,.=)(-/�(-6U&1(!åC8%"-$D�CxC0'6�,�(-6U}3$',K>��

�¯û��	Ó�ÔÓþÖÕ¤È��	Èx
�ý�ÔD��þ×�gûºüÉÇ�
�þ©ÿ3ÿ,�Ðû��Ê��þ úIþ�Ø�úIþ
�#6�}38%}3$D=1/K(�H�=)/�,.�C(-&)&)(:9��56 ,.(eý�,K(�/J(%xC/J8%>K(-6�,K(��C6C(�åC$'6C6C8-(�6��5}~8-/K=1���5(�"-$D6C>J,K=1,K�C8%(�åtòü�C6C(

>K�5=1,.(!åC(!"40'/K0'"-,��%/K(->�åC(+&1$D6CE'�C(%�C/£5ý<('9z"%$�åC8->�(-6U�5=)6z0:=)/K(�E ��&)xCAz0:�;(-,�Ù
{0, 1}

Gv�z�±0\"%$'}~x5/K(%>J>K=)$'6
åC(!,.(Bý�,.(bxz0:>K>K(bxz0:/�&1(%>á,./K$'=)>�8e, 0'x;(->�>K�C=IH:0'67,.(->by

�=��´ .�²~d35 � µ%�5¯P�f.1,i¶ ��(-,J,.(�8-,.0'x;(�"-$D6C>J=)>J,K(&
�" AC$'=)>K=1/\�C65(��C6C=I,.8_åC( ,K/.0'=I,.(-}~(-6�,\åC�÷,K(eý�,.(E|"40'/K0'"-,��%/J('9z>Jÿ�&)&)0'�;('95(-,."��aGáxC�C=1>�xC/J$�"��-åC(;
w>J$D6�åC8%"-$D�Cxz0:ED(	�
LI� �t�z®'¯N.?¬ � µ%�<¯P�0.1, ¶ ��(-,J,.(b8e, 0'x;(+/K(-" AC(%/J"BAC(G(e,�/.0:>K>K(-}o�C&)(!&)(->�8%&18%}3(%67,.>�/J(%åC$'6Cåz0'67,.>-�
@\� m;.�²±���? ¶ ��(-,J,.(¨xCAz0'>J(¨/K(%x;$'>K(¨>K�C/o&1(n" AC$D= ý©åtòü�C6Ô"%$�åC0'ED(¨0'åC8%���z0 ,\x;$D�C/�/K(%x5/K8%>J(%67,.(-/
" Az0:���5(G8-&)8-}~(-6�,��

f
�¯F�z°©z½²�U®T.;��c�¬P�µ4µ4�f.g, /J(%xC/J8%>J(%6�,K(b&)0ox;(-/J{|$D/J}n0:6C"%(�åtòü�C6�0'&)ED$'/K=I,KAC}3(�åC(!"%$'}~xC/J(%>J>K=)$'6t95=)&
>%òü$D�5,K=)(-6�,á(-6_åC=1H�=)>K0'6�,�&)0b, 0'=1&)&I(�åC�×z" AC=1(%/�=)65=1,.=)0:&?xC0'/�/.0'x5x;$D/J,�
G&Ó0b, 0:=)&1&1(�åC�×C"BA5=)(%/�"-$D}~x5/K(%>J>K8��

Taux compression = Taille fichier compressé / Taille fichier initial
E LI�I�eG

��(%>�,./K0FH:0'��ýUåC(oà�0'/�,.=16C(40'�Uåz0:6C>�Çóà�0'/�,.=16C(40'�X9?L'MDM5�-È�xC/J8%>K(-6�,K(%6�,�(-,�"-$D}~xC0'/K(-6�,�åC(G6C$D}o�C/J(%�<ý
0'&1ED$D/J=I,.AC}w(%>�å5(\"%$D}3xC/J(%>K>J=)$D6�å5(o,.(Bý<,K(%>+(-6�&Ó0'65ED�C(�6z0:,K�C/K(-&)&)(��Á��&Ï>%òü=)67,.8-/K(%>J>K(wxz0:/J,.=1"%�C&1=��%/K(-}3(%6�,
0'��ý½0'&1ED$D/K= ,.AC}3(->\�5,.=1&)=1>K0'67,w&)(->w}~$',K>w"%$'}~}3(_�C6C=1,K8 åC(��z0'>J(	�
��&�ÿÔåC8%"-/K=I,n0'�5>K>K=�&1(%>w/K8%>J�C&1,.0:,.>
åtòó0'xCx5&)=)"%0:,.=1$'6C>á>K�C/�åC(->�(%67,./K8-(%>�/K8-(%&)&1(%>-�
Ú û���ý�Õºþ±��þ©ÿ���û��	��È©þ©ÿ
��Az0'6C65$D6�Ç �<AC0'6C6C$'6U(-,qL�(%0FHD(-/%9±�N^�?T^/ÈG0½}3=1>U0:� x;$D=16�,�&Ó0Ô,.A58%$D/J=)(�åC� "-$�åz0'E'(�(-,�å5(�&Ó0

"-$D}~x5/K(%>J>K=1$D6��z��&�030'>J>K$�"-=)8;
w�C6C(b>J8%���C(-6C"%(�åC(b}~$:,.>�0:&)840 ,.$D=1/K(->�>K$D6U(-6�,K/K$DxC=1(	� � �C=Ó0:>K�U0wåC8vz6C=
LDQ



&)0\6C$',K=)$D6 å5(bxC/J$D�z0'�C=1&)= ,.8�åC(+& òü=)65{|$'/K}30:,K=1$'6_xz0'/��C65(b"%&)0'>K>J(båtòó0'&1E=�%�5/K(%>��;$�$D&18%(-6C6C(%>-9?åtòü$=Ö�=)&t(->J,
x;$D>J>K=)�5&)(ÔåC(÷"-$D6C>J,K/K�C=1/K(õ�C6C(÷0 ý<=)$D}~0:,.=I���C(ÔåC(->�8eHD8%65(%}3(%6�,K>�8%&)8-}~(-6�,.0'=)/J(%>-9�(%6ä0:,J, 0'" Az0:6�,�

" Az0'���C(�8-&)8-}~(-6�,��C65(G"%&Ó0:>K>K(båC(GxC/K$'�z0'�C=1&)=I,K8XÇ � �C=Ó0:>K� (-,��A5(%$�åC$D/J(%>J"%�t9��U^7Q<�-È��Á��(-,K,K(o0'x5xC/K$�" AC(
0�{ 0'=I,G6z0� 1,./K(3�C6©,KAC8%$'/��%}3(n}~0PþJ(%�C/b(%6©,KAC8%$D/J=)(~åC(~&Ó0�åC8%"-=)>J=)$D6�Û%9�2-&)(3}n0Pý5=1}o�C} åtòü(%67,./K$Dx5=)(�Ü:2Çü	�8e{|/K8-ED=)(-/%9t�N^	^=@/È 9 Çü��/J8%}~0'�Cåt9t�N^=K�?�ÈÔ� ��(-> &)=IH</J(%> Ç L�=1&)&1=10'}w>á(-,��<&1$70'65('9t�N^DQ	K/È (e,Ç H:0'6U��=)6�,%9t�U^=K7LeÈ�åC8-,.0'=)&1&1(%67,�&Ó0�,.AC8-$D/K=1(!åC(%>�"%$�åC(->��
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?�����6~x;$D=)67,.(-�C/�E|H:0'&1(%�5/�/J(%&)0:,.=IHD(NGÏ���C=;=16CåC=1���C(�>%òü=)&Cÿ30+�C6~"BA5$D=IýwåC(�" AC(-}~=16C>�(e,�x;$D=)67,.(�åC$'6C"
HD(-/K>�&)0\�C/K0'6C" AC(b>J�C=1H 0'6�,K(	�

�#òó0'xCxC&1=)"40 ,.=1$'6_åC(+&Ó0o"%$D}3xC/J(%>K>J=)$D6 xz0'>J>K(bxz0'/�&)(->�8e, 0'x;(%>�>K�C=IH:0'6�,K(%>+yóØ��$�åC0'ED(�åC(�" Az0'���C(á8-&)8-}~(-6�,Ïå5(
T
(-6oxC/K(-6z0'67,�>K$D=16�åC(�/K(%}3xC&)0'"%(-/@&1(%>@8-&)8%}3(%67,.>@=)å5(%67,.=)���C(->

xC0'/�&1(!}9�-}3(!>Jÿ�}o�;$D&)(:9C"%(e,K,.(+/K(%x5/K8%>J(%67, 0:,K=)$D6�"%$'6C>J,K/K�C=I,��C65(b>J8%���C(%65"%(�6C$:,.8%(~2%�±���� 2��óØ��/J840:,K=)$D6 å5(b&)0o,.0'�C&)(�åC(%>�>J�\�\ý<(%>�åC(+&Ó0o>K8-���5(%6C"%(��±�<��ó å58-,.(-"-,K=)$D6�å5(%>�/K8-x;8-,K=1,.=1$D6C>á(%6U�<,.=)&1=1>.0:6�,��56C(+,.0'�C&1(!åC(%>�>K�\�\ý<(%>����/�
�t·�bãw�lqdjp

T
p5r=U0acbL]�a!Uqv�h�]uUqpB_c}�UIpslIh*dfbcd^r=UqpAì9h¤ac[jUId,}�UT]uUTr�Ãb]�a!Ä�`�

LLT = u0u1...un

|
ui ∈ U(alphabet)

|
n = |LLT |

|
ui = aificili

UIps[fàVacp¥X
ai ∈ A

|
fi ∈ {0, 1}

|
ci ∈ {0, 1}p�U

0 ≺ li ≺ n
`R�� À ]¤UT]�¸c[fpA_cpsr0r#a��*Ä!psr0{�v�bVUIdfptbZU�Uqv�ar�[jp5r�rIa��*Ä!psr�_�Â acbãh*v�U0Wc[f]Z{�}5rxrIpt[fv�b�[(Â vZlq_!lqp°[fp�Ä!df{tv�ÁZlq]�WcSdfàVacpZ`

@	?



óØ��$'}~xC/J(%>J>K=)$'6�åC(+&Ó0o>K8-���C(%6C"%(��±�<��ó ��xCxC&1=)"%0:,.=1$D6�åC(n&)0�"%$D}3xC/K(->K>J=)$D6l

T
x;$'�C/�E'8%6C8-/K(-/o�C65(¨65$D�5HD(-&)&)(3>J,./J�C"-,K�C/K(n"%$D}3x;$D>J8%(

å5(%>�xz0:/J,.=1(%>�6C$D6U{ 0:"-,.$'/K=)>J8%(->�åC(
T
0'�<ý<���C(%&1&)(->�>%òó0 þJ$D�<,.(%67,�åC(%��ýU,�ÿ�x;(->�å5(�x;$'=)6�,K(%�C/J>��;��6

x5/K(%}3=)(-/bx;$D=16�,K(%�C/b���C=�/K(-}~xC&)0'"-(3�C6C(~�C/.0'65"BAC(~"%$D}3xC&��-,.(-}~(-6�,+{ 0'"-,K$D/K=1>K8-(~(-,G�C6�>J(%"-$D6Cå
x;$'=)6�,K(%�C/����5=�/K(%}3xC&)0'"%(+�C6C(Gxz0'/�,.=)(+åtòü�C6C(G�C/.0'65"BA5(�}o�C6C=1(bå5(G>.0~&1$D6CED�5(%�C/-�Á��(%x;(-6Cåz0'67,49
"-(-,J,.(b"-$D}3xC/K(->K>K=1$D6�>-ò 0:xCxC&)=1���C(+&1$D/K>J���C(+&)(->�,K/K$D=1>�/��-ED&)(->�>J�C=1H:0:6�,.(->�>J$D6�,�>K0:,.=1>J{ 0'=I,.(%>�yó�	q�%E'&)(\�wy?��(%>�>K$D�5>�O�>�,./J�C"-,K�C/K(+{ 0'"-,K$D/K=1>K8-(%>�6C(+x;(%�<HD(%6�,�xz0'>�>J(b/K(-"%$D�<H</J=)/-�ó�	q�%E'&)(bL¨y?��6C(+>K$D�C>�O�>J,K/K�C"e,.�C/J(G=16C"-&)�z0'67,��C6�"BAC$'=Iý_åC(+�C/K0'6C" AC(b6C(+x;(-�5,�xC0'>q�-,K/K(+"%$D}\O
x5/K(%>J>K8-(	�ó�	q�%E'&)(:@nyC��6C(�>K$D�C>�O�>J,K/K�C"e,.�C/J(+=16C"%&1�z0'67,�& òó0'/K/J=1HD8-(�åtòü�C6_"BAC$'=IýnåC(��C/K0'6C" AC(!6C(�x;(-�5,�xC0'>�e,./J(b"-$D}3xC/K(->K>K8-(	�

��(%>¨/K8->K�C&I, 0:,K>¨$'�5,.(-6��C>¨åC8%}3$D67,./K(-6�,¨���5(�"-(-,K,K(�}38-,KAC$�åC(�åC(l"%$'}~xC/J(%>J>K=)$'6 (->J,_(-�3"40:"%(�x;$D�C/
/K8-åC�C=1/K(oå5(\E'/K$D>�HD$D&)�5}~(->�åC(\å5$D6C6C8-(%>!&Ó0'6CED0'ED=��-/K(%>�(-,!>J�C/J,K$D�5,!&)$'/K>K���tòü(%&1&)(G(%>�,b0:xCxC&)=1���C8%(�x;$D�C/
,./K0'=1,K(%/!å5(%>b&Ó0'6CED0'ED(->��z(Bý<=)$D656C(%&1>b"-$D}~}3(\&)(o{|/.0'6\¥40'=1>���*�0'6C>9Çü	�=1>J,.$FH;9?L'MDMTQNÈ�	�=1>J,.$FHlåC8%}3$D6�,K/K(
&)0�>K�5x;8%/K=1$D/K=I,.8¨åC(�"-(-,J,.(�}38-,KAC$�åC(_åC( "%$D}3xC/K(->K>J=)$D6õåC( @/J=)(_xz0'/\/.0'xCx;$'/J,X
�x5&)�C>J=)(%�5/K>30:�5,./J(%>
}38-,KAC$�åC(%>�åC(+"-$D}~x5/K(%>J>K=1$D6�åC(+&1(eý<=)���C(->�,K(%&����C(XÇ ��=1�C/.0\(e,�*�(%$D/J$e¹�=1" � 9ÁL:MDM5�-È �;��(-x;(%6CåC0'6�,%9;$D6
x;(%�<,�>J=)ED6C0'&)(-/U���5(Ô&)(�,.0'�<ý å5(Ô"-$D}3xC/K(->K>K=1$D6 å58%x;(%65åôåC� >J,K$�" � 0'ED(Ôå5(%>�åC$'6C6C8-(%>%9�(%6 (-¡Á(-,%9"-$D}~x5/K(%>J>K(-/ &Ó0©}X�%}3(l&1=)>�,.(�åC(�}3$',.>nåz0'6C>_�56�$D/KåC/J(�åC=¢¡Á8%/K(-6�,_6C(�åC$'6C6C(�xz0'>n{|$D/K"-8%}3(%6�,_&1(
}X�%}3(!/K8->K�C&I, 0:,��

� k_�z®7� ° �B� 487k7k7�� ��(%>v,./K0FH 0'�<ý å5( *�0'"%=1� � xC/K8->K(%67,.(-6�,öx5&)�C>J=)(%�5/K>v(eý<x;8%/J=)}3(%67, 0:,K=)$D6C> åC(åC=IHD(%/J>K(%>õ}38-,KAC$�åC(%>ÔåC( "-$D}~x5/K(%>J>K=1$D6Zx;$D�5/Ô/K8-åC�C=1/K( åC(->÷0'�<,.$D}~0:,.(->b
 ,K/.0'65>K=1,K=)$D65>�C6z0'&1(%>%9
}3=)6C=1}30'�<ýÁ95åC8e,.(-/K}3=)6C=1>J,.(->%9C(e,�0'"-ÿ�"-&)=)���C(->�/J(%xC/J8%>K(-6�,.0'6�,�åC(->�åC=)"e,.=1$D6C6z0'=1/J(%>áåC(+&Ó0:6CED�C(��
��6C=I,.=Ó0:&1(%}3(-6�,%9
=1&�å58%"%/J=1,n�C6 0'�<,.$D}~0:,.(�xC0'/n& òü(%6C>J(%}o�C&)(�åC(%>~,./.0:6C>K=I,.=)$'6C>3>K$'/J, 0:6�,.(->nåC(�"BAC0'���C(
8e, 0:,b,.(%&1&)(w���C(n" Az0'���C(~,K/.0'6C>J=1,K=)$D6�"%$D}3x;$D/J,K(3���z0:,./J(n=165{|$D/J}n0 ,.=I$D6C>wy
�eG!�C6C(~8-,K=)���C(e,K,.(:9ÏL=G!�C6
x;$D=16�,K(%�C/©HD(%/J>õ>K$D6Z8e, 0:,Ôåtò 0:/K/K=IHD8%(:9�@TG�&1( 6C$D}o�C/K( å5( ,K/.0'65>K=1,K=)$D65>�>J$D/J,.0'6�,K(%>ÔåC( >K$D6Z8e, 0:,
åtòó0'/K/J=1HD8!(-,�?TGá�56U�;$�$D&18%(-6�x;$D�5/�=)65åC=)���C(-/�&Ó0\6C0:,.�C/J(+åC(+&Ó0�,./K0'6C>K=I,.=1$D6°EfC6z0'&�$'��xz0'>�Gv�
��(->�}38-,KAC$�åC(->�å5(b"-$D}3xC/K(->K>K=1$D6�>J$D6�,�&1(%>�>K�C=IH:0'67,.(%>+y

ó m;.;��c�¬P<µ%µ4�0.1, + ¶ �@$'�C/�E70'E'6C(%/©(%6v(%>Jxz0'"-(�}38%}3$D=1/K(:9b"%(e,K,K( }38-,.A5$�åC( 8-&)=1}~=I6C(½&1(
"-$D}3x5,.(-�C/låC(�,./K0'6C>J=1,.=1$D6C>bE L=GU(e,�&)(©/K(-}~x5&Ó0'"-(�xz0:/��56��;$�$D&)8-(%6 x;$D�C/l=)65åC=)���C(-/l>K=�&Ó0
,K/.0'65>K=1,K=)$D6¨(%>J,�&Ó0oåC(-/K6C=��%/K(+å5(b& òó8e, 0:,�"%$D�5/.0'67,U�

ó m;.;��c�¬P<µ%µ4�0.1, 4 ¶ �@$D�C/�8%"%$'6C$D}3=)>J(%/�åC(õ& òü(%>KxC0'"%(:9+"%(e,K,.(÷}38-,KAC$�åC(õ/K(-xC/K8->K(%67,.(½�C6C(
>J(%�C&1(b{|$'=)>�&)(->�,./K0'6C>K=I,.=1$D6C>�xÁ$'/J, 0:6�,�&)(%>�}X�-}~(->�8-,K=)���C(-,J,.(->�(e,�0:�;$D�5,.=1>K>K0'6�,�0'�U}9�-}~(+8e, 0:,
åXò 0'/J/K=IHD8%(��b��(-,J,.(÷}38e,.AC$�åC(Ôx;(%/K}3(e,�åC$'6C"õåC(õ/K8-åC�C=)/J(õ& òó(-6C>K(-}o�C&)(�åC(%>�,K/.0'65>K=1,K=)$D65>låC(
& ò 0:�5,.$D}~0 ,.(	�

ó m;.;��c�¬P<µ%µ4�0.1, M ¶ ��$D�C/�/K8-åC�C=1/K(n&)0�, 0:=)&1&1(3$�"-"%�Cx;8-(_xz0:/�& òó0'�5,K$D}~0:,.(3*�0'"-=)� � >-ò 0:xCxC�C=1(>J�C/�&)(->�/K(%" AC(-/K" AC(%>!åC(�ô�$N¹á0'&I,.$e¹�> � =@åC0'6C>�ÇBô�$e¹á0:&1,.$N¹�> � =£pvÉ£Ê	Ë¢Ì)9t�N^=^	@/È@xÁ$'�C/�/J8%$D/JE70'6C=1>K(-/& ò 0:�5,.$D}~0 ,.(�(e,b>�,.$�" � (%/+&)(->�,./K0'6C>K=I,.=1$D6C>�{|$D/K}~0'67,!�56C(w>K8-/K=1(\&)(%>��C6C(%>+åC(-/K/J=��%/J(\&)(->+0'�5,K/K(%>-���(e,K,K(i/K8-$D/KE70:6C=)>K0:,.=1$D6 x;(-/K}3(-,äåC(i/J(%}3xC&)0'"%(-/ú&)(ßx;$D=16�,K(%�C/HE0?TGô0'>K>J$<"-=)8H
 "BAC0'���C(
,K/.0'65>K=1,K=)$D6�0:xCxz0'/�,.(%6C0'6�,<
_�C65(w>K8-/K=)(\xz0:/!�C6��;$�$'&)8%(-6¼E &1(oxÁ$'=)67,.(%�5/!���C=#/J8-{|8-/K(-6C"%(3& òó8e, 0:,
åXò 0'/J/K=IHD8%(+å5(b&)0o,K/.0'6C>J=1,K=)$D6kGï�

@TQ



ó m;.;��c�¬P<µ%µ4�0.1,�OZ¶ *�8-}n0'/J/.0'67,~åC(�&Ó0�/J(%xC/J8%>K(-6�,.0:,.=1$D6 $D�5,K(%6��C(Uxz0'/3&)0�"%$D}3xC/J(%>K>J=)$D6!�
���C=�x;(-/K}3(-,�å5(n/J8%åC�5=)/K(3�C6C(~xz0'/�,.=1(3åC(->�8-,.0:,.>GåC(~& ò 0'�<,.$D}~0:,K(&E &1(%>b8-,.0:,.>Gå5(nå58%xz0'/�,�åC(->
,K/.0'65>K=1,K=)$D65>�0'�;$D�<,.=)>J>.0'67,�0'� }9�-}~(�8-,.0:,�åtò 0:/K/K=IHD8%(!(-,�x;$D/J,.0'6�,�&)(%>�}X�%}3(%>�8e,.=1���5(-,K,K(%>�Ge9z&Ó0
"-$D}3xC/K(->K>K=1$D6�?~,K/.0'=I,.(<
36C$D�5HD(%0'�l"%(->�8-,.0:,.>�&1$D/K>J���Xòó=1&)>�x;$D>J>��-åC(%67,!(%6C"-$D/K(GåC(%>�,./.0:6C>K=I,.=)$'6C>
>J$D/J,.0'6�,K(%>o���tòó=1&)>�65(_xC0'/J,.0'ED(-6�,oxz0'>����#&1&)(~/K8-åC�C=1,o&1(%>G,./.0:6C>K=I,.=)$'6C>G/K(->J, 0:6�,.(->\(%6Ô�5,.=1&)=1>K0'6�,
�56U�;$�$'&)8%(-6�(e,��C6�x;$D=)67,.(-�C/��

ó m;.;��c�¬P<µ%µ4�0.1, y ¶ �±0½"%$'}~xC/J(%>J>K=)$'6+�©(e,l&Ó0÷"-$D}3xC/K(->K>K=1$D6�? 0'&)&��%ED(-6�,�& òó0'�5,.$'}n0 ,.(�(%6
>J�CxCxC/J=)}~0'6�,�"%(%/�, 0'=16C(%>�,./K0'6C>J=1,.=1$D6C>-�b��(-x;(%6Cåz0:6�,49b"%(-,J,.(½>J�C/KxC/J(%>J>K=)$'6 (->J,©"-$D6CåC=I,.=1$D6C6C8-(
xC0'/�&Ó0 >J,K/K�C"e,.�C/K( åC( & òó0'�5,K$D}n0 ,.(����#6Z(-¡Á(-,49o& òó$'/KåC/J( åz0:6C>Ô&)(%���C(-&¨>K$D67,õ>J,K$�" � 8%(%>÷&1(%>,K/.0'65>K=1,K=)$D65>wx;(%�<,n=)6\�z�5(%6C"-(%/~>K�C/3&Ó0�"%$'6C>K$D}3}~0:,.=1$D6õ}38%}3$D=)/J(	�#*�òó0'xC/�%>n& òó8e,.�Cå5(U}3(%6C8-(
xC0'/�ô�$e¹á0:&1,.$N¹�> � =¸ÇAô�$N¹á0'&I,.$N¹�> � =£pvÉ£Ê	Ë¢Ì)9t�N^=^=@eÈ 9<åC=)>Jx;$D>K(-/á&)(->�,K/.0'65>K=1,K=)$D65>�>K�C/á" Az0'���C(!8e, 0:,xC0'/\$D/Kå5/K(_åC8%"-/K$D=1>K>.0:6�,3>J(%&1$D6õ&Ó0�{|/K8-���C(%6C"-(UåC(_&)(-�C/K>\8-,K=)���C(e,K,.(->3x;(-/K}3(-,w�C6C( }3(%=1&)&I(%�C/J(
"-$D}3xC/K(->K>K=1$D6��

��(->�}38-,KAC$�åC(->�$'6�,á,K$D�5,K(%>á8-,.8�,.(->J,K8%(%>�>K�C/á&)(->�0'�<,.$D}~0:,.(->�E�
G,./.0:6C>K=I,.=)$'6C>ºz6z0'&1(%>�G�/K(-xC/K8->K(-6�, 0:6�,
åC=¢¡X8-/K(-6�,.(->@&)0'6CED�C(->�6C0:,.�C/J(%&1&)(%>±(e,@&)(->�/K8->K�C&I, 0:,K>�$D�5,K(%6��C>@}3$D6�,K/K(%67,����tòó=1&�6Xòüÿb0�xC0'>��C6C(�"-$D}3xC/K(->�O
>K=1$D63$Dx<,.=)}~0'&I(�x;$'�C/
,K/.0'=I,.(-/�,.$D�C>
&)(->�å5=)"e,.=)$'6C6z0'=1/K(->�����(%&)$'63&)(�å5=)"-,K=)$'6C6z0'=1/J('9'"%(-/J, 0:=)6C(->�}~8e,.AC$�å5(%>
x;(%�<HD(%67,��-,K/K(�xC&1�C>�(v�~"%0'"-(%>á���C(�åtòó0'�5,K/K(->��5��(->�"%$'}~xC/J(%>J>K=)$'6C>�&)(->�}3$D=)65>�x;(-/J{|$D/J}n0:6�,.(->�>J$D6�,�&1(%>
"-$D}~x5/K(%>J>K=1$D6C>�@w(e,�?��
k � µ%®7°@µ4µ4�f.1,
��=)(-6����C(¨6z0:,.�5/K(%&1&)(-}~(-6�,G6C$D6�(eý<Az0:�C>J,K=1{�9@&)(~xz0:6C$D/.0:}n0�åC(%>oåC=¢¡X8-/K(-6�,.>G,./K0FH:0:�<ý©xC/K8->K(-6�,.8->

x;$D/�, 0'67,�>K�C/G&Ó0�}3=)6C=1}w=1>K0:,.=1$'6�(-,�&Ó0�"%$'}~x5/K(%>J>K=1$D6©åC(%>o0'�5,K$D}n0 ,.(->�0Ux;(%/J}~=1>GåXòó8e, 0'�C&1=)/+���5(%&)&1(%>
>K$'6�,�&)(->�åC=�¡Á8%/J(%67,.(%>�}38e,.AC$�åC(->�(eý<=1>J, 0:6�,.(->��t�#òü=)6�,K8%/�-,�åXòó�C65(o,K(%&1&)(Gå58%}~0'/K" AC(�8-, 0:6�,�åC(�x;$D�5HD$D=1/
x;$D>J=1,.=1$D6C65(%/á6C$D>�,./K0FH:0:�<ý xz0'/�/.0:xCx;$D/J,�
w"-(%��ý�O "%=��
��840'6C}3$D=16C>%9@"%(e,w8-, 0 ,wå5(_& òó0'/J,o>J$D�C&��-HD(_"%(-/J,.0'=)6C(->\=)67,.(-/K/K$'E70:,.=1$'6C>����z0'67,X
l& òó0'åz0'x<, 0'�C=1&1= ,.8~åC(->
}38-,KAC$�åC(%> åC8%"-/K=I,.(->]
öåC(-> >J,K/K�C"e,.�C/J(%> "-$D}~xC0'/.0'�5&)(->%9�xz0:/ (eý<(-}~xC&1('9�0:�<ý 0'�5,K$D}~0:,.(-> >J�C/
&1(%>K���C(-&)> >J(�x;$D/J,K(�6C$',./J(�,K/.04H:0'=1&Ô�����C>K>J= 9á>K(%/K0'=I,JO�=1&�x;$D>J>K=)�5&)(�åXòó=1åC(%67,.=�C(%/¨åC(%> >K$D�5>�O�0:�5,.$D}~0:,K(%>
"-$D/K/K(->Kx;$D65åz0'67,�
w6C$:,./K(!åC8-z65=1,.=1$D6 (-6U�<,.=)&1=1>.0:6�,�"-(%>�xC/J$�"%8-åC8%> ���6C(G0:6z0'&1ÿ�>J(+>K(-/.0wåC8-HD(-&)$Dx5x;8%(b&)$D/J>K���C(!,.$'�5,.(->�&1(%>�åC8-z65=1,.=1$D6C>�>J(%/J$D6�,�xC/K8->K(-6�,K8%(%>��
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Pred(p) = {q ∈ Q : ∃α ∈ Σ : δ(q, α) = p}ó
Pred∗(p) = {q ∈ Q : ∃w ∈ Σ∗ : δ(q, w) = p}
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E ⊂ Q
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Succ(E) =
⋃

p∈E
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⋃

p∈E

Succ∗(p)ó
Pred(E) =

⋃

p∈E

Pred(p) r Eó
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⋃

p∈E
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A =< Σ, Q, δ, qi, qf >
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p ∈ Q

�¥�»Î/É�'sp
H(p)

�:psÍvÉqË�p
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∀p ∈ Q r {qf}, H(p) = Max{q∈Succ(p)}H(q) + 1
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p ∈ Q
�B�»Î/É�'sp

C(p)
�£psÍvÉ Ë�p
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A =< Σ, Q, δ, qi, qf >
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A′ = < Σ, Q′, δ′, si, sf >
psÍvÉ¦Ï,�§ÍNÎ/ÏTÍv�ÐÊ	ÏIÉÑÎ/ÒXÊ	ÉÓp<"3p
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Í��¦pvÉ�ÍNpvÏ3Ë�pvÒ¬p��8É Í���F

G Q′ ⊂ QG {si, sf} ⊂ Q′

G δ′
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Q′ × Σ→ Q′

∀(q, α) ∈ Q′ \ {si, sf} × Σ
F¼�o�

δ(q, α)
psÍvÉ9",'=������Ê	Ë�Î/u�Í

δ′(q, α) = δ(q, α)Í��E�»Î�
δ′(q, α)

psÍvÉ¤�E��",'=�����
∀α ∈ Σ

��Í��
δ(si, α) ∈ Q′ Ê	Ë�Î/u�Í δ′(si, α) = δ(si, α)
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δ′(si, α)
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∀α ∈ Σ

�
δ′(sf , α)
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G ∀q ∈ Q′, q ∈ Succ∗(si)

pvÉ
q ∈ Pred∗(sf )G ∀q ∈ Q′ \ {si, sf} : Succ(q) ⊂ Q′ pvÉ Pred(q) ⊂ Q′

?7N



	�0'xCx;(-&)$D6C>����C(G&1(%>�(%6C>J(%}o�C&1(%>
Succ

(e,
Pred

>K$D67,�,.$D� þJ$'�C/K>�"40'&1"%�C&18%>�åz0'65>�& ò 0:�5,.$D}~0:,K(!=16C=1,K=)0'&
A
�
��(e,K,.(bå58-z65=1,.=1$D6 >J=)ED65=�z(����5(3yó �$D�<,.(!,./.0:6C>K=I,.=)$'6_åC(

A′ (%>�,��56C(+,K/.0'6C>J=1,K=)$D6¨åC( A
³ó �$D�<,�8-, 0 ,�åC(

A′ (->J,�0'"%"-(%>K>J=)�C&1(+(-,�"-$:O�0'"-"%(->K>K=1�C&)(!åz0'6C> A′ ³ó �$D�<,.(o,./K0'6C>J=1,.=1$D6�åC(
A
0Fÿ70:6�,!"%$'}~}3(�8-,.0:,!åC(\åC8-xz0'/J,!$D��"%$'}~}3(�8-, 0 ,!�C�5,!�C6�8-,.0:,!åC(

Q′ åC=)>�,.=16C"-,�å5( si
(-,�åC(

sf
(->J,��C6C(!,./.0'65>K=1,K=)$'6_åC(

A′ �
��(�>K$D�5>�O�0:�5,.$D}~0:,K(�"%$D67,.=)(-6�,
åC$D6C"�0'�3}3$D=16C>#å5(%�<ý38e, 0:,K>
åC=)>�,.=)65"-,.>-97�56~8e, 0:,�=16C=I,.=)0:&

si

(e,��56~8e, 0:,z6z0:&
sf
(e,�=)&X6tòó0wåC(+&)=1(%6 0FHD(-"b&)(!/J(%>�,.(båC(+& òó0'�5,K$D}~0:,K(����tò 0:��,./K0FHD(-/K>�åC(+"%(%>�å5(%�<ý�8e, 0:,K>��
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q
�

sf P
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Á =< Σ, Q′, δ/Q′ , si, sf >
psÍvÉ¦Ï,�JÒ�Ï3Ë ÉI�f&1Ë�p<"3pFË¢Ê*r�Ê	us">�E�1Ê	Ë�� É�';"3p

sf

F
∀q ∈ Q′

r {si, sf},∃y ∈ N
ÉÑpvË�4�Ïkp

C(q) = y × C(sf )

?TK



ÅqöÔõ�ö#Å Y�û�ù�ÿZ�eýºùqúIû¦ü�ý�úIþ©ÿ`�sþx
8ü�È©ÿba
SAF

a
�#6U,.$'�5,.(bED8%658%/.0:&)=1,K8'9z&)03å5$D6C6C8-(�åC(->�8e, 0:,.>�=)6C=I,.=)0:�<ý (e,�z6C0'�<ýU6C(G>J�\�w,�xz0:>�
~"%0'/.0:"-,K8%/K=1>K(-/

�C6�>J$D�C>�O�0'�5,K$D}~0:,.(:9?>K0'�5{#>K=±$D6U=)}3x;$D>K(+���C(G,K$D�5,K(%>�&)(->�,./.0:6C>K=I,.=)$'6C>�>K$'/J, 0:6�,�åC(G& òó8e, 0:,�=)65=1,.=10'&t(e,
,.$'�5,.(->�"-(%&1&)(->�0'/J/K=IH:0'67,�
3& òü8-,.0:,�z6C0'&�åC$'=1HD(-6�,�0:xCxz0'/�,.(%65=)/�0:��>K$D�5>�O�0:�5,.$D}~0:,K(	�Á��6�å58-z6C=I,�0:=)6C>J=
�C6�>J$D�C>�O�0'�5,K$D}~0:,.(o���5=�H:0¤�e,./K(\}n0 ý<=1}n0:&@(%6�&)0'/KE'(%�C/�(-,+���C(36C$'�C>b0'xCx;(-&)$D65>~2->J$D�C>�O�0'�5,K$D}~0:,.(
{|(-/K}3872��
*�(�,.(-&)>3>J$D�C>�O�0'�5,K$D}~0:,.(->%9
>J=�=1&�(%6 (Bý<=)>J,K('9
>K(%/K0'=)(-6�,3{ 0'"-=)&1(*
�>J,.$�" � (%/-9�}~0'=1>w�C=1(%6½>s�C/6tòó0'/K" AC=IHD(%/����C(G&)(->�å5(%�<ýU8-,.0:,.>�(Bý�,./��-}~(->�$D�5&)=1ED(<
3/K(-"40:&)"%�5&)(%/�&)(b>J$D�C>�O�0'�5,K$D}~0:,.(<
~" Az0:���5(G{|$D=)>
���C(b& òó$'6 (%6U0w�;(->K$D=16��

k}dT��,��|¯F�0.1, M��Õ��� V».Á°�µ « �z°�¯N.Á���5¯F µ �¬:��dC���Î� É
Q′ ⊆ Q

pvÉ
si

�
sf

"3pvÏQN 'vÉÔÊ	ÉfÍ�">��ÍvÉ#�E�»rvÉfÍ<"3p
Q′ F/0�§ÍNÎ/ÏRÍv�ÐÊ	Ï3ÉÓÎ/ÒXÊ	ÉÑp
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q
åC(¨& òó0'�5,K$D}~0:,.(3=)6C=I,.=10'&

A
"%$D/J/K(%>Jx;$D6Cå÷0'��xC&)�5>o�56

PPSAF
9Ï���C=�(->J,\&)(

SAF
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PPSAF
x;(%�5HD(-6�,J�e,./K(©&1(%>U�C65>J
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0'�<,./K(->�$D� {|$D/K}3(%/á�C6C(bAC=18%/.0:/K" AC=)(!åtòü=)65"%&)�5>K=)$'6C>��z�±0wåC$D656C8%(båC(b>J$D6U8e, 0:,�=16C=1,K=)0'&
si

åC8vz6C=I,�>.0'6C>
0'}o�C=1ED�¨Ð ,.8��C6

PPSAF
9z$'6�x;$D�C/J/.0w&1(!6C$',K(%/

PPSAF (si)
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��6q(->J,½0'}3(%6C8n
 åC=1>J,.=16CED�C(-/�,K/K$D=1>�,�ÿ�x;(%>÷åC(
PPSAF
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|(si, sf )| = 2
si

(->J,�å5=1HD(-/KED(-6�,�}~0'=)>
|Succ(si)| = 1

si sf

mG�5¯Nd£�1.?¬ �|
2
¶�R�¬P�8,�µ4�|¯P�f.1, µ �¬ ��d�

si
6C$D6�åC=IHD(%/JED(%67,49

sf
6C$D6�"-$D6�HD(-/KED(-6�,

si sf

mG�5¯Ud,�k.?¬ � 
3
¶lkdknmpo.q ®=.Á��c¸5|Tz�U�zµ%µ�.�®7�0d§|

si

si

(%>�,�åC=IHD(%/KE'(%67,by
|Succ(si)| > 1

9
sf

(->J,�"%$D67HD(%/JED(%67,�y
|Pred(sf )| > 1

∀q ∈ (si, sf )
y

(si, q)
6tòó(->J,�xz0'>��C6�>K$D�C>�O�0'�<,.$D}~0:,K(�{|(%/J}~8

(q, sf )
6tòü(->J,�xz0'>��56U>J$D�C>�O�0'�5,K$D}~0:,.(�{|(-/K}38

si sf

Û�Í°ý�òg@\�I�:ó_�á0:,K8%ED$D/J=)(->�åC(+xC&1�C>�x;(e,.=I,.>�>J$D�C>�O�0'�5,K$D}~0:,.(->�{|(-/K}38%>
�#òó0'�5,K$D}~0:,.(�åC(Ô&Ó0)zED�5/K(�@I�W@ 65(õx;$D>K>�%åC(½0'�5"%�C6ô>K$'�C>�O�0'�5,.$'}n0 ,.(�åC(õ"40 ,.8%E'$D/K=1(

1
9�xz0'/

"-$D6�,K/K('95=1&Áx;$D>J>��%å5(+>K= ý¨>J$D�C>�O�0'�5,K$D}~0:,.(->áåC(�"%0:,.8-ED$D/K=1(!Lny
(2, 3)

9
(7, 8)

9
(8, 9)

9
(10, 11)

9
(11, 12)(e,

(14, 15)
(e,b,./K$'=)>+>J$D�C>�O�0'�5,K$D}~0:,.(->båC(3"%0:,.8-ED$D/K=1(X@�y

(1, 6)
9
(6, 13)

9
(13, 20)

�±��&
(->J,�
�6C$',K(%/
���C(b&)0\>J8%/K=1(

(10, 12)
(%>�,��C6

SAF
}n0'=1>áxz0'>��C6

PPSAF
�

ÅqöÔõ�ösr \JÔÓù�ÿ�Ç;þ»ú���ú¼ÿ3ûºù�ÿ;�/ýºùqúIûºü_ý�úIþtguav\w\xY�øyaji
�±0¨å58-z6C=I,.=1$D6l(-,!&Ó0n/K(-" AC(%/J"BAC(wåC(->+>J$D�C>�O�0'�5,K$D}n0 ,.(%>�{|(%/K}38%>�>K(�þJ�C>�,.=¢z(%67,!xz0'/�&)(G{ 0'=I,����tòü=)&1>

>K$'6�,¨0'/K" AC=1H 0'�C&1(%>~xz0:/~&)(�>K=)}3xC&1(�"-$D�CxC&1(lE 8-,.0:,n=)65=1,.=10'& 9#8-,.0:,9z6z0'&ÕGe9
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PPSAF

>K$D67,¨}X�%}3(
0'/J"BA5=1H:0'�5&)(->�xz0'/�&)(-�C/�8e, 0 ,�=)6C=I,.=)0:&��56C=)���C(-}~(-6�,��X��840:6C}~$'=)6C>-9?�C6

PPSAF
x;(-�5,:�e,./J(�"-$D}~x;$'>K8

åC(�xC&1�C>K=1(%�C/J>_>K$'�C>�O�0'�5,.$'}n0 ,.(%>-���Ï0:/_(eý<(-}~xC&1('9�&)(
PPSAF (1, 5)

åC(�& ò 0'�<,.$D}~0:,K(�/K(-xC/K8->K(-6�,.8zE'�C/K(�@\� L3"%$D67,.=1(%6�,�&1(%>�åC(%�<ý�>K$'�C>�O�0'�5,.$'}n0:,K(%>
(1, 2, 3, 5)

(e,
(1, 4, 5)

(%6lxz0'/K0'&1&��-&1(	�z��&@(%>�,!å5$D6C"
=16�,.8-/K(->K>.0:6�,÷åtòó8-&Ó0:/KED=1/�&)0 /J(%" AC(%/J"BA5( åC(%>÷>J$D�C>�O�0'�5,K$D}~0:,.(->%9ox;$D�C/õ"-(%&)059o6C$D�5>÷åC8vz6C=1>K>K$'6C>÷&Ó0
6C$:,.=)$'6 åC(ßxC&1�C>úx;(e,.=1,ú>J$D�C>�O�0'�5,K$D}~0:,.(ß0:>K>K$�"-=)8m
 �C6 8-, 0 ,U�©��$'6C6z0� 1,./K(q&)(->úx5&)�C>ôx;(-,.=I,.>
>K$'�C>�O�0'�5,.$'}n0 ,.(%>�x;(%/J}~(e,K,./K0'=I,�å5(b/J(%"-$D6C>�,./K�C=1/K(!,.$'�C>�&)(->�>J$D�C>�O�0'�5,K$D}n0 ,.(%>-�
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p ∈ Q r {si, sf}

��Ë�p;ÍNÎ/ÏRÍv�ÐÊ	Ï3ÉÓÎ/ÒXÊ	ÉÑp
A′ =< Σ, Q′, δ/Q′ , si, sf >

psÍvÉ�Ë�p
&1Ë ÏTÍ�&8pvÉ#� É�ÍNÎ/ÏTÍv�ÐÊ	ÏIÉÑÎ/ÒXÊ	ÉÓp;Ê/ÍsÍNÎNr��q';�

p
O
PPSA(p) P Í��(��pvÉ�ÍNpvÏ3Ë�pvÒ¬p��8É Í���FG A′ rsÎ�8ÉI�Ôp��8É ÍvÉ0u��ÔrvÉÓpvÒ¬p��8É pG ∀ A′′ =< Σ, Q′′, δ/Q′′ , s′′i , s

′′
f >

ÍNÎ/ÏRÍv�ÐÊ	Ï3ÉÓÎ/ÒXÊ	ÉÑp�rsÎ�8ÉÓp��1Ê>�8É�ÍvÉ0u��ÔrvÉÑpvÒ¬p��8É
p
F
Q′ ⊂ Q′′

�Gòz(%>�,�åC$'6C"+&)(!>K$'�C>�O�0'�5,.$'}n0:,K(!}3=)6C=1}30'&X0'��>J(%6C>�åC(+& òü=)65"%&1�C>K=1$D6¨"%$D67,.(-6z0'6�,�>J,K/K=1"-,.(-}~(-6�,
p
�

��&#(%>�,G6C8%"-(%>J>.0'=)/J(~åXòó=1}~x;$'>K(%/!& òü(Bý5=1>J,.(-6C"-(3åtòó�56�8-, 0 ,G0'�5,./J(w���5(~=16C=I,.=)0:&Ï$D��z6C0'& 9t>J=)6C$D6�&1(%>+x5&)�C>
x;(-,K=1,K>�>J$D�C>�O�0'�5,K$D}n0 ,.(%>�>K(-/.0'=1(%67,�/K8-åC�C=I,.>�
\åC(%>�,K/.0'65>K=1,K=)$D65>��

W�z����c�5| Mx��2
�#òó0'�5,.$'}n0:,K(!å5(b&)0�zE'�C/K(<@\�óN\"%$D67,.=)(-6�,�>K(-x5,

PPSA
�

A′
1 = {1, 2, 4, 6}= PPSA(2) = PPSA(4)

A′
2 = {1, 3, 5, 6}= PPSA(3) = PPSA(5)

A′
3 = {6, 7, 8, 9}= PPSA(7) = PPSA(8)

A′
4 = {9, 10, 11, 14}= PPSA(10) = PPSA(11)

A′
5 = {6, 7, 8, 9, 10, 11, 14}= PPSA(9)

A′
6 = {6, 7, 8, 9, 10, 11, 12, 13, 14, 15}= PPSA(12) = PPSA(13)

A′
7 = {1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15}= A = PPSA(6)

��6õx;(-�5,w/K(-}n0:/K���C(%/o���C(
A′

3 ⊂ A′
5 ⊂ A′

6

(-,
A′

4 ⊂ A′
5 ⊂ A′

6

�
A′

5

6tòó(->J,wxz0'>\�56õxC&)�5>\x;(e,.=I,
>K$'�C>�O�0'�5,.$'}n0 ,.(`0:� >J(%6C> =16�,K�C=1,K=I{ åC� ,K(%/K}3('9 =1&ô(%>�, "%$D}3x;$D>K8 åC(`å5(%�<ý xC&1�C>ùx;(-,.=I,.>
>K$'�C>�O�0'�5,.$'}n0 ,.(%>�}~=1>�(%6�>K8%/J=)(�����&�(->J,b$'�5,.(-6���(-6�8-,K�CåC=Ó0:6�,+& òó8e, 0 ,F^_���5=#(%>�,b& òü8-,.0:,!åC(�þJ$D6C"-,K=)$D6
(-6�,./J(b"-(%>�åC(-�<ý�>J$D�C>�O�0'�5,K$D}n0 ,.(%>-�

W�z����c�5| Mx�Õ�
�#òó0'�5,.$'}n0:,K(!å5(b& òó(Bý<(%}3xC&)(F@I�aQ<9C"-$D6�,K=)(-6�,�&)�C=Á,./K$'=)>��
���<�qy
�
���<��E0KTG5Ù!�
���<��E0^TG5Ù!�
�Á���5��E Q=G5ÙYE Q�91�FM=Ge9
�
���<��E�Q=G5Ù!�
���<��E NTG5Ù!�
���<��E Q=G5Ù!�
���5��E��FM=G5Ù!�
�Á�!�5��E0?RGsÙXEf?C9I�D�eG
(e,������<��E L=GsÙ!�����<��E�@TGsÙ!�����<��E0?RGsÙ!�����<��E��D�eG5Ù!�
�;�!�5��E��NG5ÙYE��D9I�PL	G
*�0'65>\"%(e,\(eý<(%}3xC&)(:9Ï=1&�ÿ©0l"%$QÐ 6C"-=)åC(-6C"%(¨(%67,./J(_&1(%>ox5&)�C>�x;(-,K=1,.>�>K$D�5>�O�0:�5,.$D}~0:,K(%>G{|(%/J}~8->o(-,\&1(%>
xC&1�C>�x;(e,.=1,K>�>J$D�C>�O�0'�5,K$D}n0 ,.(%>-�;àU0'=)>�"%(+6tòó(->J,�xC0'>�,.$D� þJ$'�C/K>�&1(!"40'>+y?*�0:6C>�& òü(eý<(-}~x5&)(!xC/J8%"-8%åC(-6�,49
&1(�xC&)�5>¨x;(e,.=1,n>K$D�5>�O�0:�5,.$D}~0:,K(l0'>K>J$�"%=18J
©& òü8-, 0 ,l�[E

{1, 2, 3, 4, 5, 6}
G~6tòü(%>�, xz0:>¨�C6 xC&)�5>¨x;(e,.=I,

>K$'�C>�O�0'�5,.$'}n0 ,.(+0'>J>K$�"%=18<
w�56U8e, 0:,��
��6�x;(%�<,�0'=1>K8-}~(-6�,�8e,.(%65åC/K(b&Ó0o6C$',K=)$D6_åC(+xC&1�C>�x;(e,.=1,�>J$D�C>�O�0'�5,K$D}~0:,.(F
\�C6�(%6C>J(%}o�C&1(+åtòü8-, 0 ,.>��
k}dT��,��|¯F�0.1, M��0+R7÷�

PPSA
�zµ4µ�.�®7�fd§|�°�, I,�µ%��J��5 �²�r�d7¯F�5¯Pµc���Î� É

A =< Σ, Q, δ, qi, qf >
Ï,�°Ê	ÏIÉÑÎ/ÒXÊ	ÉÓp�pvÉ

E ⊂ Q
�
E 6= ∅

Ì
)~p &1Ë ÏTÍ &8pvÉI� É ÍNÎ/ÏTÍv�ÐÊ	Ï3ÉÓÎ/ÒXÊ	ÉÑp Ê/ÍsÍNÎNr��q' �

E
O
PPSA(E) P psÍvÉ Ë�p ÍNÎ/ÏRÍv�ÐÊ	Ï3ÉÓÎ/ÒXÊ	ÉÑp

PPSA(E) = < Σ, QPPSA(E), δPPSA(E), si, sf >
ÉÑpvË�4�Ïkp<F

G E ⊂ QPPSA(E)
pvÉ

Q�?
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ñ�Ù¤è�ò1@\� N;ó¨	�(-"BA5(%/K" AC(
PPSA

G ∀A′ ÍNÎ/ÏTÍv�ÐÊ	ÏIÉÑÎ/ÒXÊ	ÉÑp�"3p A
"3Î�8É�Ë52 p��\ÍNpvÒ���Ë�p;"3psÍM'vÉ�Ê	É Í

Q′ rsÎ�8É#�Ôp��8É E � QPPSA(E) ⊂ Q′ Ì
W�z����c�5| Mx� i
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PPSA(2, 3) = {1, 2, 3, 4, 5, 6} = PPASF (1) = PPSA(2, 5) = PPSA(4, 3) = ...
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PPSAF (si) =
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A
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+þJ$'�C/�(-,�&)(-�C/K>
" Az0'}3xC>

ei
>K$D67,�{|$D/K"-8%}3(%67,o}3=)><
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ei
/K(%>�,.(%67,�
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source(k + 1) = k + 1Ol�<=
k + 1

6tòü(%>�,©xz0'>�&)(õxC&1�C>�x;(e,.=I,�x5/K8%å58%"-(%>K>K(%�C/©åC(
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9CåC$D6C"+&)0\xC/J$DxC/K=18-,K8+(->J,�H�/.0'=��
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$D6 $D�5,K=)(-6CåC/.0

p
E "40:/¨&)0�åC(%/J6C=��-/K(�}~=1>K(§
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Á =< Σ, Q′, δ/Q′ , si, sf >

Ï��&ÍNÎ/ÏRÍv�ÐÊ	Ï3ÉÓÎ/ÒXÊ	ÉÑp�Ì
	TÌ
∀E ⊂ Q′

r {sf} : Succ∗(si) ∩ Pred∗(E) ⊂ Q′  Ì
∀E ⊂ Q′

r {si} : Pred∗(sf ) ∩ Succ∗(E) ⊂ Q′

*�0'65>�"%(n���C=
H:0�>J�C=1H�/J('9�6C$D�C>�" AC(-/K" AC$D6C>�
Uå58-,.(-"-,K(%/o&1(%>Gx5&)�C>Gx;(e,.=I,.>G>K$'�C>�O�0:�5,.$'}n0:,K(%>G"-$D/K/J(%>�O
x;$D6CåC0'6�,�
\&Ó0oåC8-C6C=1,K=)$D6¤@\�I�FM\/.0'x5xÁ(-&)8-(+"%= O�åC(->K>K$'�C>��
ß y1}=â#ì*Wclq}srIptbVU0_c]�br�[f]*_!}tÃbcdjUIdfv�bI£�£Q`

N=^



k}dT��,��|¯F�0.1, Mx�0+R7��
PPSA

�Cµ4µ�.�®7�0d&|©°h, 3,�µ%��J�¸5|l²
r�d�¯4�5¯Pµ���Î� É
A =< Σ, Q, δ, qi, qf >

Ï���Ê	Ï3ÉÑÎ/Ò9Ê	ÉÑp×pvÉ
E ⊂ Q

�
E 6= ∅

Ì¤)~pL&1Ë ÏTÍL&8pvÉ#� ÉqÍNÎ/ÏTÍv�ÐÊ	Ï3ÉÓÎ/ÒXÊ	ÉÑpÊ/ÍsÍNÎNr��q';�
E
O
PPSA(E) P psÍvÉºË�p�ÍNÎ/ÏTÍv�ÐÊ	Ï3ÉÓÎ/ÒXÊ	ÉÑp A′ =< Σ, Q′, δ/Q′ , si, sf >

ÉÑpvË�4�Ï8p�F
G OT� P E ⊂ Q′ pvÉ
G OT�E� P ∀A′′ ÍNÎ/ÏTÍv�ÐÊ	ÏIÉÑÎ/ÒXÊ	ÉÓp<"3p A

"3Î�8ÉºË52 p��\ÍNpvÒ���Ë�p;"3psÍM'vÉÔÊ	ÉfÍ
Q′′ rsÎ�8ÉI�Ôp��8É E � Q′ ⊂ Q′′ Ì

k}dT��,��|¯F�0.1, M��0+ j � j_°±¯U.Á���5¯F�Y��C¬F¯P�|35�d-,@�¤¯P�|�85�²�rI°h, I,�µ%��J��5 �²�r�d7¯F�5¯Pµc���Î� É
A =< Σ, Q, δ, qi, qf >

Ï,�°Ê	ÏIÉÑÎ/ÒXÊ	ÉÓp�pvÉ
E ⊂ Q

�
E 6= ∅

Ì
8*� �»Î/ÉÓp

IPA(E) =< Σ, QIPA(E), δIPA(E), source(E
≤

), E >
Ë52 Ê	Ï3ÉÓÎ/ÒXÊ	ÉÑp�&\Ê	uïÉI�ÔpvË¥�E��� É#�0Ê=ËÊ/ÍsÍNÎNr��q';�

E
�ºÉÓpvË04�Ïkp�F

G QIPA(E)
psÍvÉ£Ë52 p��\ÍNpvÒ���Ë�p<"3p;ÉÑÎ/ÏTÍ�Ë�psÍë'vÉÔÊ	ÉfÍ�Ê�&�&\Ê	uïÉÓp��1Ê>�8É9�

E
Î/ÏJÊ�&�&\Ê	uïÉÓp��1Ê>�8É£Ê	Ï>N§rst8pv�ÒD�E�\ÍFu�pvË��0Ê>�8É

source(E
≤

)
�

E
≤

G δ′
F { QIPA(E)× Σ→ QIPA(E)
∀(q, α) ∈ QIPA(E)× Σ : δIPA(E)(q, α) = δ(q, α)G source(E

≤

)
psÍvÉ¦Ë523'vÉÔÊ	É¤�E��� ÉI�0Ê	Ë

G E
psÍvÉºË52 p��\ÍNpvÒ���Ë�p;"3psÍM'vÉ�Ê	É Í����1Ê	Ï>N

k}dT��,��|¯F�0.1, M���487÷� j_°±¯U.Á���5¯F�Y��C¬F¯P�|35¦���0,��85�²
r1°h, 3,@µ%��J��5 �²�r�d7¯F�5¯Fµ���Î� É
A =< Σ, Q, δ, qi, qf >

Ï,�°Ê	ÏIÉÑÎ/ÒXÊ	ÉÓp�pvÉ
E ⊂ Q

�
E 6= ∅

Ì
8*� �»Î/ÉÑp

FPA(E) =< Σ, QFPA(E), δFPA(E), E, puits(E
≥

) >
Ë52 Ê	Ï3ÉÑÎ/Ò9Ê	ÉÑp	&\Ê	uïÉI�ÔpvË£���1Ê	Ë�Ê/Ív�ÍNÎNr��q'<�

E
�ºÉÑpvË�4�Ï8p�F

G QFPA(E)
psÍvÉºË52 p��IÍNpvÒ���Ë�p;"3pFÉÓÎ/ÏTÍ<Ë�psÍM'vÉÔÊ	ÉfÍ;Ê�&�&�Ê	uïÉÑp��1Ê>�8É7�

E
Î/Ï§Ê�&�&\Ê	uvÉÑp��1Ê>�8É¦Ê	ÏQN&rst8pv�ÒD�E�\ÍFu�pvË��0Ê>�8É

E
≥ �

puits(E
≥

)

G δ′
F { QFPA(E)× Σ→ QFPA(E)
∀(q, α) ∈ QFPA(E)× Σ : δFPA(E)(q, α) = δ(q, α)G E

psÍvÉºË52 p��\ÍNpvÒ���Ë�p;"3psÍM'vÉ�Ê	É Í;�E��� ÉI�0Ê	ÏQN
G puits(E

≥

)
psÍvÉ¦Ë523'vÉÔÊ	É����kÊ=Ë

��(%>Ux5/K$DxC/J=)8e,.8->U>J�C=1H 0'6�,K(%>U=1&)&1�5>J,./J(%6�, &)(->�/K(-&Ó0:,K=)$D65> (-6�,K/K(�&1(%>�>J$D�C>�O�0'�5,K$D}n0 ,.(->�(-,U&)(->����z0:,K/K(
åC8vz6C=I,.=)$'6C>�xC/J8%"%8-åC(%67,.(%>+y<&)(->á8e, 0:,K>á>K$D�C/J"%(�(-,�xC�5=1,.>-950'�5,.$'}n0:,K(�xz0'/J,K=)(-&Á=16C=1,K=)0'&?(e,�z6z0'&X0'>J>K$�"%=18%>
\& òü(%6C>J(%}o�C&)(

E
�

Yb¬/.kc�¬ �0d7¯Nd Mx�0+ i��Î� É
A′ =< Σ, Q′, δ/Q′ , si, sf >

Ï,�§ÍNÎ/ÏRÍv�ÐÊ	Ï3ÉÓÎ/ÒXÊ	ÉÑp<"3p
A
pvÉ

E ⊂ Q′ � E 6= ∅ FG source(E
≤

) ∈ Q′ pvÉ puits(E
≥

) ∈ Q′

G QIPA(E) ⊂ Q′ pvÉ QFPA(E) ⊂ Q′

*�8-}~$'6C>J,./K0:,.=1$D6

ó�*�0'6C>¨&1(U"%0'>n$=Ö
E ⊂ Q′ 9�&)0�åC8-z65=1,.=1$D6 åXòó�C6 >K$'�C>�O�0'�5,.$'}n0:,K(Ux;(-/K}3(-,¨åXò 0��3/J}~(-/n���C(

si ∈ NA(E
≤

)
9Á0'=16C>K= 9

source(E
≤

)
xÁ(-�5,��-,./J('9;>K$D=I,��C6�>K�C"-"%(%>J>.(%�C/�å5(

si

9;$'���C=)(-6
si

&)�C= O
}X�%}3(��z*�(b}~0'6C=��%/J(!x5&)�C>�ED8%6C8-/.0'&1('95,.$'�C>�&)(->�8-,.0:,.>�å5(

E
>K$D67,�>K�C"-"%(->K>K(%�z/J>�å5(

si

�
��$D=1,

p ∈ E
≤ y

source(E
≤

) ∈ Succ∗(si)∩ Pred∗(p)
(-,

p 6= sf

9C0'=16C>K= 9
source(E

≤

) ∈ Q′E|"-{Ó�CxC/K$Dx5/K=)8e,.8F@\�I�PQ=Gï�z��(+}9�-}~(�/.0'=1>K$D656C(%}3(%67,�"%$D6Cå5�C=1,�0'��/J8%>J�C&1,.0:,
puits(E

≥

) ∈ Q′ �óØ��$D=1,
q ∈ QIPA(E)

9
q
0:xCxz0'/�,.=)(-6�,�
!�C63" AC(-}~=16w/K(-&)=)0'6�,

source(E
≤

)



E
≤ 970'=16C>K= 9'=1&5(eý<=)>�,.(

p ∈ E
≤ E

p 6= sf
Gá,.(%&±���C(

q ∈ Succ∗(si) ∩ Pred∗(p)
�;�Ï0'/�"%$D6C>J8%���C(%67,49

QIPA(E) ⊂ Q′ 9
=1åC(%}öx;$'�C/

QFPA(E)
�

2

Q'M



R�³~dR.?¬ ´��© Mx��+��Î� É
E
Ï,��p��\ÍNpvÒ���Ë�p?"�23'vÉÔÊ	ÉfÍu��&8ÎNÍsÍ!'5"TÊ>�8ÉºÊ	Ï¤Ò¬Î�E�\Í�É0u�Î��ÍM'vÉÔÊ	ÉfÍu��Î�J",'=����� É Ë¢ÊYÍvÏ,� ÉÑp:ÍvÏ��E�/Ê>�8ÉÑp;F

{

E0 = E
∀k ≥ 1

�
E2k−1 = QIPA(E2k−2)

pvÉ
E2k = QFPA(E2k−1)UvË�psNK��ÍvÉÑp

k0

ÉÓpvË�4�Ï8p�F
∀k ≥ 2k0, Ek = QPPSA(E)

*�8-}~$'6C>J,./K0:,.=1$D6
��, 0'67,+åC$'6C6C8\&Ó0nxC/K$Dx5/K=)8e,.8�@\�I�NK59Á=)&@(%>J,+"%&)0'=)/����C(

∀k,Ek ⊂ QPPSA(E)
��*�(wxC&1�C>%9X&Ó0n>K�C=I,.(o(%>J,

6C$'6�åC8%"-/K$D=1>K>.0:6�,.(��?��=)6C>J= 95(%&1&)(�(%>�,�>J,.0:,.=1$D6C6C0'=)/J(�(-,�=1&t(Bý5=1>J,K(
k0

,.(-&����C(
∀k ≥ 2k0, Ek = E2k0

�
��"%= 9C6C$D�C>�åC(eHD$D6C>�}~$'6�,./J(%/á���5(

E2k0

/K(-xC/K8->K(-6�,.(G& òü(%6C>J(%}o�C&)(!å5(%>�8e, 0:,K>�åXòó�C6�>K$'�C>�O�0'�5,.$'}n0:,K(	�
�<$'=1,

si = source(E
≤

2k0−1)
9
sf = puits(E

≥

2k0
)
(-,

Q′ = E2k0
= E2k0+1

�
{si, sf} ∈ Q′ 9?0'�<,./K(-}~(-6�, E2k0+1 6= E2k0

�
��6U0 y

ó
∀q ∈ Q′, q ∈ E2k0+1

0'=)6C>J= 9
q ∈ Succ∗(si)ó

∀q ∈ Q′, q ∈ E2k0

0'=)65>K= 9
q ∈ Pred∗(sf )ó

∀q ∈ Q′
r {si, sf}

E
q
(Bý<=)>J,K(oxz0:/K"-(o���C(

|E| ≥ 3
Ge9

q ∈ E2k0+1 r source(E
≤

2k0+1)
0'=16C>K= 9

Pred(q) ∈ Q′ �ó
∀q ∈ Q′

r {si, sf}
9
q ∈ E2k0

r source(E
≤

2k0
)
0'=)6C>J= 9

Succ(q) ∈ Q′

Q′ HD8-/K=�C(n,K$D�5,.(->o&1(%>�"-$D6CåC=I,.=)$'6C>GåC(n&Ó0Uå58-z6C=I,.=1$D6l@\�A@�(e,49@xz0'/�"-$D6C>�,./K�5"-,.=1$D6t9@=1&�/K(-xC/K8->K(-6�,.(_&1(
xC&1�C>�x;(e,.=I,�(%6C>J(%}o�C&)(+åXòó8e, 0:,K>�åtòü�C6�>K$D�C>�O�0'�<,.$D}~0:,K(!"%$D67,.(-6z0'6�,

E
9z0'=16C>K=

Q′ = QPPSA(E)
�

2

Q<�



	�0'xCx;(-&)$D6C>G���C(n6C$'�C>�"%$'6C>K=1åC8%/J$D6C>��C6�0'�5,.$'}n0:,K(
A =< Σ, Q, δ, qi, qf >

"%$'}~}3(3�C6�E'/.0'xCA5(
0'"eÿ�"%&)=1���C(�$D/J=)(%67,.8

G = (V, T )
$=Ö

V = Q
(-,

T = {(q1, q2)/q1, q2 ∈ Q
(-,
∃(q1, α, q2) ∈

Q × Σ × Q : δ(q1, α) = q2}
(-,_���C(�& òó$D6 >J�CxCx;$D>J(����C(�&1(%>n8-, 0 ,.>�E $D� &)(%>n>K$D}3}3(-,.>�G3>K$D67,

6��C}~8-/K$',K8%>�(%6�/K(->Kx;(-"-,�å5(b& òó$'/KåC/J(�,.$Dx;$'&)$DED=I���5(!åC��ED/K0'xCAC(��
Åqö��öÔõ ø÷Ô�Õ�ûA
���ú�ø:ü�þ©ÿÖ��þ 
�þ���ø�þx
¨��ø�þ ��ù ÇãÔÓù�ÿ±Ç;þ»ú���ú$ÿ3û�ù�ÿ;�/ý�ù�úIûºü�ý úIþ�ý�ÿ;�

ÿ3û�����Èb¤�ù��Vþ���ÿ3þ~ü¥A�ÔÐþ±���=È»úIý úIÿ
��,.0'6�,oåC$D6C6C8¨�C6õ0'�5,K$D}~0:,.(

A =< Σ, Q, δ, qi, qf >
9@& òó0'&)E'$D/J=I,KAC}3(¬@�x;(%/J}~(e,\åC(¨"40:&)"%�5&)(%/

& ò 0'�<,.$D}~0:,K(�xC0'/J,.=1(%&@=)65=1,.=10'&�åtòü�C6�(-6C>K(-}\�5&)(\åXòó8e, 0:,K>
E ⊂ Q

9
E 6= ∅

�t��&Ï�5,K=)&1=1>K(��C6�(%6C>J(%}o�C&1(
Lx;$D�C/+>J,K$�" � (-/G&)(->b8e, 0:,K>b/K(%>�, 0'67,�
�(Bý<xC&)$'/K(%/+(-,G�56©(-6C>K(-}o�C&)( QIPA

x;$D�5/b>J,K$�" � (-/G&)(->b8e, 0:,K>båC(
QIPA(E)

�
��&�åC8%}~0'/J/K(~åC(

E
≤ (-,oåXò 0'x5/��%>�&Ó0�åC8-C6C=1,K=)$D6�åC(n& òó0'�5,K$D}n0 ,.(wxz0'/J,K=)(-&�=16C=1,K=)0'& 9�=)&
xz0'/K"-$D�C/�,�


& òó(-6�HD(%/J>�,K$D�C>�&1(%>�"BAC(-}3=)6C>@þJ�C>K���tòA
3"-(b���tòü=)&�0:,J,.(-=)ED6C(�& òü=)67,.(%/J>K(-"-,.=1$D6_åC(!,.$D�5>�"%(->�"BA5(%}3=)6C>-��� &Ó0z6t9
L
"%$'6�,.=1(%67,

source(E
≤

)
�

j}5=�1.?¬ �¤¯F³@� M �á0:&)"%�5&�åC(
IPA(E)

O��
67,./J8%(3y
A
9
E
O��<$D/�,.=)(oy

QIPA(E)
9
source(E

≤

)~�X
L← E

≤ ³�!X
QIPA ← E

³
� X¤Ò ³@�05|

|L| > 1
²h.

ïX �<$'=1,
t
�56U8-&)8-}~(-6�,�åC(

L
åC=¢¡X8-/K(-6�,�åC(

Min(L)
³�Z�

min
ÍNpvË�Î�§Ë52 Î/u5"	u�pFÉÑÎu&8Î�Ë�Î\6>�#4�Ï8p<"	Ï-6	uÊ�&8t8p����

� X
L← L r {t}

³
� X

QIPA ← QIPA ∪ {t}
³

�«X à�0'/J���C(%/
t
³v�Z�o�@$'�C/�=)6Cå5=)���C(%/����C(+& òü8-, 0 ,

t
0wå58�þ�
w8-,K8+H�=1>K=I,.8n���

ðcX
L← L ∪ (Pred(t) r {q ∈ Pred(t)|q

}n0:/K���C8
})
³���o8*�:�»p?�!��Í�� ÉÓp<4�ÏkpFË�psÍ�&1u\'5",'srspsÍsÍNpvÏIu�ÍL�»Î��p��»rsÎ/u�p?�E�»rvË ÏTÍ�"TÊ>�\ÍFË52 Ê	Ï3ÉÑÎ/ÒXÊ=ÉÑp*&\Ê	uvÉ#�ÔpvËs���

�cX 3,@² Ò ³���5| ���£�Ôr��(�
L
rsÎ�8ÉI�Ôp��8É

source(E
≤

)
���

~s�X
QIPA ← QIPA ∪ L

³
~�~ZX

source(E
≤

)← min(L)
³

�#òó0'&)ED$'/K=I,KAC}3(wåC(n"40'&1"%�C&�åC(
FPA(E)

E 0:&)ED$'/K=I,KAC}3(Y?RG+(%>�,\>J=)}3=)&10'=I/K(X
�& ò 0:&)ED$'/K= ,.A5}3(9@�y�=)&
/K(BO
,.$'�C/K6C(\(-6�>K$D/�,.=1(

QFPA(E)
(-,

puits(E
≥

)
xz0'/!�C6�"40'&1"%�5&�=1,K8%/K0:,.=I{
åC(%>+(-6C>K(-}o�C&)(->

CP (E
≥

)
(e,

NP (E
≥

)
åC(->�åC8-C6C=1,K=)$D65>q@\�1�NQ\(e,�@\�I�FN\�3� &Ó0�z6

L
"%$'6�,.=1(%67,

puits(E
≥

)
�

��, 0'67,båC$'6C6C8w�C6�0'�5,K$D}~0:,.(
A =< Σ, Q, δ, qi, qf >

(-,+�C6�(%6C>J(%}o�C&1(
E ⊂ Q

9
E 6= ∅

9�& ò 0:&)E'$:O
/K=I,.AC}3(£Q�(-¡Á(%"e,.�C(á&)0�/K(%" AC(-/K" AC(�åC�ox5&)�C>@x;(-,K=1,Ï>J$D�C>�O�0'�5,K$D}~0:,.(�0'>K>J$�"%=)8£


E
9 åtò 0:xC/��->�&1(�,.AC8-$D/�%}3(@\�I�=�;��&@xC/J(%6Cål(%6l(%67,./K8-(

A
(e,

E
(e,�"40'&1"%�C&1(G=1,K8%/K0:,.=IHD(%}3(%67,

IPA
(e,

FPA
þJ�C>K���tòA
¨"%(����tòó=1&@0:,JO

,.(-=)E'6C(��C6_x;$D=16�,áå5(:5ý<(��3� &Ó0;C6
Q′ "-$D6�,K=)(-6�,�,.$D�C>á&1(%>á8e, 0:,K>�å5� xC&1�C>áx;(e,.=1,á>J$D�C>�O�0'�5,K$D}~0:,.(:9 si>K$'6U8e, 0:,�=)6C=I,.=)0:&Á(-,

sf

>K$D6�8-,.0:,qz6C0'&Ô�

QDL



j}5=�1.?¬ �¤¯F³@� O �á0:&)"%�5&�åC(
FPA(E)

O��
67,./J8%(3y
A
9
E
O��<$D/�,.=1(\y

QFPA(E)
9
puits(E

≥

)~�X
L← E

≥ ³�!X
QFPA ← E

³
� X¤Ò ³@�05|

|L| > 1
²h.

ïX �<$'=1,
t
�56U8-&)8-}~(-6�,�åC(

L
åC=¢¡X8-/K(-6�,�åC(

max(L)
³���

max
u�psÍ�&8psrvÉ#�E�	pvÒ¬p��8É��FË52 Î/us"	usp£ÉÑÎu&8Î/Ë�Î56>�#4�Ïkp*"=Ï?6	uÊ�&8t8p����

� X
L← L r {t}

³
� X

QFPA ← QFPA ∪ {t}
³

�«X à�0'/J���C(%/
t
³v�Z�o�@$'�C/�=)6Cå5=)���C(%/����C(+& òü8-, 0 ,

t
0wå58�þ�
w8-,K8+H�=1>K=I,.8n���

ðcX
L← L ∪ (Succ(t) r {q ∈ Succ(t)|q

}~0'/J���58
})
³���o8*�:�»p?�!��Í�� ÉÓp<4�ÏkpFË�psÍ�ÍvÏ8rsrspsÍsÍNpvÏIu�Í?�»Î��p��»rsÎ/u�p?�E�»rvË ÏTÍ�"TÊ>�\Í�Ë52 Ê	ÏIÉÑÎ/ÒXÊ	ÉÓp*&\Ê	uvÉ#�ÔpvËs���

�cX 3,@² Ò ³���5| ���£�Ôr��(�
L
rsÎ�8ÉI�Ôp��8É

puits(E
≥

)
���

~s�X
QFPA ← QFPA ∪ L

³
~�~ZX

puits(E
≥

)← max(L)
³

j}5=�1.?¬ �¤¯F³@� y �á0:&)"%�5&�åC(
PPSA(E)

O��#6�,K/K8%(wy
A
9
E
O��<$'/J,.=1(\y

QPPSA(E)
9
si
9
sf~�X

Q′ ← E
³

�!X ¬PRc#��<¯
� X

Qtemp← Q′ ³ïX
CalculIPA(A,Q′, QIPA, si)

³
� X

Q′ ← QIPA

³
� X

CalculFPA(A,Q′, QFPA, sf )
³

�«X
Q′ ← QFPA

³
ðcX °h,Á¯P�05

Q′ = Qtemp

Q	@



W�z����c�5| Mx�0+34
�±0XCED�C/K(�@I�1�PLw=1&)&I�C>J,K/K(+&)(->�xC/J(%}3=��%/J(%>�8-,.0'x;(%>�åC(G& ò 0:&)ED$'/K= ,.A5}3(;Qw>K�C/��C6�(eý<(-}~x5&)(~y?& òü(%6C>J(%}o�C&1(
=16C=1,K=)0'&Áåtòü8-,.0:,.>

E
>J(b"%$'}~x;$D>J(+åC(->�8-,.0:,.>�ED/J=)>�å5�UED/K0'xCAC(+OÓÊ P ���(�ED/.0:xCAC(²O�� P /K(-xC/K8->K(%67,.(�&1(%>�8e, 0:,K>�å5( QIPA(E)

97/K8%"-�Cx;8%/J8%>á0'xC/�%>�&1(�xC/K(-}~=1(%/�0:xCx;(%&?åC(²³�Ê	Ë�rvÏIËUs�1�<ÌC� "%(e,K,.(!8e, 0'x;(:9
si

0o�56C(!xC/J(%}3=��-/K(�H:0'&1(%�C/-�C��(->�8-,.0:,.>áED/K=1>�åC�_ED/.0'x5AC( Or P >K$D67,�"-(%��ý åC0'6C>
QFPA(E)

9C/K8-"%�Cx;8-/K8->�0'x5/��%>�&)(�xC/K(-}~=1(%/�0:xCx;(%&tåC($³�Ê	Ë�rvÏ3Ë�¦¸�1�F�C� "-(-,�=16C>J,.0'6�,%9
sf

åC8->K=1ED6C(!�C6C(
xC/J(%}3=��-/K(�H:0'&1(%�5/;E ":òó(->J,�&)0�z6�åC(+&)0\xC/J(%}3=��-/K(!=I,.8%/K0:,.=1$D6kGï�
�Ø&)0+å5(%�<ý<=��-}3(�=1,.8-/.0:,K=)$'6t9

QIPA(E)
E /K(->Kx��

QFPA(E)
G�(%>�,�/K(-xC/K8->K(-6�,K8�xz0'/
&)(�ED/K0'xCAC(�O�" P E /K(->Kx��&1(GED/.0'x5AC(:Op P Gv�Á��6�x;$'=)6�,�5ý<(o(->J,+0 ,K,.(-=)67,:
~&Ó0Yz6låC(�&Ó03åC(%�<ý<=��%}3(�=1,K8%/.0 ,.=)$'6U(e,�&)(GxC&1�C>�x;(e,.=I,>K$'�C>�O�0'�5,.$'}n0 ,.(!(->J,�,K$', 0:&)(%}3(-6�,�/K(-"%$D�<HD(%/J,��

Q�?



E 0=G

E �kG

E "UG

E åkG

E|(NG

ñ�Ù¤è�ò=@\�I�PL�óG	�(%" AC(-/K" AC(�åC�oxC&)�5>Ïx;(-,K=1,Ï>K$'�C>�O�0'�5,.$'}n0:,K(�0'>J>K$�"%=18á0'�<ý�8e, 0:,K>�E'/K=)>�åC(á& ò 0:�5,.$'}n0:,K(
(a)

Q=Q



Åqö��ö#Å Æ)þ���ø�þx
���ø�þ ��þ$úIû�ù�ÿ ÔÐþ©ÿ�ÇãÔÓù�ÿ Ç;þ»ú���ú\ÿ)ÿ3û�ù�ÿ;�/ý�ù�úIûºü�ý�ú\þ©ÿ[ý�ÿIÿ3û�� ��È§¤
ù��ÊÈ»úIý�ú

�#òü$D�;(-"-,.=I{Ï(%>J,�åC(+,K/K$D�5HD(-/�,.$'�C>�&)(->
PPSA

0'>J>K$�"%=18%>�0'�<ý 8-,.0:,.>�=16�,K(%/J6C(%>�åtòü�C6�0'�5,K$D}~0:,.(
A
�

��6
PPSA

"%$D67,.=1(%6�,�0'�ú}~$D=16C>�,K/K$D=1>�8-, 0 ,.>%9+>K$'6ä8-,.0:,�=)6C=I,.=)0:& 9�>K$D6ú8-, 0 ,°z6z0'&w(e,©�C6ú8-, 0 ,
=16�,.(-/K6C(��?�#òó0'&)E'$D/K=I,KAC}3(�Q\"%0'&)"-�C&)(!�56U>J$D�C>�O�0'�5,K$D}~0:,.(����5=±"-$D6�,K=)(-6�,�>J,./J=)"e,.(-}~(-6�, o

E
9C6C$D�C>�0'&1&)$'6C>

& ò 0'x5xC&)=1���C(-/q
w�C6U(-6C>K(-}o�C&)(
E
x;$D�C/�&1(%���C(-& o

E
(->J,��C6�>K=)65ED&)(e,.$D6

{p}
E åC0'6C>�&1(+�5�5,�åtòó$'�5,.(-6C=)/�&)(

xC&1�C>Gx;(e,.=I,G>K$D�C>�O�0'�<,.$D}~0:,.(UGv�±��6C(~x;$D>K>J=)�C=1&)=I,K8w(->J,�åC(~åC8-z65=)/
E
"%$'}~}3(38e, 0'67,�"%$'}~x;$'>K8~åC(

p
9

åtòü�C6�xC/K8-åC8%"-(%>K>K(%�C/�åC(
p
(e,�åtòü�C6U>J�C"%"-(%>K>K(%�C/�åC(

p
�

�<=w$D6ä"-$D6C>K=1å��%/J(½,K$D�C>�&1(%>�8-, 0 ,.>
p ∈ Q r {qi, qf}

9+& òü(eý<8-"%�5,K=)$D6úåC(½& òó0'&)E'$D/J=I,KAC}3(�QØx;$D�C/
E = {pred, p, succ}

$'�
pred ∈ Pred(p)

(-,
succ ∈ Succ(p)

x;(%/J}~(e,�åXòó8-6��C}38%/J(%/�& òü(%6C>J(%}o�C&1(
åC(->�xC&)�5>�x;(e,.=1,K>�>J$D�C>�O�0'�5,K$D}n0 ,.(%>�åC(

A
�

�#òó0'xCxC&1=)"40 ,.=1$'6_åC(+"%(e,K,.(+=)åC8-(+}X�%6C(F
w& òó0'&1ED$'/K= ,.AC}3(�>K�C=IH:0'67,�E ��&)E'$D/K=I,.A5}3(!NTGï�
j}5=�1.?¬ �¤¯F³@� 2 �á0:&)"%�5&Ó�á0:>K=)���C(

PPSA(p)
O��#6�,K/K8%(wy

A
9
p
O��<$'/J,.=1(\y

QPPSA(p)
9
si
9
sf~�X

E ← {p} ∪ {pred} ∪ {succ}
³

�!Xá�á0'&1"%�C&)�
������E �ºG
��=�$D6 6XòüÿöxC/J(%6Cå xz0'> E70:/KåC(:9n"%(e,Ø0:&)ED$'/K=I,KAC}3( x;(-�5, (%6CED(-6CåC/J(%/ åC(-> "40:&)"%�5&)> =16��5,K=)&1(%>-�

�#òó0'&)ED$'/K=I,KAC}3( �á0'&1"%�C&
PPSA

E 0'&1ED$D/J=I,.A5}3(�Q=Gq"%$D6C>J=)>�,.( (-6 �C6C( >K�C"-"%(->K>K=)$D6 åtòó0'xCx;(%&1>Z

�á0'&1"%�C&1���Á�ù(-,��á0'&)"-�C&Ó�Ï�Á�;����xC/�%>_�C6C(�(eý<8-"%�5,K=)$D6�åC(��á0'&)"-�C&)���;��9�$D6 $D�5,.=1(%67,_�C6 (%6C>J(%}o�C&1(
QIPA

���C(�& òü$D6�xC0'>K>J(o(%6lxC0'/.0'}X�-,K/K(:9Á0'�U,./K0FHD(-/K>�åC(
Q′ 9g
¨�á0:&)"%�5&Ó���;���Á�á0'&1"%�C&)���;�ôH 0nxz0'>J>K(-/

(-6U/K(eH<�5(b,.$'�C>�&)(->�8-, 0 ,.>�åC(
Q

≤

IPA

x;$D�C/�8e,.�CåC=1(%/�&1(%�C/J>�>K�C"-"%(->K>.(%�C/J>%9?ÿ_"%$D}3xC/K=1>�"-(%�<ý�åC$D67,�,.$D�5>
&1(%> >J�C"%"-(%>K>K(%�C/K>�0'xCxz0:/J,.=1(%6C65(%6�, åC8�þ�
�


QIPA
���#ò 0:&)ED$D/J=I,.AC}w(��á0'&1"%�C&1���Á� xC/K8->K(-6�,.(�&1(�}9�-}~(

,./K0FHD(-/K>-�U�!6 0'�5/.0ZåC$'6C"�,K(%6CåC0'6C"%(�
Z/K8-(eý<xC&1$D/K(-/Ø=16��5,K=)&1(-}3(%67,�x5&)�C>J=)(%�5/K> {|$D=1> &)(->�}X�%}3(%>
" AC(%}3=)65>��
�#òó0'&1ED$D/K=I,KAC}3( Qä(%>�,��C6C( H:0'/J=Ó0:,K=)$D6ßåC( & ò 0:&)ED$'/K= ,.A5}3($Qä���C=U,./.0:=1,K( &)( "%0'> xC0'/J,.=1"%�5&)=1(%/

|
o

E| = 1
9©åC0'6C>v&)0'���C(%&1&)(ß�C6ø"%(-/J, 0'=16ø6C$'}\�5/K(iå5( /K(BO�"%0'&)"-�C&)>ä>J$D6�,v8-H�=I,.8%>-����& "40'&1"%�C&1(

=I,.8%/K0:,.=IHD(%}3(%67,o&1(%>o>K$'�C>�O�0'�5,.$'}n0 ,.(%>oxC0'/J,K=)(%&1>�=16C=1,K=)0'&
(-,�z6z0'& 9@(%6õ�5,K=)&1=1>.0'67,�åC(%��ýõ&1=)>�,.(%>�&1$�"40'&1(%>
åtòü8-,.0:,.>

LPred
(-,

LSucc
���±$'/K>�åtòü�C6 "40'&1"%�C&GåXò 0'�<,.$D}~0:,.(�xz0:/J,.=1(%&b=)65=1,.=10'& 9�xz0'/�(Bý5(-}3xC&)(:9�=1&

0'67,.=1"%=)x;(÷&)(½"%0'&)"-�C&3åC( & ò 0:�5,.$D}~0:,K(÷xz0:/J,.=1(%&YC6z0'&~>J�C=1H 0'6�,�(-6v=16C"%$'/Kx;$D/.0:6�,�åz0'6C>��@���C"%" &1(%>
>K�5"%"-(%>K>K(%�C/K> åC(%>¨8-, 0 ,.>nH�=)>J=1,.8->¨���C=�6tòó0'xCxC0'/J,K=)(%656C(%67,_xz0'>}


QIPA

�á��(l"%0'&)"-�C&�åC(l& òó0'�5,K$D}~0:,.(
xz0:/J,.=1(%&�z6z0:&�>J�C=1H 0'6�,G>K(3{|(-/.0&
�xz0'/J,K=)/+å5(n���<�C"-"'9�8-H�=1,.0'6�,�0:=)6C>J=
åC(~/J(%xz0:>K>K(-/�=)6��5,.=1&1(%}3(-6�,+xz0'/
åC(->n8e, 0:,.>3���5=�6Xòó$D67,¨0:�C"%�C6 >K�5"%"%(->K>K(%�C/¨AC$D/J>~åC(

QIPA

�l� &Ó0Jz6 åC(U& ò 0:&)ED$'/K= ,.A5}3('9�&)(->~8e, 0:,K>
}~0'/K���C8->�>K$D67,�&)(%>�8-,.0:,.>�åC��xC&1�C>�x;(e,.=I,�>K$D�C>�O�0'�<,.$D}~0:,.(!0'>K>J$�"%=)8<


E = {pred, p, succ}
�

��Az0:���5(o8e, 0:,�(eý<xC&1$D/K8G(->J,�}~0'/K���C8;
~>K0~xC/K(-}~=��%/K(+H�=1>K=1,K(bx;$D�C/�6tòB�-,./J(G,K(%>J,K8����tòü�C6C(�>K(-�C&)(b{|$D=1>%9
>K(->�xC/K8-åC(%"-(%>K>K(%�C/J>�6C$'6�}n0:/K���C8%>�>J$D6�,�0PþJ$D�<,.8%>�


Lpred
(-,�>J(%>�>J�C"%"-(%>K>K(%�C/K>�6C$D6�}~0'/J���58%>�>K$'6�,

0PþJ$D�5,K8%>�

LSucc

9+���C(-&3���5( >J$D=I,�& ò 0:"-,K=)$D6�(%6ú"%$D�5/K>!E å58-,.(-/K}3=)6C0:,.=1$D6�åtòü�C6
IPA

$D�úåtòó�56
FPA

Gv�<��=16C>K=Á�C6_8e, 0:,á6tòó0'xCxz0:/J,.=1(%6Cå5/.0o0'�¨}n0 ý<=1}o�C}v���XòW
o�C6C(�>J(%�C&1(�åC(�"%(->�åC(%�<ý¨&)=1>J,K(%>����$D�5,
8e, 0:,n,.(%>�,.8l(%>J,_/K(e,.=1/K8�åC(l>K0�&)=1>J,K(�åXò 0'x5xz0'/J,K(%6z0:6C"%(����±0�/J(%" AC(%/J"BA5(�>%òó0'/K/�-,K(�&1$D/K>J���5(l&)(->¨å5(%�<ý
&1=)>J,K(%> >K$D67,p/K8%å5�C=1,K(%>�
 �C6 8-&)8%}3(-6�,U� �±(->p8-,.0:,.> H�=)>K=I,.8->g&)$'/K> åC( "-(-,J,.( (Bý5x5&)$D/K0:,.=1$D6
"-$D/K/K(->Kx;$D65åC(%67,w0:&)$D/J>b(BýC0:"-,.(-}~(-6�,�
U& òó(-6C>K(-}o�C&)(3åC(->�8e, 0:,K>�å5�©>K$D�C>�O�0'�<,.$D}~0:,.(X
UåC8e,.(-"-,.(-/%9@$D6
"%0'&)"-�C&)(G0'=)6C>J=�&1(GxC&)�5>�x;(e,.=1,�>K$D�C>�O�0'�<,.$D}~0:,.(G0'>K>J$�"%=18�
n�56�8e, 0 ,U�Á�
6�0'x5xC&)=1���C0'6�,�"-(%"%=¸
~,K$D�C>�&1(%>
8e, 0:,.>�$'6�$D�5,K=)(%67,�& òü(%65>K(%}o�C&1(!åC(->�>K$D�C>�O�0'�<,.$D}~0:,.(->�}~=16C=1}~0:�<ý¨xC/J8%>J(%6�,K>�åz0'65>��C6U0'�<,.$D}~0:,.(

A
�

Q'N



j}5=�1.?¬ �¤¯F³@� � �á0:&)"%�5&
PPSA(p)

O��#6�,K/K8%(wy
A
9
p
O��<$'/J,.=1(\y

QPPSA(p)
9
si

9
sf~�X

LPred← Pred(p)
³

�!X
LSucc← Succ(p)

³
� Xáà�0'/J���C(%/

p
xz0'/

pïX¤Ò ³@�05|
|LPred| > 1 || |LSucc| > 1

²~.
� X Ò ³@�05|

|LPred| > 1
²~.

� X
t← max(LPred)

³
�«X

LPred← LPred r {t}ðcX à�0'/J���C(%/
t
xz0:/

p�cX
LPred← LPred ∪ Pred(t)~s�X
L←

,.$D�5>�&)(%>�8%&18%}3(%67,�åC(
Succ(t)

6C$'6�}n0:/K���C8%>�xz0:/
p
³

~�~ZX
LSucc← LSucc ∪ L~5�cX 3,@² Ò ³���5|

~ � X Ò ³@�05|
|LSucc| > 1

²~.
~tïQX

t← min(LSucc)~ � X
LSucc← LSucc r {t}~ � X à�0'/J���C(%/

t
xz0:/

p~\�!X
LSucc← LSucc ∪ Succ(t)~sðX
L←

,.$D�5>�&)(%>�8%&18%}3(%67,�åC(
Pred(t)

6C$D6�}~0'/J���58%>�xz0'/
p
³

~s�X
LPred← LPred ∪ L���X 3,@² Ò ³���5|

�!~ZX 3,@² Ò ³���5|
���cX

si(p)←
& òü8%&18%}3(%67,�/K(%>�, 0'67,�åz0'6C>

LPred
³

� � X
sf (p)←

& òó8-&)8-}~(-6�,�/K(->J,.0'6�,�åz0'65>
LSucc

³

QDQ



��(%>o8-, 0 ,.>o(eý<xC&1$D/K8->\>J$D6�,\}~0'/K���C8->oxz0'/
p
9Ï& òó8e, 0:,ox;$'�C/o&)(-���C(%&�$D6Ô" AC(-/K" AC( &1(

PPSA
0'>K>J$�"%=18	�

��(-&Ó0�8-H�=1,K(UåC(U/K8-=)6C=I,.=)0:&1=I>K(%/w&1(%>3}n0:/K���z0'ED(->~&1$D/K>J���C(U& òü$D6÷=1,��-/K(�&)0�}38-,KAC$�åC(§
�,.$'�C>~&)(->~8e, 0:,K>
=16�,.(-/K6C(->�åC(+& òó0'�5,.$'}n0 ,.(	�

W�z����c�5| Mx�0+3M
�<$'=1,�& ò 0:�5,.$D}~0:,K(ÔåC$D656C8½xz0:/�&Ó0!zED�C/J()@I�1�N@I�b�±0�/K(%" AC(-/K" AC( åC�úxC&)�C>�x;(-,.=I,�>K$D�C>�O�0'�<,.$D}~0:,.(
0'>J>K$�"%=18<
w& òó8e, 0:,

5
xz0:>K>K(bxC0'/�&1(%>�8-, 0:x;(%>�>J�C=1H:0:6�,K(%>by

ó ��65=1,.=)0'&1(-}3(%67,
LPred(5) = {3, 4}

(e,
LSucc(5) = {6}

�
��(�,K/.0'=I,.(%}3(-6�,�åC(%>UxC/K8-åC8%"-(%>K>K(%�C/K>l(eý50'}3=)65(�åXò 0'�;$'/Kå & òó8e, 0:,U}~0 ý<=1}n0:&

4
9�&1(�/K(e,.=)/J(�åC(

LPred(5)
9!&1(õ}~0'/J���5(õ"%$D}3}3(Ô8-, 0:6�,�åC8�þ�
�H�=1>K=1,K8õ(e,�=)6C"-&)�5,�>K(%>�xC/J8%åC8-"%(%>J>.(%�C/J>©åz0'65>

LPred(5)
���
òü8-,.0:,

4
6C(wx;$D>K>�%åC(3���tòó�56©>J(%�C&#xC/K8-åC8%"-(%>K>K(%�C/%9±& òü8-,.0:,

3
9����C=#(%>�,Gå58�þ�
 åz0'65>

&)03&1=)>�,.(
LPred(5)

�Á�#6C>J�C=1,K('9;&Ó0w&)=)>�,.(+åC(%>�>J�C"%"-(%>K>K(%�C/J>!åC(G& òü8-,.0:,
5
(->J,�"-$D}3xC&)8e,.8-(Gxz0:/�&)(->

>J�C"%"-(%>K>K(%�C/J>�åC(�& òü8-, 0 ,
4
6C$D6_(%65"%$D/J(�H<=1>K=I,.8%>-�z��(e,�0PþJ$D�5,áx;(%/K}3(e,�åC(!xz0:/K"%$'�C/K=1/�& òü(%6C>J(%}o�C&1(

å5(%>�" AC(-}~=16C>�åC��>J$D�C>�O�0'�5,K$D}n0 ,.(!/K(-" AC(%/J"BAC8��;��=16C>K= 9
LSucc(5) = {6, 7}

�
ó

LPred(5) = {3}
(-,

LSucc(5) = {6, 7}
�

�±03&)=1>J,.(+åC(->�xC/K8-åC8%"-(%>K>K(%�C/K>�åC(G& òü8-,.0:,
5
6C(G"%$D67,.=1(%6�,�xC&1�C>����tòü�C6l>K(-�C&@8-&)8%}3(%67,49?$D6Uxz0'>K>J(

å5$D6C"b0'� ,K/.0'=I,.(-}~(-6�,�åC(+>K(->�>K�C"-"%(%>K>K(%�C/J>��
��6�(BýC0:}~=16C(o0'=)65>K=@&)(�xC&1�C>�x;(e,.=1,�8e, 0:,

6
9X$'6�&)(�}n0:/K���C(o"-$D}3}~(G8-, 0:6�,!åC8�þ�
nH<=1>K=I,.8�(-,!$D6

=16C"%&1�5,á>J(%>�>J�C"%"-(%>K>K(%�C/K>�åC0'6C>
LSucc(5)

(e,�>J(%>�x5/K8%å58%"%(->K>K(%�C/K>�6C$D6_}~0'/K���C8->�åz0'6C>á&Ó0�&)=1>J,.(
LPred(5)

�
ó

LPred(5) = {1, 3}
(-,

LSucc(5) = {7}
�

�±0l&1=)>�,.(nå5(%>\>K�C"-"%(->K>K(%�C/K>3åC(¨& òü8-,.0:,
5
6C(¨"%$D67,.=)(-6�,oxC&)�C>����Xòó�C6õ>K(-�C&á8%&18%}3(%6�,%9Ï$'6Ôxz0'>K>J(

å5$D6C"b0'� ,K/.0'=I,.(-}~(-6�,�åC(+>K(->�xC/K8-åC8%"-(%>K>K(%�C/K>��
��6 (BýC0:}~=16C(U& òü8-,.0:,n}~0 ý<=)}~0'&

3
9�$D6 &)(U}~0'/K���C(U(-,¨$D6 =16C>��-/K(�>K(->_xC/J8%åC8-"%(->K>K(%�C/K> åC0'6C>

LPred(5)
(-,�>K(%>�>J�C"%"-(%>K>K(%�C/K>�6C$D6�}~0'/J���58%>�åz0'6C>�&)0\&)=1>J,K(

LSucc(5)
�

ó
LPred(5) = {1, 2}

(-,
LSucc(5) = {7}

�
��6 "%$D67,.=)6��C(©åC(©,./K0'=1,K(%/U&Ó0½&)=1>J,K(©å5(%>�x5/K8%å58%"-(%>K>K(%�C/K>�åC(

5
åz0'65>�& òó$'/KåC/J(©åC8-"%/K$'=)>K>K0'6�,%9

0:=)6C>J= 9�$D6Ø(Bý50'}~=16C(�& òó8e, 0:,
2
9á$D6Ø&1(�}~0'/K���C(:9áxC�C=)>_$'6 0PþJ$D�5,K(�>K(%> xC/K8-åC8%"-(%>K>K(%�C/K>UåC0'6C>

LPred(5)
(-,�>K(%>�>J�C"%"-(%>K>K(%�C/K>�6C$D6�}~0'/J���58%>�åz0'6C>�&)0\&)=1>J,K(

LSucc(5)
�

ó
LPred(5) = {1}

(-,
LSucc(5) = {7, 8}

�
�±03&)=1>J,.(+åC(->�xC/K8-åC8%"-(%>K>K(%�C/K>�åC(G& òü8-,.0:,

5
6C(G"%$D67,.=1(%6�,�xC&1�C>����tòü�C6l>K(-�C&@8-&)8%}3(%67,49?$D6Uxz0'>K>J(

å5$D6C"b0'� ,K/.0'=I,.(-}~(-6�,�åC(+>K(->�>K�C"-"%(%>K>K(%�C/J>��
��6�(Bý50'}~=16C(b&)(+xC&)�C>�x;(-,K=1,�8e, 0:,�åC(�"-(-,J,.(�&1=)>�,.(:9?& òó8e, 0:,

7
9z,.$D�5>�>J(%>�>J�C"%"-(%>K>K(%�C/K>�>K$'6�,�åC8�þ�


åC0'6C>
LSucc(5)

(-,@>K(->ÏxC/J8%åC8-"%(->K>K(4�C/J>�>K$'6�,�,.$D�C>�}~0'/K���C8->��:��(->@åC(%��ýG&)=)>�,.(->�6C(�"%$D67,.=1(%6C6C(-6�,
x5&)�C>����tòü�C6l>J(%�C&�8%&18%}3(%67,49z"%(G���C=�=16CåC=)���C(+���5(�&1(bxC&1�C>�x;(-,K=1,�>K$D�C>�O�0'�<,.$D}~0:,.(b0'>J>K$�"%=18�


5(->J,�,./K$'�5HD8'9z=1&t>%òó0'E'=1,�å5(b& ò 0:�5,.$D}~0:,K(�=16C=1,K=)0'&0�

Q	K



1 2 3 4
y

6 7 8

LPred(5) = {3, 4}
9
LSucc(5) = {6}

9C�/.0'=I,.(-}~(-6�,�å5(
LPred

1 2 3 4
y

6 7 8

LPred(5) = {3}
9
LSucc(5) = {6, 7}

9z�/.0:=1,.(-}~(-6�,�å5(
LSucc

1 2 3 4
y

6 7 8

LPred(5) = {1, 3}
9
LSucc(5) = {7}

9C@/K0'=1,K(%}3(%67,�åC(
LPred

1 2 3 4
y

6 7 8

LPred(5) = {1, 2}
9
LSucc(5) = {7}

9z�/.0'=I,.(-}~(-6�,�å5(
LPred

Q	^



1 2 3 4
y

6 7 8

LPred(5) = {1}
9
LSucc(5) = {7, 8}

9z�/.0:=1,.(-}~(-6�,�å5(
LSucc

1 2 3 4
y

6 7 8

LPred(5) = {1}
9
LSucc(5) = {8}

9z&1(!>K$D�5>�O�0:�5,.$D}~0:,K(!"%$D67,.(-6z0'67,�>�,./K=1"-,K(%}3(%6�,�& òó8e, 0:,
5
(%>�,�å58-z6C= 9

>K$D6�8e, 0:,�=)6C=I,.=)0:&X(->J,�& òü8-,.0:,+�+(-,�>J$D6U8e, 0:,�z6z0:&�(%>�,�& òó8e, 0:,qK

+
2 3 4

y
6 7

i

ñ�Ù¤è�ò1@\�I�N@;ó_	�(%" AC(-/K" AC(GåC�
PPSA

0'>J>K$�"-=)8<
\& òü8-, 0 ,
5

KDM



Åqö��ö� Ú ûºüÉÇãÔÓþ�Ø¥��ú�È×��þÖÔ8�0ý�Ô�Õ�û�
¨��ú¨ø�ü�þ Ú ý�Ô��»ù�Ô¨\w\xY�ø
��$D=1,

n
&)(~6C$D}o�C/J(nåtòü8-,.0:,.>�(-,

m
&)(~6C$D}o�C/J(nåC(~,./K0'6C>K=I,.=1$D6C>båC(¨& ò 0:�5,.$'}n0 ,.(3åC(nåC8%xC0'/J,

A
�

�±0¨"-$D}3xC&)(Bý5=I,.8GåC(o& òó0'&)E'$D/J=I,KAC}3(oQ~(%>J,!"40'&1"%�C&18%(�(%6l{|$D6C"e,.=)$'6låC(o&Ó0n"-$D}3xC&)(Bý<=1,.8GåC(o>K(%>!�;$D�5"%&)(->
xC/J=)6C"-=)xz0:&)(->��
�#6�>J�CxCx;$D>K0'6�,����C(G&Ó0\�;$D�C"-&)(bxC/J=)6C"-=)xC0'&)(!>J$D=1,�(eý<8%"-�5,.8-(

r
{|$D=)>-9z(-,����tòA
~& òó(Bý<8%"%�<,.=)$'6

k
E
k ≤ r

Ge9
&)0\xC/J(%}3=��-/K(!�;$D�5"%&)(!=)67,.(-/K6C(!>K�C/

LPred
>J$D=1,�(eý<8%"-�5,.8-(

Ak

{|$D=1>�(e,�&Ó0oåC(-�<ý<=��-}~(+�;$D�5"%&)(!=)67,.(-/K6C(
>K�5/

LSucc
>J$D=1,!(Bý58-"%�5,K8%(

Bk

{|$D=1>oy�=1&Ï(%>�,G"-&Ó0:=)/����C( ∑r
k=1(Ak + Bk) ≤ n

xz0:/K"%(w���C(w" Az0'���C(
8e, 0:,�(%>J,�,./K0'=1,K8!>J(%�C&1(%}3(%67,��C6C(!{|$D=)>-�
*�0'65>�" Az0'"-�C6C(oåC(->�åC(-�<ý��;$D�C"%&1(%>�=16�,K(%/K65(%>%9;&Ó03"%$D}3xC&1(eý<=1,K8+H<=1(%67,�åC(->�{|�5>K=)$'6C>�å5(�&)=)>�,.(->��X��/-9;&Ó0
{|�C>J=)$D6�å5(~åC(%��ý©&1=)>�,.(%>!,./J=)8%(->G(->J,�xC/J$Dx;$D/J,K=)$D656C(%&1&1(30:�©6C$'}\�5/K(3åtòü8%&18%}3(%67,.>�
 {|�5>K=)$'6C6C(%/-��*�$D6C"
åz0:6C>�" Az0'"-�C6C(�å5(%>�åC(-�<ýØ�;$D�C"-&)(->�=16�,.(-/K6C(->�&)0Ô"-$D}~x5&)(eý<=I,.8l(%>J,�(%6

O(|LSucc| + |LPred| +
|Succ(t)|+ |Pred(t)|)

����/-9
|LSucc|+ |LPred| ≤ n

(-,
|Succ(t)|+ |Pred(t)| ≤ n

���!63$D�<,.=)(-6�,
åC$'6C"+�C6C(b"-$D}3xC&)(Bý<=1,.8�}~0 ý<=)}~0'&I(�(-6

O(n)
x;$D�C/�" Az0:"%�C6C(båC(->�åC(%��ý��;$D�C"-&)(->��

�Ï0'/�"-$D6C>J8%���C(%6�,%9C&Ó0b"%$D}3xC&)(Bý<=1,.8�}~0 ý<=)}~0'&I(�åC(�& òó0'&)E'$D/J=I,KAC}3(�QG(->J,�å5( ∑r
k=1(Ak + Bk)×n

9<���C=
(->J,�(-6

O(n2)
�

�±0�/K(-"BA5(%/K" AC(!åC(�,.$'�C>á&1(%>�>K$'�C>�O�0'�5,.$'}n0:,K(%>�}3=)6C=1}30'�<ý3(-6_&Ó0'/JED(%�5/�x5/K8%>J(%67,.>�åz0'6C>á�56 0'�5,K$D}n0 ,.(
åC$'6C6C8�>-òó(v¡X(-"-,.�5(�(-6 0'xCxC&1=)���z0:6�,w& ò 0'&1ED$'/K= ,.A5}3( Q�
�,.$D�5>3&1(%>w8e, 0:,K>

p ∈ Q r {qi, qf}
9#"-(����C=

"-$D6CåC�C=I,�
\�C6C(+"%$'}~xC&1(eý<=1,K8!å5(b& òó$'/KåC/J(!åC(
O(n3)

�
^¨��©�5¬�{X°� Mx� j)~p;�»Î/Ò���u�p;"3p<É0uÊ>�\Í�� ÉI�ÔÎ�\Í:ÍNÎ/uïÉÔÊ>�8ÉÓpsÍ<"3p�rst\Ê�4�ÏkpM'vÉÔÊ	ÉqpsÍvÉ¤�E�«H«'vu��ÔpvÏ3u�Î/ÏJ'q6TÊ	Ë0�

|Σ|
O�Ë¢Ê9ÉÔÊ>� Ë Ë�p<"IpË52 Ê	Ë &8t\Ê��vpvÉ P &1Ï���ÍV4�Ï8p�Ë52 Ê	ÏIÉÑÎ/ÒXÊ	ÉÓp�psÍvÉ7",'vÉÑpvuvÒD�E����ÍïÉÓpv©¦rst\Ê�4�Ïkp:É�uÊ>�\Í�� É#�ÔÎ�J"3p�Ë52 Ê	ÏIÉÑÎ/ÒXÊ	ÉÓp�psÍvÉ�HïuÊ>�8�rst,�ÔpM"3pvÏQNLHUÎ��Í�Ê	Ï6ÒXÊ«NK� Ò�Ï3Ò O¨	�HUÎ��ÍM"TÊ>�\ÍYrst\Ê�4�ÏkpM�vÎ/Ï8rvË�p P Ì1)�Ê§rsÎ/Ò�&1Ë�psNK� É�'�"3p�Ë52 Ê	Ëí63Î/u�� É t3Ò¬p.ªpsÍvÉ9"3Î�»r;Ê	Ï*ÒD�E��� Ò�ÏIÒ "3p

O(m)
Ì _¦Ë Ë�p�psÍvÉ�p��

O(n ∗m)
&8Î/Ï3uFÉÓÎ/ÏTÍ<Ë�psÍM'vÉ�Ê	É Í�"3p<Ë52 Ê	Ï3ÉÓÎ/ÒXÊ	ÉÑp�Ì

^¨��©�5¬�{X°� Mx�0+R7)�Ê*rsÎ/Ò�&1Ë�psNK� É�'FÒXÊ«NK� ÒXÊ	Ë�p;psÍvÉ�Ê	É0ÉÓp��E�8ÉÑp�&8Î/ÏIu�Ï��°Ê	Ï3ÉÓÎ/ÒXÊ	ÉÑp�rsÎ/Ò�&1Ë�pvÉÔÌ
��&�(->J,�x;$D>K>J=)�C&1(+å5(b/J8%åC�5=)/K(!&Ó0o"%$D}3xC&1(eý<=1,K8!åC0'6C>�&Ó0oxC/.0:,K=)���C(!(%6�(%}3xC&)$Fÿ70'67,�&)0\xC/J$DxC/K=18-,K8<@I�1�N^I�
Yb¬/.kc�¬ �0d7¯Nd Mx�0+ j��Î� É

A =< Σ, Q, δ, qi, qf >
pvÉ

p, p′, q, q′ ∈ Q
Ì�o� Ë�psÍM"3pvÏQN&rsÎ��">� ÉI�ÔÎ�\Í:ÍvÏ,�E�/Ê>�8ÉÓpsÍ�ÍNÎ�8É�Í�Ê	É#��Í=H-Ê>� ÉÓpsÍ�Ê	Ë�Î/u�Í

p
pvÉ

q
Ê�&�&\Ê	uïÉI�Ôp����»p���É£Ê	Ï&Ò-�vÒ×p*&1Ë ÏTÍ

&8pvÉ#� É�ÍNÎ/ÏTÍv�ÐÊ	ÏIÉÑÎ/ÒXÊ	ÉÓp�OT�	Î� uB�16	Ï3usp ¡ Ì�	 ¢ P ÌG {p, p′} ⊂ Pred(q)
pvÉ
{q, q′} ⊂ Succ(p)G H(p′) ≥ H(p)

pvÉ
H(q′) ≤ H(q)

*�8-}~$'6C>J,./K0:,.=1$D6
H(p′) ≥ H(p)

9�0'=)65>K=
p 6= qi

9�}~0'=)>~0'�C>J>K=
q 6= qf

�á�<$D=I,
r
�C6 xC/K8-åC8%"-(%>K>K(%�C/_åC(

p
(-,

s
�C6

>K�5"%"-(%>K>K(%�C/~åC(
q
(e,~>J$D=1,

E1 = {r, p, q}
(-,

E2 = {p, q, s}
y#6C$D�C>3>J$D�CAz0:=1,.$'6C>w}3$D6�,K/K(%/\���C(

QPPSA(E1) = QPPSA(E2)
�

�#òü8-, 0 ,
puits(E

≥

1 )
0:xCxz0'/�,.=)(-6�,)
ú,K$D�C> &1(%>½"BA5(%}3=)6C>½/K(-&)=)0'6�,

{p, q}



qf
9~0'=16C>K= 9w"'òü(%>�, �C6

>K�5"%"-(%>K>K(%�C/o"%$D}3}o�C6�åC(
q
(e,

q′
��*�(nxC&1�C>%9

puits(E
≥

1 )) 6= q
xz0:/K"%(~���C(

H(q′) ≤ H(q)
9@0'=16C>K=

puits(E
≥

1 )
(%>�,�8%E70:&)(%}3(-6�,��C6�>K�C"-"%(%>J>.(%�C/�åC(

s
�+��(%&Ó0 >K=)E'6C=�z(����C(

s ∈ QFPA(E1)
9�}~0'=1>

QFPA(E1) ⊂ QPPSA(E1)
9?0'=16C>K=

s ∈ QPPSA(E1)
(e,

QPPSA(E1) = QPPSA({r, p, q, s})
�?�@$D�C/

&1(%>�}X�%}3(%>�/K0'=)>J$D6C>
QPPSA(E2) = QPPSA({r, p, q, s})

�
��$D�C>�x;$D�5HD$D6C>�"%$D6C"-&)�5/K(+���C(

QPPSA(E1) = QPPSA(E2)
�

2

K5�



xXò

/ x � >

�;ò

ñ�Ù¤è�ò1@I�1�U?�ón��&)&1�C>J,K/.0:,K=)$'6_åC(+&)0\xC/J$DxC/J=)8-,K8F@\�1�U^

��&3(->J,©xÁ$'>K>K=1�C&1(½åXòó(BýC0:}~=16C(%/�&)(->�åC(-�<ýä"-$D6CåC=I,.=1$D6C>�å5( &)0ØxC/J$DxC/J=)8-,K8¼@\�1�U^ 04H:0'67,©åtòü(eý<8-"%�5,.(-/
& ò 0'&1ED$'/K= ,.AC}w(3Q x;$'�C/b" Az0'���C(~8-,.0:,Gå5(

A
H�=)>K=I,.8wåz0:6C>G& òü$D/KåC/J(\,.$'xÁ$'&)$DE'=1���5(	���#&)�C>bx5/K8%"-=)>J8%}3(%67,49

& ò 0'&1ED$'/K= ,.AC}w(~Q�>J(%/K0l0'x5x;(%&)83�C6C=1���5(%}3(%67,�x;$D�C/G&1(%>b8-,.0:,.>G���C=�6C(3HD8%/K=¢z(-6�,�xz0'>G&1(%>G"-$D6Cå5=1,.=1$D6C>
åC(+&Ó0oxC/J$DxC/K=18-,K8<@I�1�N^I�?��(%"-=±(%>�,�=)&1&1�C>�,./K8�xz0:/�& ò 0'&1ED$'/K= ,.AC}w(�K\�
j}5=�1.?¬ �¤¯F³@� i 	�(%" AC(-/K" AC(GåC(->

PPSA
O��#6�,K/K8-(3y

A
O���$D/J,K=)(\yz��=)>�,.(!åC(%>

PPSA~�X µ .?¬
q = 2

,.$
n− 1

²~.
�!X � µ

|Pred(q)| ≥ 2
¯P³±I,

� X
p← max(Pred(q))

³
ïX

p′ ←
�C6�xC/K8-åC8%"-(%>K>K(%�C/�åC(

q
åC=¢¡X8-/K(%67,�åC(

p
³

� X
H ← min{H(q′) / q′ ∈ Succ(p) r {q}}

³
� X � µ

H > H(q)
¯P³�3,

�«X �á0'&1"%�C&)�
������E �IGg³v���P0'&)ED$'/K= ,.AC}w(+Q.�^�
ðcX 3,@²Ô� µ
�cX 35 µ-
~s�X �á0'&1"%�C&)�
������E �IGg³v���P0'&)E'$D/K= ,.AC}w(+Q.�^�
~�~ZX 3,@²Ô� µ
~5�cX 3,@² µ .;¬
��&D(->J,�x5&)�C>�(v�3"40'"-(�åC(#&Ó0'6C"-(%/t&Ó0á/J(%" AC(-/K" AC(�åC(%>±xC&1�C>�x;(-,K=1,.>t>K$D�C>�O�0'�<,.$D}~0:,.(->�>J�C/±�C6b0'�5,K$D}n0 ,.(

åC8-6��C8~åC(~xz0:/.0'&1&��-&1(%>+(e,�å5(~>K8-/K=)(->��@�#6©(v¡X(e,49�åXòó�C65(nxC0'/J,G& ò 0:&)ED$'/K= ,.A5}3(¬o�psrst8pvu�rst8p²"3psÍ
PPSAxC/J$Dx;$D>K8 65( åC8e,.(%"e,.(�xz0:>wåC(%>\,./K0'6C>J=1,.=1$D6C>�xz0'/.0:&)&��%&1(->%9Ï(e,49�åtò 0:�5,./J( xz0'/�,49�>J=�& òó0'�5,K$D}~0:,K(¨åC$'6C6C8

"-$D6�,K=)(%67,�å5(%>�>J8%/J=)(%>-9�& ò 0:&)E'$D/K= ,KAC}3(á"%0'&)"-�C&)(á�C6C=1���5(%}3(%67,�åC(%>�>J8%/J=)(%>
åC(�&1$D6CED�C(-�C/#åC(-�<ý~0'&1$D/K>����tòü=)&
>K(-/.0'=I,�xC&)�5>�=16�,.8-/K(->K>.0:6�,�åtòó(Bý�,./.0:=)/K(!&)(->�xC&1�C>�&1$D6CED�5(%>�>K8%/J=)(->��
R9à¬« µ é-í<ãbì@î-ðp5 ë ê�ñ æ_ê ì@ê�í65_êáìÏí65_ê æ ê�ñ ñ©ã;²�ñ»ê µ ²¨ð~ãGë ·+ð±ê�ñ ñ©±£ê

ì@î-ê�ñöêáðöñ©ã�² ñ»ê8·<²¨ð~ã�ë ·!ð±ê�ñØè*·+ì¸·<évé��é%ê�ñ
�±0~/J(%" AC(%/J"BA5(\åC(->�>K$D�C>�O�0'�<,.$D}~0:,.(->�>K8-/K=1(%>�(-,�>K$'�C>�O�0'�5,.$'}n0:,K(%>�xC0'/.0'&1&��-&1(%>�0~8-,.8GåC8-HD(-&)$Dx5xÁ8-(
©xz0'/�,.=1/~åC(->_ED/K0'6CåC(->¨&)=1ED6C(->~åC(%>_0'&1ED$D/K=I,KAC}3(->~åC(l/J(%"-$D6C6z0:=)>K>K0'6C"-(�åC(->_>J$D�C>�O ED/.0:xCAC(%>¨>K8-/K=1(%>�O

xz0:/.0'&1&��-&1(%>9Ç ��0'&1åC( � pvÉ�Ê	Ë¢Ì)9t�N^	K7LeÈ 9£Çü�á0'" AC(-&)(e,49;L'M'M=@/È��@�
6�(v¡X(e,49@"-(%>G,./.04H:0'�<ý�x;(-/K}3(-,K,K(%67,oåC(n/J8eO
åC�C=1/K(�&)(->�xz0'/J,K=)(->�>K8-/K=)(->�(e,�xz0:/.0'&1&��-&1(%>áåXòó�C6 ED/.0'x5AC(

G
þJ�C>K���tòA
w& òü$D�5,K(%6�,K=)$D6¨åtòü�C6C(+�C6C=1���C(!,K/.0'6<O

>K=I,.=1$D6\/K(%&1=Ó0'67,#&)(�>K$'}~}3(-,#=)6C=I,.=)0:&5(e,�&1(�C6z0'&zåC(
G
³R
+"-(-,K,K(�,./K0'6C>K=I,.=1$D6\>%òó0PþJ$D�5,.(��C6~0'/K�C/J(��C=)6C0'=)/J(

K7L



åC(¨åC8%"-$D}3xÁ$'>K=1,K=)$'6�����(->w}38-,KAC$�åC(%>o=)}3xC&1=1���C(-6�,o&Ó0�>J�CxCxC/J(%>J>K=)$D6õåC(¨,K$D�5,\>J$D}3}~(e,o$D�÷0:/K"¨���C=
E=�-6C(%/K0'=1,�&)0\/J8%åC�5"-,.=1$D6t9C"%(+���C=±åC0'6C>�6C$',K/K(+"%0'>�6Xòó(->J,�xz0:>�(-6�H�=1>.0'ED(%0'�C&1(	�
��(%>�E'/.0'xCA5(%>�>J8%/K=1(%>�O�xz0'/K0'&)&��%&1(->�>K$'6�,��C6C(o"-&Ó0'>J>K(�xz0'/J,K=)"-�C&)=��-/K(Gå5(%>�ED/.0:xCAC(%>�Ç à¯®DAC/K=16CEC9t�U^=K=^/È 9Á=)&1>
>K$'6�,��5,.=1&)=1>J8%>á(%67,./J(b0'�5,K/K(!x;$D�C/�&Ó0�åC8%"-$D}3x;$D>K=I,.=)$'6 0'/J�;$D/K(->K"-(%6�,K(båtòü�C6�ED/K0'xCAC(:9z&)0o"%$'6C>J,K/K�C"e,.=)$'6
åtòó0'&1ED$D/K=I,KAC}3(->�x;$D&Iÿ�6C$D}3=Ó0:�<ýÁ95&Ó0o}~$�å58%&)=1>.0 ,.=1$'6_åC(->�>Jÿ�6C" AC/J$D6C=)>K0:,.=1$D6C>-9z(-,K"	�
mG�C¬P�z®'¯Nd�¬ � µe¯P�0{t°��µ\²±<µ3µ�.;°�µ « �C°±¯N.;�©�<¯F�µX|�²hd7¯F�®'¯F�¬
ó���(->�>J$D�C>�O�0'�5,K$D}n0 ,.(%>�xz0'/K0'&)&��-&)(->áåC8-,K(%"e,.8%>�å5$D=1HD(-6�,q�-,./J(bå5(b&)0'/KE'(%�C/á}n0Pý5=1}~0'&I(	�ó���(->�>J$D�C>�O�0'�5,K$D}n0 ,.(%>�>K8-/K=1(%>�åC$D=1HD(-6�,�åC(+&)$D65ED�C(%�5/�}n0 ý<=1}n0:&1(��
ó��#òó0'&)E'$D/K=I,KAC}3(�o�psrst8pvu�rst8ps��Ê	u�Ê	ËÕË�pvË�p@(->J,�" Az0:/KED8�åtòü=)å5(%67,.=�C(%/#&)(->
>J$D�C>�O�0'�5,K$D}n0 ,.(%>#xz0'/K0'&)&��%&1(->
}~0 ý<=)}~0:�<ý~(-6 &)0'/KED(-�C/��5��Az0'���C(!8-,.0:,�åC(�& ò 0'�<,.$D}~0:,K(�(%>�,�0'6C0'&1ÿ�>K8:95>%òü=)&Áx;$D>J>��-åC(b0'�_}3$D=16C>
å5(%�<ý�,./K0'6C>K=I,.=1$D6C>b>J$D/J,.0'6�,K(%>����C=�}9�-6C(%67,�HD(-/K>o�C6�}X�-}~(38-, 0 ,\0:&)$D/J>G�56�>K$D�C>�O�0'�<,.$D}~0:,.(
(->J,�0 þJ$'�5,.8F


SA
�

�#òó0'�5,K$D}n0 ,.(
A
(%>�,�}~=1>£
�þJ$D�5/�(%6_/J(%}3xC&Ó0	¥%0'67,�,.$D�<,.(%>�>K(%>�,./.0:6C>K=I,.=)$'6C>�xz0:/.0'&1&��-&1(%>�xC0'/��C6C(

>J(%�C&1(�,./.0:6C>K=I,.=)$'63xÁ$'/J, 0:6�,��C6¨=1åC(%67,.=¢?0'67,��C65=)���C(�x;$D�C/�{ 0'=1/K(�/J8-{|8-/K(-6C"%(!0:�n>K$D�C>�O�0'�<,.$D}~0:,.(
"-$D�C/K0'6�,��

j}5=�1.?¬ �¤¯F³@� j 	�(%" AC(-/K" AC(GåC(->�xz0'/K0'&)&��%&1(->
µ .?¬

p ∈ Q
²~.

µ .?¬ ,.$D�<,
q ∈ Succ(p)

,K(%&����C(
|In(q) ∩Out(p)| ≥ 2

²~.
��/K8-(%/
&)(�>J$D�C>�O�0'�5,K$D}n0 ,.(�xz0:/.0'&1&��-&1(

(p, q)
(e,�&)�5=z0'>J>K$�"%=1(%/#�C63=)åC(-6�,K=�?0'67,#�C6C=)���C(����<=

(p, q)(eý<=1>J,.(+åC8�þ�
w$D6�/K8-"%�5x1�%/K(b>K$D6U0'65"%=)(-6�=)65åC=)"-(�³
àU=1>K(<
�þJ$D�C/�åC(

A
(-,�=)6C>J(%/J,K=)$D6_åC(

(p, q)
åz0'6C>

SA
>-òó=1&t6tòó(Bý<=)>�,.(bxz0:>�å58�þ�
�³

3,@² µ .?¬
3,@² µ .?¬
ó��#òó0'&)E'$D/K=I,KAC}3(bo�psrst8pvu�rst8pï��pvu��Ôp (->J,�" Az0'/JED8�åtòü=)åC(-6�,K=�z(-/�&)(->l>K$'�C>�O�0'�5,.$'}n0:,K(%>�>K8-/K=)(->�&1(%>
x5&)�C>�&1$D6CED>G(-6Ôxz0'/J"%$D�5/.0'67,o& òó0'�5,K$D}n0 ,.(

A
(-6ÔxC/K$:{|$D6CåC(-�C/�����Az0:���5(_" AC(%}3=)6©åC8%}~0'/J/.0'67,

åXòó�C6 8e, 0:,våC=1HD(-/KED(-6�,v$D� "-$D6�HD(-/KED(-6�,%9Ôxz0'>J>.0'67,qxz0:/v�56C( >K�C"-"%(->K>.=1$D6 åtòü8e, 0:,.>v6C$'6
å5=1HD(-/KED(-6�,.>n(e,¨6C$D6 "%$D67HD(%/JED(%67,.>%9�åC8vz6C=I,¨�56 >K$D�C>�O�0'�<,.$D}~0:,K(U>K8-/K=1(	����&�(%>�,¨"%$D65>J,./J�C=1,n(e,
=16C>K8-/K8�


SA
xz0'/�&)0~"%$'6C"40:,K8%6z0 ,.=)$'6låC(->�,K/.0'6C>J=1,K=)$D6C>�{|/.0'65"BA5=)(%>-�t��6�&1(�/J(%}3xC&Ó0:"%(Gåz0'6C>

AxC0'/o�56C(_�C65=)���C(n,./K0'6C>K=I,.=1$D6��Ï��(e,K,K(_"%$D65"40:,K8%6z0 ,.=)$'6Ô(%65ED(%65åC/K(_&Ó0U>K�Cx5xC/K(->K>K=1$D6õåC(%>\8e, 0:,K>
=16�,K(%/K}38-åC=Ó0'=I/K(->�"-$D6�,K(%6��C>�åz0'6C>�&)(!" AC(-}~=16 {|$'/K}~0'6�,�&1(!>K$D�5>�O�0:�5,.$D}~0:,K(!>K8-/K=)(��

j}5=�1.?¬ �¤¯F³@� +37 	�(%" AC(%/J"BA5(GåC(->�>K8%/J=)(->
µ .?¬

p ∈ Q
,K(%&����C(9E

|Succ(p)| 6= 1
(e,
|Succ(p)| 6= 1

G ²~.
�<$D=I,

q
�C6�>J�C"%"-(%>K>K(%�C/�=1}~}38-åC=)0:,áåC(

p
6C$'6�åC=1HD(-/KED(-6�,�(e,�6C$D6�"-$D6�HD(-/KED(-6�,©³

Ò ³@�05|
|In(q)| = |Out(q)| = 1

²~.
��$D6C"%0:,.8-6C(-/�&1(%>�åC(%�<ý_,./K0'6C>K=I,.=1$D6C>�0'xCxz0:/J,.(-6z0'67,�0'�<ý_(%6C>J(%}o�C&1(%>

In(q)
(-,

Out(q)
³

�<�Cx5xC/K=1}~(-/�& òü8-,.0:,
q
³

3,@² Ò ³���5|
��/K8-(%/
&)(á>K$'�C>�O�0'�5,.$'}n0:,K(�>J8%/J=)(

(p, q)
(e,�&1�C=C0'>K>J$�"%=1(%/#�C63=)å5(%67,.=�z0'6�,#�56C=)���C(����<=

(p, q)
(Bý<=)>J,K(

åC8�þ�
w$D6�/J8%"%�5x1�%/K(b>K$D6U0'6C"-=)(-6�=)65åC=)"-(�³
àU=1>K(<
�þJ$D�C/�åC(

A
(-,�=)6C>J(%/J,K=)$D6_åC(

(p, q)
åz0'6C>

SA
>-òó=1&t6tòó(Bý<=)>�,.(bxz0:>�å58�þ�
�³

3,@² µ .?¬

K=@



�±0�}38-,KAC$�åC( >%òü(eý<8%"-�5,.(�(%6½x5&)�C>J=)(%�5/K>wxz0'>J>K(%>~(e,~x;(%/J}~(e,~å5( {|�C>K=1$D6C6C(-/w&)(%>\,K/.0'6C>J=1,K=)$D6C>o(%6
xz0:/.0'&1&��-&1(%>!(-,båC(3"%$D65"40:,K8%6C(-/G&)(->+,K/.0'6C>J=1,K=)$D6C>!(-6�>K8%/J=)(->����#òó=1åC8%(w"%$D65åC�C"-,K/K=1"%(3(%>�,�åC(3/J(%}3xC&Ó0:"%(%/
=I,.8%/K0:,.=IHD(%}3(%67,�&1(%>�,./K0'6C>J=1,.=1$D6C>�xz0'/.0:&)&��%&1(->�(-,!&)(->�,./.0:6C>K=I,.=)$'6C>�>J8%/K=1(%>!xC0'/��C6C(\�C65=)���C(o,K/.0'65>K=1,K=)$D6
���C=!/K8e{|8%/K(-6C"%(��C6Ø>K$D�5>U0'�5,K$D}n0 ,.(l>K8%/J=)(�$'�Øxz0'/K0'&)&��%&1(��á�±0õ/J(%" AC(%/J"BA5(�"%$D6C>J=)å��-/K(�åtòó0'�;$D/KåØ&1(%>
,./K0'6C>J=1,.=1$D6C>txz0'/.0:&)&��%&1(->%94x5�C=)>±&1(%>�,./K0'6C>K=I,.=1$D6C>�>J8%/J=)(%>-9/
�6C$D�<HD(40'�G&)(->�,./.0:6C>K=I,.=)$'6C>�xz0:/.0'&1&��-&1(%>%9%>K�C=IH�=)(%>
åC(->�>J8%/J=)(->%9�(e,."	����$D}3}~(-6C"%(-/_xz0'/_&1(%>_xz0:/.0'&1&��-&1(%>¨x;(-/K}3(-, åC(�}~(e,K,K/K(�(-6Ø8-H�=1åC(%6C"-(�&1(%>_>K8-/K=1(%>
"-$D6C>J,K=1,.�58%(->�åtòó�56C(b>K�5"%"%(->K>K=)$D6Uå5(bxC0'/.0'&1&��-&1(%>-��Çü�$D�C65>K=�pvÉ£Ê	Ë¢Ì)9?L'MDMDN'0/È 9~Ç @$'�C6C>K=£pvÉ�Ê	Ë¢Ì)9?L'MDM'N'�IÈÔ�

j}5=�1.?¬ �¤¯F³@� +1+ 	�(%" AC(%/J"BA5(o�<��O��5�
Ò ³@�05| ��&�(Bý<=)>J,K(G0:��}3$D=)6C>á�C6�>K$'�C>�O�0'�5,.$'}n0 ,.(!>K8-/K=1( .;° xz0'/K0'&)&��%&1( ²h.

RechercheParallele()
³

RechercheSerie()
³

3,@² Ò ³���5|

Åqösr�öÐ÷ °�Øqþ~üÉÇãÔÓþ
�#òó0'�5,K$D}~0:,.(

A1

åC(�&)0<zED�5/K(�@I�1�eQbx;$D>K>�%åC(�,K/K$D=1>�>K$D�C>�O�0'�<,.$D}~0:,K(%>�xz0'/K0'&1&��-&1(%>����C=Á>K$D67,�0'x5&Ó0 O
,.=1>:
n&)0~xC/K(-}~=��%/K(Gxz0'>J>K(\(e,!/J(%}3xC&Ó0:"%8%>�xC0'/

α1

9
α2

(-,
α3

����(-&Ó0nx;(-/K}3(-,K,K/.0¨0:=)6C>J=@åC(oå58-z6C=1/�åC(
xC&1�C>�&1$D6CE'�C(%>�>K8%/J=)(->F
n&Ó0~åC(-�<ý<=��%}3(oxz0:>K>K(��t� "-(-,K,K(\8e, 0'x;(:9t$'6�"%$'6C"40:,��%6C(o,K$D�5,K(%>�&)(->�>K8-/K=1(%>�(%6
�C6C(\�C65=)���C(o,K/.0'6C>J=1,K=)$D6����5=#å5$D6C6C(\& ò 0'�<,.$D}~0:,K(

A3

9X(%6�0'x5&Ó0:,K=)>J>.0'67,�åC(\6C$D�5HD(%0'��&1(%>�xz0'/K0'&)&��%&1(->
$D6 $D�5,.=1(%67,�& òó0'�5,K$D}n0 ,.(

A4

(e,�(%6�"%$'6C"40:,K8%6z0:6�,�(-6C>K�5=1,.(+&1(%>�>J8%/J=)(%>�$D6 $D�5,.=1(%67,�& òó0'�5,.$'}n0 ,.(
A5

�
�#òó0'&)ED$'/K=I,KAC}3(�>K(�,.(-/K}3=)6C(�å5$D6C"�>K�C/Ï& òó0'�5,K$D}n0 ,.(

A5

���C=<6C(áx5/K8%>J(%67,.(�xC&1�C>�0'�5"%�C6C(á>J8%/J=)(�6C=50'�5"%�C6
xz0:/.0'&1&��-&1(	�C��(-,�0'�<,.$D}~0:,.(�/J(%"-$D6C6z0/ ),�&1(!}X�%}3(!åC=1"-,K=)$D656z0'=1/K(����C(+& òó0'�5,.$'}n0 ,.(

A1

E &1(!}X�%}3(�&Ó0'6�O
E70:ED(NGB9:}~0'=)>�>K(->�,./K0'6C>K=I,.=1$D6C>@>J$D6�,�8-,K=)���C(-,K8%(->#>K$D=I,Ïxz0'/ÏåC(->#&1(-,K,K/K(->%9:>K$'=1,Ïxz0'/ÏåC(->#>J$D�C>�O�0'�5,K$D}~0:,.(->��

K	?



2 3 6 9 12

1 5 8 10 11 13 0

4 7

A1

2 3 6 9 12

1 5 8 10 11 13 0

4 7

A2

α1 α2

α3

12

1 10 13 0
A3

β1

β2

β3

β4

12

1 10 13 0
A4

β1

α4 β4

12

1 13 0
A5

β1

β5

ñ�Ù¤è�ò1@\�1�NQ<ó_	�(%" AC(%/J"BA5(GåC(+>K$D�5>�O�0:�5,.$D}~0:,K(%>�>K8%/J=)(->�(e,�>K$D�C>�O�0'�<,.$D}~0:,.(->�xz0'/.0:&)&��%&1(%>KTQ



Åqösr�öÔõ ø÷Ô�Õ�ûA
���ú�ø:ü�þ×Õ¤È��	Èx
�ý�ÔD��þÖ
\þ���ø�þx
���ø�þ ��þSÿIû�ù�ÿZ�/ý�ùqú\ûºü�ý�úIþ©ÿ
��6C(�{|$D=1>_���C(�& òó0'�5,K$D}~0:,.(�"-$D�C/.0:6�,�(->J,�åC8-6��C8�åC(�>K(->�xz0'/K0'&)&��%&1(->¨(-, åC(�>K(->�>K8-/K=1(%>%9�65$D�C>

x;$D�5H'$D6C>�"%0'&1"%�C&1(%/�>K(%>
PPSA

(-6l0'xCxC&1=)���z0'67,�& òó0'&)E'$D/J=I,KAC}3(�oqpsrst8pvusrst8p
PPSA

9?(-,�(-6C>K�5=1,.(:9;&)(->
/K8-åC�C=1/K(lE ":òó(->J,JOÑ
 O�å5=)/K(�&)(->n>�,.$�" � (%/n(-,¨&1(%>~/K(-}~x5&Ó0'"-(%/3xz0'/~�C6C(U,K/.0'6C>J=1,K=)$D6kGï����(-,J,.(l8e, 0'x;(�x;(-�5,ED8-6C8%/J(%/�åC(�6C$D�<HD(40'��ý¨>K$D�5>�O�0:�5,.$D}~0:,K(%>�xz0'/K0'&)&��%&I(%>�$D�n>K$D�C>�O�0'�<,.$D}~0:,.(->�>K8-/K=)(->%950'=16C>K=?6C$D�C>�/J8%=1,K8eO
/K$'6C>�& òü$Dx;8%/K0:,.=1$D6_"-$D}3}~(�& òü=)65åC=)���C(�& òó0'&1ED$'/K= ,.AC}3(��PLI�

j}5=�1.?¬ �¤¯F³@� +I4 �#6��C}38%/K0:,.=1$D6G(-,Ï/K8-åC�C"e,.=1$D6�åC(�,K$D�C>@&)(->@>K$D�C>�O�0'�<,.$D}~0:,.(->±Ot�#6�,./J8%(�y
A
O��<$D/�,.=)(�y

>K$'�C>�O�0'�5,.$'}n0 ,.(%>~�X ¬PRc#��<¯
�!X ¬PRc#��<¯
� X *�8e,.(%"e,.(-/%9'>J,K$�" � (%/�(e,�/J(%}3xC&Ó0:"%(%/�" Az0'���C(�>K$D�C>�O�0'�<,.$D}~0:,.(�xz0:/.0'&1&��-&1(
xz0'/@�C6C(�,K/.0'65>K=1,K=)$D6�³ïX *�8e,.(%"e,.(-/%9?>J,.$�" � (%/�(e,�/K(-}~xC&)0'"%(-/�" Az0'���C(b>K$'�C>�O�0'�5,.$'}n0:,K(!>K8-/K=1(+xz0'/��C6C(!,./.0:6C>K=I,.=)$'6F³� X °h,Á¯P�05 & ò 0:�5,.$D}~0:,K(�>K$'=1,#&1=)�;8%/J8áåC(á,.$'�C>#>K(%>
>J$D�C>�O�0'�5,K$D}n0 ,.(->#xz0'/K0'&)&��%&1(->Ï(-,
>K$D�5>�O�0:�5,.$D}~0:,K(%>

>K8-/K=1(%>
� X *�8e,.(%"e,.(-/%9?>J,.$�" � (%/�(e,�/K(-}~xC&)0'"%(-/�" Az0'���C( PPSA

xz0:/��C65(+,K/.0'6C>J=1,.=1$D6�³
�«X °h,Á¯P�05 & ò 0:�5,.$D}~0 ,.(

A
>K$D=I,�/K8-åC�C=I,�
\�C6C(+�C6C=1���5(+,K/.0'65>K=1,K=)$D6

*�0'65>�&Ó0o>K�5=1,.(!6C$D�C>�{|(%/J$D6C>�/K8e{|8%/J(%6C"-(�
\"%(-,�0'&1ED$D/J=I,.AC}w(�>K$D�5>�{|$D/J}~(�xC&)�C>�"%$'6CåC(%65>K8%(~y

j}5=�1.?¬ �¤¯F³@� +IM 	�(%" AC(%/J"BA5(
SA~�X ¬PRc#��<¯

�!X 	�(%" AC(%/J"BA5(
SA− SP

³���� ��=)E'6C(%>�LFOÐQoåC(+& ò 0'&1ED$'/K= ,.AC}w(o�PL��^�
� X 	�(%" AC(%/J"BA5(

PPSA
³v���P�±=1ED6C(!NwåC(+& ò 0'&1ED$'/K= ,.A5}3(o�PLZ���

ïX °h,Á¯P�05 & ò 0:�5,.$D}~0 ,.(
A
>K$D=I,�/K8-åC�C=I,�
\�C6C(+�C6C=1���5(+,K/.0'65>K=1,K=)$D6

W�z����c�5| Mx�0+ O
�±0}zED�C/J(9@\�I�FN =1&)&1�5>J,./J(\&Ó0_/K(-" AC(%/J"BAC(~åC(3>K$'�C>�O�0'�5,.$'}n0 ,.(%>-9�& òó0'�5,K$D}n0 ,.(o=)65=1,.=10'&Ï"-$D}~x;$'>K83å5(

148e, 0:,.>�(e,
21
,./K0'6C>K=I,.=1$D6C>á(%>�,�/J8%åC�C=I,�
w�C6C(+>K(-�C&)(!,K/.0'6C>J=1,K=)$D6_/J(%&1=Ó0'67,�åC(-�<ý�8e, 0:,K>�(%66Qo8-,.0'x;(%>-�

*�òó0'�;$D/Jåt9P&1(%>±>J$D�C>�O�0'�5,K$D}n0 ,.(%>�xz0'/.0:&)&��%&1(%>t(-,�&)(->±>K$D�C>�O�0'�<,.$D}~0:,.(->±>K8-/K=1(%>�>K$'6�,�åC8-,K(%"-,K8%>@(-,�/K(-}~xC&)0 O
"-8%>
xz0:/#�56C(á,./.0:6C>K=I,.=)$'6t9 (%6C>J�C=1,K(�&)(%>�åC(-�<ý\>K$D�C>�O�0'�<,.$D}~0:,.(->�}~=16C=1}~0:�<ýG(%6w&Ó0:/KED(-�C/Ï>K$D67,
&)$�"%0'&)=I>K8%>
(e,�/K8%å5�C=1,K>%9�z6C0'&)(-}~(-6�,��56C(b/J8%åC�C"e,.=1$D6�åtòü�C6�>K$D�C>�O�0'�<,.$D}~0:,.(�>K8%/J=)(�C6C=1,�& òó(Bý<8%"%�<,.=)$'6��
��6 �<,.=)&1=1>K(U&1(%>n&1(-,K,K/K(%>

α
x;$'�C/¨=16CåC=1���5(%/n&1(%>n>K$'�C>�O�0'�5,.$'}n0:,K(%>nxz0:/.0'&1&��-&1(%>%9
&)(->¨&1(-,J,./K(->

β
x;$D�C/

>K$'�C>�O�0'�5,.$'}n0 ,.(%>�&)(->�>J8%/K=1(%>�(-,
γ
x;$D�C/�&)(->�0'�5,K/K(->��

KDN



A1

A2

α1 α2

α3

A3

β5
β3

α2β1

β2

β4

A4

β2

γ1

γ2

A5

α4 γ2

A6

β6

ñ�Ù¤è�ò1@\�I�FN;ó¨	�8-åC�C"-,K=)$'6�åC(+>K$D�5>�O�0:�5,.$D}~0:,K(%>

K7Q



R9à1± ² ã�ï í£é-² ñ±îvã�ï
*�0'6C>�"-(n" Az0'x5=1,./J(~6C$'�C>o04HD$D6C>GåC8-,.0'=1&)&18w&1(3xC/K$D�5&��%}3(3å5(nåC8e,.(-/K}3=)6C(-/b&Ó0�>�,./K�5"-,.�5/K(n=)67,.(-/K6C(

åtòü�C6U0'�5,.$'}n0:,K(	�C��$D�C>�0FHD$D65>�å58-z6C=�&Ó0o6C$',K=)$D6_åC(+>K$'�C>�O�0'�5,.$'}n0 ,.(!(e,�6C$D�C>�04HD$D6C>�xC/K8->K(-6�,.8båC(->
0'&1ED$D/J=I,.AC}w(%>\x;$'�C/\,./J$D�5HD(%/\,.$D�5>3&1(%>w>J$D�C>�O�0'�5,K$D}~0:,.(->wåtòü�C6 0'�5,K$D}~0:,.(_å5$D6C6C8�����6C( xC/K(-}~=��%/J(
0'x5xC/K$�" AC(+x;(%/K}3(-,�åtòó0'6z0'&Iÿ�>K(%/�&Ó0o>J,./J�C"-,K�C/K(+åC(+& òó0'�5,K$D}n0 ,.(�(%6�>%òó0'xCxC�<ÿ70'6�,�>K�C/�&Ó0o/J(%" AC(%/J"BA5(GåC(
>K$'�C>�O�0'�5,.$'}n0 ,.(%> }~0 ý<=1}n0:�<ý (%6 &Ó0'/JED(%�C/ (-, }~=16C=1}~0:�<ý (%6 &1$D6CED�5(%�C/-9 0'x5x;(%&)8->
2->J$D�C>�O�0'�5,K$D}~0:,.(-> {|(-/K}38%>F2/���±0÷}38-,KAC$�åC(�xC/J$Dx;$D>K8-(�(%>�,�"%$'/K/K(-"-,K(�(-,U"40:&)"%�5&)(�& òó(-6C>K(-}\�5&)(�åC(->
>K$'�C>�O�0'�5,.$'}n0 ,.(%>!{|(%/K}38%>bx5/K8%>J(%67,oåz0'65>G�C6©0'�5,K$D}n0 ,.('9X,.$D�<,.(-{|$'=)>+&)(->b/K8->K�C&I, 0:,K>b(eý<x;8%/J=)}3(%67, 0'��ý
=16CåC=)���C(-6�,��C6�6C$'}\�5/K(b/K8-åC�C=I,�å5(�>J(%>�>J$D�C>�O >J,K/K�C"e,.�C/K(->��X��=)65>K= 9zåz0:6C>�&)(b�C�<,�åC(GåC8-,.0'=)&1&1(%/�(%6C"-$D/K(
xC&1�C>~&Ó0�>�,./K�5"-,.�5/K(l=16�,K(%/J6C(Uåtòü�C6 0'�5,.$'}n0 ,.('9
�56C(�>K(-"%$D6Cå5(�0'xCxC/J$�"BAC(l0�8e,.8�å58-HD(%&1$DxCx;8-(lx;$D�C/
åC8e,.(-"-,.(-/�& òó(-6C>K(-}o�C&)(!å5(%>�>J$D�C>�O�0'�5,K$D}n0 ,.(%>�xC/J8%>K(-6�,K>�åz0'6C>�& ò 0'�<,.$D}~0:,K(�$D/J=)ED=16C(-&��
�±0 }~8e,.AC$�å5(õå5(õ&Ó0 >J(%"%$'6CåC(½0'xCx5/K$�" AC(õ>%òó0'xCxC&1=)���C(ÔåC(õx5/K8-{|8-/K(-6C"%(¼
 �C6ú0'�<,.$D}~0:,K(����5=\6C(
"-$D6�,K=)(%67,G0'�C"-�C6�xz0'/K0'&)&��%&1(:9X6C=
0'�C"%�56C(~>J8%/J=)(�³±0'=)6C>J= 9XåC(%��ý�8-, 0 ,.>b>J$D6�,b/K(-&)=)8->b0:��}~0 ý<=1}\�5} xz0'/
�C6C( >K(-�C&1( ,K/.0'6C>J=1,K=)$D6�(-,~0'�C"-�C6½8e, 0:,w6tòü(%>J,9
�&)0l{|$D=1>\6C$'6÷"%$D67HD(%/JED(%67,n(e,36C$D6÷å5=1HD(%/JED(-6�,U�#���
�;(%>J$D=16t9G�C6 xC/K8BO ,K/.0'=I,.(%}3(%67,�åC( & òó0'�5,.$'}n0 ,.(÷(->J,Ô658%"%(->K>.0:=)/K(��o��$',K/K( 0'&1ED$D/J=I,.AC}w(÷"40:/.0'"e,.8%/J=)>J(
,./J$D=)>\,�ÿ<x;(->¨å5(U>K$D�C>�O�0'�<,.$D}~0:,.(�y<OT� P ÍNÎ/ÏTÍv�ÐÊ	ÏIÉÑÎ/ÒXÊ	ÉÓpD&\Ê	uÊ	Ë Ë(.vË�pe9?OT�E� P ÍNÎ/ÏTÍv�ÐÊ	Ï3ÉÓÎ/ÒXÊ	ÉÑp}Í!'vu��ÔpU(e,OT�E�E� P &1Ë ÏTÍ²&8pvÉI� É;ÍNÎ/ÏRÍv�ÐÊ	Ï3ÉÓÎ/ÒXÊ	ÉÑp����5=!6Xòó(->J,�65=�xz0'/K0'&)&��%&1(:9�65=�>K8-/K=1(	�á�$D�C>_"%(-> >K$D�5>�O�0:�5,.$D}~0:,K(%>x;(%�<HD(%67,<�-,./J(\=16C"%&1�C>�&1(%>��56C>!åz0'6C>�&)(->!0'�5,./J(%>-���@$D�C/�åC8e,.(-"-,.(-/!,.$'�5,!>J$D�C>�O�0'�5,K$D}n0 ,.(�åtòü�C6��#�<�
A
9C6C$:,./K(!}~8e,.AC$�å5(+"40:&)"-�C&)(�(-,�/J8%åC�C=I,�&)(->�xC0'/.0'&1&��-&1(%>á(e,�&)(->�>J8%/J=)(%>-9?0FH:0:6�,�å5(+"40'&1"%�C&1(%/á(-,�/J8%åC�5=)/K(
&1(%>U>J$D�C>�O�0'�5,K$D}n0 ,.(%>�}~=16C=1}~0:�<ý�E|(%6 &)0'/JED(%�C/�Ge9�(-,�(%&1&)(�/K8%=I,��-/K(�&1(�xC/K$�"-(%>K>J�C>3þJ�C>K���tòA
 "%(©���C(
& ò 0'�<,.$D}~0:,K(�åC$D6C6C8

A
>K$D=I,n/K8%å5�C=1,×
©�C6C(�,K/.0'65>K=1,K=)$D6»���ù"%(l>�, 0'åC(:9�,K$D�C>n>K(%>¨>K$'�C>�O�0'�5,.$'}n0:,K(%>

>K$'6�,�"-$D6C6��5>��
��$',./K(�}38e,.AC$�åC(�(->J, "-$D/K/J(%"e,.('9 ":òó(->J,JOÑ
 O�å5=)/K( ���tòü(%&1&)(�65(ôåC8e,.(%"e,.(ô���5(ôåC(%>Ø>K$'�C>�O >J,./J�C"-,K�C/K(->
"-$D/K/K(->Kx;$D65åz0'67,§
�&Ó0�å58-z6C=I,.=1$D6 åC(->�>J$D�C>�O�0'�5,K$D}~0:,.(->%9á(-&)&1(l"%0'&)"-�C&)(�,K$D�C>_&)(->_>K$D�5>�O�0:�5,.$D}~0:,K(%>
åtòü�C6U0'�5,.$'}n0:,K(!å5$D6C6C8

A
�

�±0 "%$'}~xC&1(eý<=1,K8÷,.A58%$D/J=)���C( åC( /K(-" AC(%/J"BAC( åC(->Ô>J$D�C>�O�0'�5,K$D}n0 ,.(->©xz0'/.0:&)&��%&1(->�(-,�>K8-/K=)(->�(%>�,ÔåC(
O(m2)

9�$	Ö
m
/K(-xC/K8->K(%67,.(©&1(�6C$'}\�5/K(�åC(�,./K0'6C>J=1,.=1$D6C>_åz0:6C>

A
(e,Uåz0'65>U&1(�xC=1/K(�åC(->U"%0'>%9�&Ó0

"-$D}~x5&)(eý<=I,.8!åC(G65$D>�0'&)E'$D/K=I,KAC}3(->�åC(b/K(-"BA5(%/K" AC(�åC(->�>K$'�C>�O�0'�5,.$'}n0:,K(%>�}~=16C=1}~0:�<ý_(-6�&)0'/KED(-�C/�(->J,
åC(

O(n3)
$=Ö

n
/J(%xC/J8%>K(-6�,K( &1( 6C$D}o�C/J( åtòü8-,.0:,.>påC(

A
�ô��840'65}~$'=)6C>-9 &1(%>g/K8->K�C&I, 0:,K>

(Bý5x;8-/K=1}~(-6�, 0:�<ýZå58%}3$D6�,K/K(%67,õ���C(�"%(%>÷0'&1ED$D/K= ,.AC}3(->�$D67,õ�C6q�;$'6q"-$D}~x;$'/J,.(-}~(-6�,Ôx;$D�5/õ&1(%>
0'�<,.$D}~0:,.(->�/K(-xC/K8->K(%67, 0'67,�å5(%>�åC=1"-,K=)$D656z0'=1/K(->�å5(b&)0'6CED�5(	�
*�(->�/J(%xC/J8%>K(-6�,.0:,.=1$D6C>�xz0:/J,.=1"%�C&1=��%/K(->låC��ED/.0:xCAC(ÔåC(õ& òó0'�5,.$'}n0:,K(©x;$D�C/J/.0'=1(%67,�"%$D6Cå5�C=)/J([
 åC(->
>K=1}3xC&)=¢C"40:,K=1$D65> (-, åC$D6C" 
 /J8%åC�C=1/K( &Ó0 "-$D}~x5&)(eý<=I,.8 "%$'}~}3( xz0'/ (eý<(-}~xC&1( åC0'6C>ÇóÞD0'�C}~0'/Kå (e,�àU=)65$D�<ýÁ9��N^	KDN/È 9@}n0:=)>b& òó0'&)E'$D/J=I,KAC}3(3(->J,w0:xCx;(%&18×
�>%òó0'xCxC&1=)���C(-/��C6C(n>K(%�5&)(n{|$'=)>G(e,
>K�5/!åC(->+0'�5,K$D}~0:,.(->�åC(o,.0'=1&)&I(G/K8-åC�C=1,K('9ÁåC��}~$D=16C>�åz0'6C>�&)(->�(Bý5x;8-/K=)}3(-6�, 0 ,.=)$'6C>����C(\6C$D�5>+04HD$D6C>
}3(%6C8-(%>�&1=)8-(%>�0'�_,./.0:=1,.(-}~(-6�,�åC(->�åC=1"-,.=1$D6C6z0:=)/J(%>-�
��(->�0:&)ED$'/K=I,KAC}3(%>�$D67,�8e,.8�,.(->J,.8->�>K�C/�åC(->�0'�5,K$D}n0 ,.(%>á/J(%xC/J8%>J(%6�,.0'67,�åC(!ED/K0'6CåC>�å5=)"e,.=)$'6C6z0'=1/K(->�åC(
&)0'6CED�C(->~6z0 ,.�C/K(-&)&1(%>§E|,K/.04H:0'=)&�xC/J8%>K(-6�,K8�0'� " Az0'xC=I,./K(�>K�C=IH:0'67,ïGe9
"%(->¨(Bý5x;8-/K=1(%6C"-(%>¨xC/K$D�<HD(%67,_���C(
"-(%>Ô0'&1ED$D/J=I,.AC}w(%>�$D67,©�C6 �;$D6 "-$D}3x;$D/J,K(%}3(%67,©åz0'65>�&)0ØxC/.0 ,.=)���C(����#6 (v¡X(e,49G& òó0'6C0'&1ÿ�>K(÷åC(->
/K8->K�C&I, 0:,K>�}3$D67,./K(!���C(G&)0\/K8-åC�C"-,K=)$D6�åC(b"-(%>�0:�5,.$D}~0:,K(%>�>J(Gx5/K$�åC�C=I,�(-6Ux;(%�Uåtòó=I,.8-/.0:,K=)$D65>�(-,����C(
&1(%>�>J$D�C>�O�0'�5,K$D}~0:,.(->�>J$D6�,�=16C"%&1�C>�åz0'65>�åtòó0'�<,./K(->��
��(ä,./.04H:0'=1&�"-$D6CåC�5=1, 6z0:,K�C/K(-&)&)(-}3(%6�,$
ö&Ó0ß"%$'}~xC/J(%>J>K=)$'6 åtòó0'�5,K$D}n0 ,.(%>-9U=)åC8-( ���C=©x;(%�5, >K(
"-$D}~xC0'/K(-/�0'��ýô,K/.04H:0'�<ýô(-¡Á(-"-,.�58%>©åz0'6C>)Çü	�=)>J,K$PHn(-,��±0'x;$D/�,.('9t�N^	^=^/È3$D�mÇü*�0'"-=)� � 9;L'MDM'M/ÈÔ�b�#6(v¡X(e,49�&)0�/K(-"BAC(-/K" AC(�åC(U>J$D�C>�O�0'�5,K$D}n0 ,.(%>30�xC&)�C>J=)(-�C/K>~0'x5xC&)=1"40:,K=1$D6C>\x;$',K(%6�,K=)(-&)&)(-> y
&1$�"40'&1=1>K(-/w(e,

K=K



=16CåC(eý<(-/õåC(->õ>J$D�C>�O xz0'/�,.=)(->Ôåtòü�C6Z�C6q0'�5,K$D}n0 ,.('9G/K(-" AC(%/J"BAC(�åC( åC$D6C6C8-(%>õ/K(-åC$D6CåC0'6�,K(%>õx;$D�C/
/K8-åC�C=1/K(\&Ó0¨"%$D65>K$D}3}~0:,.=1$D6låC(w}~8-}~$'=)/J('9ÁåC8%"-$D}3x;$D>K(-/b�56©0:�5,.$D}~0:,K(\å5(\,./��->+ED/.0'65åC(\, 0:=)&1&1(�(%6
xC&1�C>K=1(%�C/J>�xC&1�C>�x;(e,.=I,�0'�5,.$'}n0:,K(%>-9C(-,K"	�
��$D>�,K/.0FH 0'�<ý {|�5,.�5/K>�>J(%/J$D6�,�åXò 0'åC0'x5,.(-/�65$D>�0:&)ED$D/J=I,.AC}w(%>lx;$'�C/�åC(%>�{|$D/J}~(->�xC&1�C>�ED8-6C8%/K0'&)(->
åtòó0'�5,K$D}~0:,.(:9�xz0'/ (eý<(-}~xC&1(ä&1(%> 0'�5,.$'}n0:,K(ô"-ÿ�"%&1=)���C(%>-9�(e, "%$D}3xz0:/K(%/ 6C$:,./K(ú}~8e,.AC$�å5( 0'�<ý
0'&1ED$D/J=I,.AC}w(%>�åtòü(eý�,./K0'"-,K=)$D6X9GåC$'6�,©&)(½�5�5,�(->J,�åC( åC8-"%$D�5H�/J=)/©&1(%>�}~$:,.=I{|>�{|/K8-���C(%67,.>�åz0'6C>©&1(%>
ED/K0'xCAC(->;Ç ³�´¶µ¯·8¸�P�´¶µL¹vº¶»;»	@/Ès¹©Ç½¼[´¶¾K�C�bpvÉ£Ê¶¿¢Ì�¹�º¶»;»�?�Èp´�µCå�Ç½ÀjÁ"ÂhÃ&Á���¾1·¶¹�º�»;»;Ä/È��

K=^



¿ À ��Á�%1#*(*� Å

ÆÈÇ¯É �CÆ Ç � É
Ê Ë Ä Ç¯ÊÌÉ Ä Ê Í Þ;ÎÐÏ Ç¯Ñ|Ò Î Ç¯Ê�Ó
É¯Ê�ÔGÉ¯Õ�ÓWÊ�ÖtÇ Î Ö×Ç ÍØÊ�Ó ÍGËjÙÚÇ
Ë$ÑyÖGÖ Î Ë$É¯Ê�Ó

Û µÐ´¶Ü&Ü�·�Ý�Ý"·�¾'´ÞÁ�ß�Ááà;âsã8ä�âså^æ�ævç¶â�è¬éê¸'ë;Ã&¸ì·�µ3í'·�î�ï3Ý�·ñð�µ&Á
W ò ·êßôó3´�õöµ&·�íìµ&ë;µ§÷uÁ ò ·�í�í'Ã3¾�Ã3µ÷;ëhß�´¶ï3Ã3Ý�´¶Á�¾1·

V ø Àj·�íúù�Ý"ù�î�·�µZ¸¬í ò · W
í'ë;µZ¸û´¶Ü&Üv·�Ý�ù�íýü.å^ä�þn·�¸úß�·�íúî�ë¶¸'í�í1ë;µZ¸�¾¬´�µ3ÿ;ù�íúí'Ã&Á"÷�´�µ�¸úÃ3µß�·�¾1¸¬´¶Á�µ ë;¾ ò ¾1·t´^ð�µ ò ��� ¸¬¾'·|¾1·�¸'¾'ë;Ã&÷;ù�í¥Ü3Ý"Ã3í���´¶ß�Á�Ý�·�î�·�µZ¸ ø À ·�í ò Á�ß8¸¬Á"ë;µ3µ�´�Á�¾1·�í�í'ë;µZ¸¥í1ë;Ã&÷;·�µZ¸¾'·�Ü3¾'ù�í'·�µ�¸¬ù�íÚÜ3´¶¾ ò ·�í�´¶Ã&¸¬ë¶î.´�¸'·�íw´�ß��hß�Ý"Á�Â�Ã3·�í�¹ûß ´¶¾KÁ�Ý"í���ë;Ã3¾'µ&Á�í'í1·�µZ¸�Ã3µ3·ñí1¸'¾'Ã3ß8¸¬Ã3¾1·êß�ë;î�Ü�´¶ß8¸¬·	�
 ·8÷hÃ�¶¹����������d·�¸ ò ·�í���ë;µ3ß8¸¬Á"ë;µ3í ò ��� ß�ß���í
·�¸ ò ·Ú¾1·�ß+ó3·�¾1ß+ó3· ò ·ìî�ë�¸¬Á���í ò ·�í
Ü3Ý�Ã&í¯¾ � Ü3Á ò ·�í ø Àj·¸¬·�î�Ü3í ò ��� ß�ß���íI·�í1¸IÝ�Á��3ù � Á�¾���������ë��&ß��¬Á"ë�� ò ��Ý � � � Á�Ý"Ý�� ò Ã �!�#"$�%�&���'��� ò ù�Ü(�)� ò Ü � í ò ��Ý � � � Á�Ý"Ý��ò Ã ò Á"ß��¬Á"ë��� � Á"¾%� ø* � �&ídß)��ß+ó � Ü3Á+�¬¾%�-,.�3ë;Ã&ídÜ3¾'ë¶Üvë;í'ë��&ídÃ���ù��'Ã ò ��í�� � �¬Á"í��¬Á"Â�Ã�Qí1Ã3¾dÝ � í/�¬¾1Ã3ß��'Ã3¾%��Á0�1�!��¾��� ò ��ë����)�� Ã2�¬ë;î � �!��í�¾%��Ü3¾'ù�í%���3� � �3� ò ��í ò Á"ß��¬Á"ë��� � Á�¾���í�ù�Ý0��ß��¬¾1ë��3Á"ÂhÃ���í ø À � Ü3¾%��î�Á���¾��bÜ � ¾/�¬Á0�E¾ � Ü3Ü(��Ý"Ý0�Â�Ã��Ý�Â�Ã��íK¾1ù�í1Ã3Ý�� � �¬í
ß�Ý � í'í1Á�Â�Ã��í í'Ã3¾
Ý0��í � Ã��¬ë¶î � �%��í ø À4��í ë���)� ò Á�ß#�¬Á�ë��� � Á"¾���í¯í1ë��3� Ü3¾'ù�í%���3�¬ù�íò � �3í.Ý � ò ��Ã2"uÁ0��î5�
Ü � ¾��¬Á���, � Á0�3í1Á�Â�Ã� ò ��í�í�� � �¬Á�í/�¬Á"ÂhÃ���í&�'¾%��í�ÿ;ù��3ù�¾ � Ý0��í�í'Ã3¾�Ý0��Ã3¾'í � Ã��¬ë;î � �%��í ø* � �&í
Ý � �¬¾'ë¶Á�í'Á���î&�wÜ � ¾��¬Á���,�Ý �6� Ý�ÿ;ë¶¾'Á7�¬ó&î&�98�é+ã;:�é8è+ã;:�é

SA
� ù��'ù � Ü&Ü3Ý�Á"Â�Ã3ù�< ß)��í � Ã��¬ë¶î � �%��í�,Ý � ù#�¬Ã ò � ò ��í�í1ë;Ã3í/= � Ã��'ë;î � �!��í ò ù#�!��ß��¬ù�íúî5�#�>�)�¯ù�÷hÁ ò �)�3ß�� ò ��í�í'Á"î�Á�Ý ��? Á+�'ù�í@�)�1� ? �A��Ã$" ø

BDC)E FHG>IJG@KMLAN�O#P�GRQSQ�TDKSN�U>QVLWTXP�Y[Z L\P�U>Q
]R^/_`^/_ acb.dfeg4h$b4ikj�lmj2npoqiHr�sutviHrfnpw(j2npoqivivlqnxebydvlzectfi{lqt>j�o`|}lmj2b
~4��í ��� �'ë;î � �!��í�ù�� � ò� ù�í�í1ë��3� � ß#�uß�Ý ��� � ��í�ß ��? � Ý í1ë��3� � � � Ý � í'ù�í�Üvë ��?�? ��ß�ë��� � õ0� ? � ò ��íí'ù � � �)�3ß)��í�ð�� � ��í���î�ë-�¬í), í1ù � � ���3ß)��í5��*�� ø"ø ø6�8ø � � �3í � ,��¬ë � í�Ý���íQß+ó��î � �3í ò ��� � ��� �¬ë;î � �!�.í'ë��1�ò �dÝ�ë��3ÿ � � �? ð�� � � ø~4��í � Ý�ÿ;ë ? � �'ó3î&��íQÜ ? ù�í%���3�'ù�í ��� ß+ó � Ü � � ? �?Ü ? ù�ß�ù ò �)�1�.í ��� Ü3Ü3Ý �0� � ���3�5< ò ��í ��� �¬ë;î � �!��í � ÷���ß � �í%� � Ýyù#� � � ð�� � Ý ø�� ë �? ß�ë��3í�� ?%� � ? �:Ý �6�-� �¬ë;î � �%� ò ù#�!� ? î � � � í��!� î � � � î � Ý�< Ü ��? � � ? ò ��� �ò� ß�� � ë��� � � ? � � ÷���ß � � í�� � Ýáù�� � ���!� ? î � � � Ý�,�Ü3Ý � í � � ��? í î�ù��'ó3ë ò ��í���" � í��%�)�3�),&�&ë � í � � � Ý � í1ë��3íÝ �6� Ý"ÿ;ë ? � �¬ó3î�� ò ��* � ß � �� =p� � ó3ë�÷��!��Ý � �.� � Ý � ù��'ù�Ü ? ù�í%�)�1�¬ù ò � �3í 	 � ���? ��Ý��#�v� � �)�1�¬ó�� ? ,(��������� ø� �WÜ ? ë;ÿ ?%� î�î5��ß�ë��3í ��ò � ? � � � �Wßôó � � � �?î�ë�� ò � ò� ß#� � ë��� � � ? �&��í/�Qí � � ÷ � Ü ��?W� �ñß ��?%� ß��%� ? � ò �ð�� ò �ûî�ë��\���J�-,uÝ � ��ë��&ß�� � ë�� ò ��� ?!� �&í � � � ë�� ò �ûÝ ����� �'ë;î � �!� δ ò ��÷ � �)�3�\� δ : Q×Σ∪ {#} → Q ø� � �3í � ,uÝ ����� �'ë;î � �!�f�� Üvë;í'í1ù ò � ?!� Ü3Ý � í � �.��� �¯í�� � Ý$ù�� � ���%� ? î � � � Ý ø � ��� ��� ë � ���� î�ë ò� ð���Ü � í�Ý��Ý � �3ÿ � ÿ�� ? ��ß�ë��� � Ü ��? Ý �6�-� �¬ë¶î � �!� ø � �ýÜ ? ë;ÿ ?%� î�î&�ûß � Ý"ß � Ý�� ��� í1í � Ý � ó ��� �%� �? ���úÝ � ß ��? ò�� � � Ý � �¬ùò �dß+ó � � � �Iù�� � � ø

���



 '¡£¢¥¤¦¡£§©¨1ª�¨�« �©¬vå£®hä�ç�®hä¨å^ü�ç¶ä)é
A1 ¯ æLå^ü&°�è+ém±�æ�âlà¦²´³8äsç¶ä�þ@µ�é#®hä>¶8ä�è¬é�ã+å^æ&þ8â�à$³8è!³nã+å^üQü.é�³%·)®hâ¹¸^ç�º�é8æ�ä ¯ ®hæìç�®uä)å£»ü�ç¶ä)é

A2

ç�¼¶ç¶æ�ä½®hæKþ�é#®2ºm³8äsç¶ä¾±�ævç�º é8ä½®hæ`ã'ç¶è'çhã8äx¿8è¬énàhé`±�æìàhéýü.å^äÁÀ�Â é+þýü.å^ä�þIè¬é+ãôå^æ�æ®�þ�µ&ç¶è'º�éº ç¶æ$ÃZç�Ãhéûàhé
A2

þ�å^æ�ä�ã+é#®-Ä�è¬é+ã+å^æ�æ�®�þqµ&ç¶èfº�évº ç¶æ$ÃZç�Ãhé
A1

ç�®-Ä3·)®�é#º þIé+þ8ä�ã+å^æLã'ç¶äx³8æÅ³fº�édã¬ç¶è1çhã8äx¿8è+éûàhé±�æ�àhéIü.å^äÁÀ
ÆvÇ4È$É9¤�ÊuÈ�« �©¬

1 2 3 4 5 6

1 2 3 4 5 6 7

` a m p e

` a m p e
�

�

�

ËkÌ¹Í�Î¥Ï ø ��ÐÑ� � �'ë;î � �!��í ? ��Ü ? ù�í%���3� � �3�úÝ � Ý � í��!� ò �dî�ë��¬í\� ` , `a , `ampe

]R^/_`^ÁÒ acb.dfeg4h$b4ikj�lmj2npoqiHr�sutviHlqt>j�o`|}lmj2b
� ë��3� ?!� � ? ��î&�)�1� �-� ß+ó � Ü � � ? ��Ü ? ù�ß�ù ò ���3��,jÝ0��í ��� �¬ë;î � �!��í���Qí'ë��3�dÜ3Ý � í�� ?!� � �¬ù�í � � ��� � ��î&�)�1�ß�ë;î�î&� ò ��íýÿ ?!� Ü&ó��íýë ? � ���3�'ù�í),��&ë � íýÜ ? �)�&ë��3íW�)�xß�ë��3í ��ò ù ?!� � � ë��ìÝ���íIù#� �0� � �#�%�!��í � í'í1ëhß � ù)��í ��� "� ?%� �3í � � � ë��3í�Üvë ��? ù�� � ò� � ? Ý���í ò�� ß#� � ë��� � � ? ��í øÓx� � � � � Ý���î&���3�),¾<.ß+ó � � � �Qù#� � � ò �nÝ ����� �¬ë¶î � �!�'��í/� � í'í'ëhß � ùnÝ � Ý � í��%�ýë ? ò ë���3ù)� ò ��í%��ív� ?!� �3í � � � ë��3íí'ë ? � � �3�!��í ø � �����!�të ? ÿ � � � í � � � ë�� Ü(� ? î&��� ò � ? ù ò � � ? �|Ý���í��!��î�Ü3í ò �tß � Ý"ß � ÝÚÜvë �? ÷;ù ? � ð�� ?Ý �6� Ü&Ü ��? �%�)� � �3ß)� ò ��� �¯î�ë-� ��� ò� ß#� � ë��� � � ? � øÔz�Èî�ù�î�ë � ? ��,W�3ë � í ? ��Ü ? ù�í%���3�'ë��3íÌÝ �6��� �¬ë;î � �%��Ü �-? Ý � Ý � í/�!� ò ��íÕ� ?%� �3í � � � ë��3í`í1ë ? � � �3�%��í ò �ß+ó � � � �ýù�� � � ø � ó � ß � �� ò �ýß���íR� ?!� �3í � � � ë��3í�Üvë ? �!�A� ? ë � í � ����ë ? î � � � ë��3í\� � �
ïvëhë;Ý�ù��)�
î � í><&��ù ? ëë � <&�úí � ��Ý"Ý0� � Ü&Ü ��? � � ���3�lë � � �6� Ü3Ü ��? � � �)�3�lÜ � í ��� î � î5��ù�� � ��í'ë ��? ß)� � � �úß)��Ý�Ý0� � � � Ý � Ü ? ù�ß)� ò ��,í'ë��
ù#� ��� � ���%�%�A����Ý ��� ò ? ��í1í%� ò �IÝ � Ü ? ��î � � ? ��� ?!� �3í � � � ë�� ò �Ií1ë��¯ù�� � ��ï � �[��ß�� ø � � ï&Ý0�\Ï ø � �ôø

 '¡£¢¥¤¦¡£§©¨1ª�¨�« ��Ö× æKü.å^ä�ç#µ1µ&ç¶è8ä�âsé8æ�älç�® à¶âsã8ä�âså^æ�ævç¶â�è¬éúþ8â�é8ä þ�é#®$º�é8ü.é8æ�ä þ8â â¹º é�Ä;â�þ8ä)é\®uæìã;:�é8ü�â�æKàZç¶æ&þ�º%² ç�®uä)å^ü�ç¶ä¨éà$³)°)®hä ç¶æ�ä ¯ º%²´³8äsç¶älâ�æ�â�ä â�ç�º é8ä�ç¶èôèôâ¹¸^ç¶æ�ä ¯ º%²´³8ä ç¶älä)é8è8üQâ�ævç�º�·)®hâ6è¬é+ã+å^æ�ævç�Ø�ä�ã+éIü.å^äÁÀ
ÆvÇ4È$É9¤�ÊuÈ�« ��Ö~4�[� � ï3Ý�� ��� Ï ø ��ß�ë ?%? ��í'Üvë�� ò <�Ý � Ý � í/�!� ò ��ív� ?%� �3í � � � ë��3í ò ��Ý �6�-� �¬ë;î � �%� ? ��Ü ? ù�í%���3� � �3�dÝ���í�î�ë��'íÙÛÚ)ÜÅÝ0Þ(ß�ÙÁàá�Ý�Þ¾ß�ÙÛÚ�á�Ý�Þ¾ß4Ùâà�ÜÅÝ�Þ¾ß�ãÑÚ-Ù0Ý+Þ¾ß4ãXÚ£ä%Ý0Þ(ß�ä#å�ãXÚ£Þ¾ß�ä#å�ãÑÚ-Þæ ø ~4��î�ë��&º ç¶ä�â�æÕ��í�� ? ��ß�ë���� � Ü �-? Ý��Ü �-? ß�ë �? í ò ��í�Ý � ÿ����íX��,qç$,@���2,½��è2,½��é2,½���ê�#�J��� ø �©~4��íQÝ � ÿ����íÑ���ë�#�J��èKí'ë��1��í � ß�ß)��í'í � ÷���î5���3�Ü �-? ß�ë �?%� ��í�Üvë �?>? ��ß�ë��� � õ�� ? �dÝ � Ý����%� ? �&�#��� �8ø

���



� �
`

ç

?
ë î � �

í #

`

�
�

�
Ü � � �

î
�

` ?

� � î �è � ? ÏÏ � ë éé � î �� � � ���ç � � ���ì � � ���� � � ��Ï��� �
`

��é��� � ? ��é��� � Ü ��é��è � � ��é�)Ï � � ��ç��é � � ������ � � �����ç � � �� ì � í ������ � � �
í`î�ïMÎ¥Ï ø �vÐ 
 ��Ü ? ù�í%�)�1� � � � ë�� ò ��� � ��� �¬ë¶î � �!�

� �#�%�!� ? ��Ü ? ù�í%���3� � � � ë��ÚÜ(� � �ýí ��� � � Ý � í�� ?A� ÷���ß ò ��íIù�� �0� � �#�%�!��íIÿ;ù)�3ù ?!� Ý � í1ù)��íIß�ë ?%? ��í'Üvë�� ò � �1�[< ò ��í��"&Ü ? ��í1í � ë��&í ?%� � � ë�����Ý�Ý���í ø Ôz���#ðÅ�#��, � � ? ù�í � Ý+� � � ò �'ñ Ý0���)�� ò�� � � � ���
ò[ó ¨3¢¥¡£ô$É9È�« ��¬öõ%÷ Ê©È3È$ø�È�ùvå£®hä`º ç¶æ$ÃZç�Ãhé è¬é+ã+å^æ�æ�®�µ&ç¶è\®uæ�ç�®hä¨å^ü�ç¶ä)é ¯ æLå^ü&°�è+ém±�æ�â6à¦²´³8ä ç¶ä�þ@µ�é#®uä�¶8ä�è¬éIè¬éxµvè!³+þ�é8æ�äp³½µ&ç¶è\®hæLéé�Ä�µvè¬é+þ+þ8âså^æ è1ç¶ä âså^æ�æLé#º¹º�é;ú[é8ä�è!³+ã8â6µvè¬å)·)®�é8ü.é8æ�äÁÀ
ûR��>��"&Ü ? ��í1í � ë�� ?!� � � ë�����Ý�Ý��½��í/�lï � í1ù)��í �?q� � � Ý"Ü3ó � ï(�#�q�#�q� ? ë � í ë;Üvù ?!� �!� �? í ø Ô6Ý"Ý0��í í'ë��3��Ü ��?��"���î�Ü&Ý0� � � � Ý � í'ù�í ò � �3í ò ��í�ð�Ý�� ? ��í�ß�ë;î�î&�ûÝ ��� � � Ý � � � � ? �A� ? ��Ü¯í'ë � ífûR� � " ø~4��ík�#"uÜ ? ��í'í � ë��3í ?!� � � ë�����Ý"Ý���í�Ü(� ? î5�#�%�%�)�1� ò � ���3ÿ���� ò ? � ? ò ��í[Ý � �3ÿ � ÿ���í ò�� �¬í ?%� � � ë�����Ý�í ø � ��í[Ý � �$=ÿ � ÿ���í�í1ë��3� ? ��ß�ë��� � íR��ë ? î&��Ý�Ý+��î&���3��Ü �-? ò ��í ��� �'ë;î � �!��í�ð�� � í ø

üD¨1ýmø¦§uª�§©¢(ø�« �©¬öõ ÆvÇ4¤¦¡�È$þ�þ�§u¢¾ø¦þ�¡�ÿ�ª�§u¢(ø�ø�È$Ê�ÊuÈ$þ�¢��cÈ3Ç.¤�¡�È$þ�þ�§u¢¾ø¦þ�¡�¨�����Ê©§©ô3¡�È$þ£ù� ä ç¶æ�ä àhå^æ�æÅ³5®uæ�ç�º µ�:&ç1°8é8ä
Σ
úIå^æ�ç#µ1µ�é#º¹º�é?é�Ä�µvè+é+þ+þ8âså^æñè1ç¶ä âså^æ�æLé#ºÛº�é5®hæLé¯é�Ä�µvè+é+þ+þ8âså^æ�ã+å^æ&þ8ä�è�®uâ�ä)éµ&ç¶èAº�é+þdè!¿ÁÃ�º�é+þûþ#®hâ¹¸^ç;æ3ä¨é+þ��

� ä)å£®uä>³#º0³8ü.é8æ�ä�àhé
Σ
é+þ8ä`®hæLéQé�Ä�µvè¬é+þ+þ8âså^æ è'ç¶ä�âså^æ�æLé#º¹º�é��

� º�édü.å^ä`¸�â�àhédæLå^äp³ ε
é+þ8äk®hæLéQé�Ä�µvè¬é+þ+þ8âså^æ è1ç¶ä âså^æ�æLé#º¹º�é��

� þ8â
E1

é8ä
E2

þ�å^æ�äûàhé+þ?é�Ä�µvè+é+þ+þ8âså^æ&þ�è1ç¶ä�âså^æ�æLé#º¹º�é+þ;úúç�º"å�è¬þ&º çÚã+å^æLã'ç¶äx³8ævç¶ä âså^æ�ú�æLå^äx³+é
E1E2

úé+þ8ä`®hæLéQé�Ä�µvè+é+þ¬þ8âså^æ è'ç¶ä�âså^æ�æLé#º¹º�é��
� þ8â

E1

é8ä
E2

þ�å^æ�ä�àhé+þQé�Ä�µvè¬é+þ+þ8âså^æ&þ è'ç¶ä�âså^æ�æLé#º¹º�é+þ;ú�ç�º�å^è¬þ'º%² ®hæ�âså^æ�úlæLå^äx³ôé
E1 + E2

ú�é+þ8äk®hæLéé�Ä�µvè¬é+þ+þ8âså^æ è1ç¶ä âså^æ�æLé#º¹º�é��
� þ8â

E
é+þ8äq®hæLéné�Ä�µvè¬é+þ+þ8âså^æ¯è1ç¶ä�âså^æ�æLé#º¹º�é;úmº%² â�äx³8è1ç¶ä âså^æ�ú æLå^äx³+é

E∗ ú[é+þ8äz®uæ�éné�Ä�µvè¬é+þ+þ8âså^æ¯è'ç¶ä�âså^æ�»æLé#º¹º�é
	�ÂA² å;µ�³8è1ç¶ä¨é#®hèê²��2²3é+þ8ä[ç#µ1µ�é#º0³dâ�äx³8è'ç¶ä)é#®hènàhé�'º�é+é8æLé���À

�1�



�XÈ$É9ÿ�¡����¦Èë« �©¬Â å^è¬þ)·)®�éfº%² ç�®uä)å^ü�ç¶ä¨édé+þ8ä�çhã#¼Zã#º â©·)®�é;úMº%² é�Ä�µvè¬é+þ+þ8âså^æ?è1ç¶ä�âså^æ�æLé#º¹º�édã+å^èôè+é+þxµ�å^ævàZç¶æ�ä)é�æLédã+å^üvµ�å^èôä)éqµ&ç^þà¦² â�äx³8è'ç¶ä�âså^æ�ú�é8ä�è!³+ã8â6µvè¬å)·)®�é8ü.é8æ�ä¹ú@®uæLé.é�Ä�µvè+é+þ+þ8âså^æÚè1ç¶ä�âså^æ�æLé#º¹º�é&·)®hâ�æLé.ãôå^æ�ä�âsé8æ�ämµ&ç^þ�à¦² â�äx³8è'ç¶ä�âså^æé+þ8älè¬éxµvè;³+þ�é8æ�äx³+é@µ&ç¶è\®uæìç�®hä¨å^ü�ç¶ä)énçhã#¼Zã#º â©·)®�é)À
�XÈ$É9ÿ�¡����¦Èë« ��Ö× æáþ�å£®�þ#» ç�®hä¨å^ü�ç¶ä)éIé+þ8äz®hæKç�®uä)å^ü�ç¶ä¨é�	â¸¶å^â�è à$³u±�æ�â�ä�âså^æ�������ú6àhå^æLã�â¹º3µ�é#®hälç�®Zþ+þ8âq¶8ä�è+é�è+éxµvè!³+þ�é8æ�äx³µ&ç¶èA®hæLéQé�Ä�µvè¬é+þ+þ8âså^æ è1ç¶ä âså^æ�æLé#º¹º�é)À
�XÈ$É9ÿ�¡����¦Èë« ���
��æEç#µ1µ(º â©·)®&ç¶æ�äWº%² ç�º�Ãhå^èôâ�äu:hü.é¯è¬é+ã;:�é8è¬ã;:�é����\»��! ¯ ®hæEç�®uä)å^ü�ç¶ä¨é;úWº�é+þáþ�å£®Zþ#» ç�®uä)å^ü�ç¶ä¨é+þKà$³8ä)é+ã#»äx³+þ�þ�å^æ�ä�è!³'à�®uâ�ä�þ ¯ ®uæLénþ�é#®$º�éQä è1ç¶æ&þ8â�ä�âså^æ(À" k®uâ�þ)·)®�éQæLå£®�þQä)é8æLå^æ&þ.ã+å^üvµvä)é�àhé+þÑ³8ä�â©·)®�é8ä�ä¨é+þ;ú�ã+é8ä ä)éä�è'ç¶æ&þ8â�ä�âså^æ�àhå^â�ä4µ�å^è8ä)é8èA®hæLéQé�Ä�µvè¬é+þ+þ8âså^æ è'ç¶ä�âså^æ�æLé#º¹º�é�é8æKäsç¶æ�ä@·)®z²´³8ä â©·)®�é8ä�ä¨é)À
ÆvÇ4È$É9¤�ÊuÈ�« ���~4��íR� � ï3Ý�� ��� "áí � � ÷ � �1�¬í ? ��Ü ? ù�í%���3�%�)�3�f�¬ë � �!��í�Ý���í�ù#� � Ü(��í ò � ò ù ? ë � Ý0��î5���3� ò �IÝ �6� Ý�ÿ;ë ? � �'ó3î&�W8�é#»ã;:�é8è¬ã;:�é#���\»��! �<ûÝ ����� �'ë;î � �!�[Ü ? ù�ß�ù ò ���3� ø � ���%�%��ß�ë��&í�� ?�� ß�� � ë���í � �#ðÅ��ß�� � � ò ��î � � � � ? � � �'ù ?!� � � ÷�� ø

��è



$ j2lzdWb _
� �

`
ç

?
ë î � �

í #

`

�&%\� Ü % �
� � �

î
� `

%�?

� � î �è � ? ÏÏ � ë éé � î ì� � � �ç � �'%�� ���ì � � ���� �
`
%�? ������ � Ü % � ������ � � ��é��� � � ��è��è � � ����)Ï � � ���é � í ������ � � �

$ j2lzdWb Ò
� �

`
� �'%�� � ��Ü % � � Ï

? ë;î � � í #

`
� �'%�� � �¹� % Ü �

� � �
î � �

`
%�? �

� � î � �
`
%�? � Ïè � ? ë;î � � éÏ � � � çé � � �� � í çç � � �

$ j2lzdWb)(
� � �

`
� �'%�� � �u� % Ü �%� è

? ë;î � �
í #

�
`
� �'%�� � �¹� % Ü ��� % ��î � � ` %�? �%� � � �

% ��î � �
`
%�? �%�� � ? ë;î � � Ïè � � � �Ï � � �é � í �� � � �

$ j2lzdWb ]
� � �%�

`
� �'%�� � �u� % Ü ��� % é

? ë;î � �
í #

���
`
� �&%�� � �u� % Ü �%� % ��î � � ` %�? ���%�p� �

�

��î � �
`
%\? �%���/� �� � ? ë;î � � èè � � �Ï � í éé � � �

í`î�ïMÎ�Ï ø �2�½�úÝ�ÿ;ë ? � �¬ó3î���8�é+ã;:�é8è¬ã;:�é*���\»��! �#�J��"uÜ ? ��í'í � ë��3í?%� � � ë�����Ý�Ý���í

��Ï



~ ��� Ý"ÿ;ë ? � �'ó3î&� 8�é+ã;:�é8è¬ã;:�é PPSA ò ù��%��ß��%� � �§í�� � Ý
PPSA

, � ��`ù�� � Ü(�ñí � Ü3Ü3Ý"ù�î&�)�1� � � ? �ß�ë��3í � í��!� ?!� � �R<�Ý0� ? ù ò � � ? �'< � ��A� ?%� �3í � � � ë��?Üvë ? � � �1� � ��A�3ë � ÷���Ý�Ý��A��"&Ü ? ��í1í � ë�� ?%� � � ë�����Ý�Ý��-,&Ü ��?��"���î�Ü&Ý0�dÜ �-?>� ���IÝ���ß�� �? �A���
Ü ? ë���ë�� ò � �? ��÷;ë � ? Ý � ð�ÿ ��? �dß � = ò ��í'í'ë � í �ôø
���

`
���

`
� �&%�� � �u� % Ü �%� % ��î � � ` %�? ���%�p� �J� % ? ë¶î � ��� %�? ë;î � �3í

ËkÌ¹Í�Î¥Ï ø �WÐXÔM"&Ü ? ��í1í � ë�� ?!� � � ë������Ý�Ý+��ð�� � Ý0�
Ó)Ý �#" � í��!� Ü&Ý � í � � �? í î�ù��'ó3ë ò ��í ò � ß�ë��3í�� ?%� ß#� � ë��3í ò � �#"uÜ ? ��í1í � ë��3í ? ù�ÿ � Ý � � ? ��í	 �
ß�� ��� ÿ;ó1�¬ë������#+ � î � ò � ,Å���������Á, 	 �dÝ � í'ó � ë ÷(,4�����2���'�#� 	-, ó3ë;î�Ü3í'ë��.,4����� ì � ø Ôz�Eí �6� Ü&Ü � � � �1�í ��? Ý � ù�Ý � î � � � � � ë�� ò ��í ù#� � �'í ò �ØÝ �6�-� �¬ë;î � �%� ò ë���3ù-,�Ý0��í � ?!� ÷ ��� " ò �/. � � ���10xëhë ò	 . � � � ���20Úëhë ò ,¥��������� Ü(� ? î&���%�%�)�1� ò �dß�ë��3í�� ?�� � ? � ò ��íR��"&Ü ? ��í1í � ë��3í ? ù�ÿ � Ý � � ? ��í�Ü3Ý � í�ß�ë �? �!��í�,(<Ü �-? � � ? ò ��� � ��� �'ë;î � �!�\<��3ë¶î�ï ? �ûð�� �jò � ù#� � �'í ø~ � Ý�ë��&ÿ � � ��? ò �Kß+ó � � � � ��"uÜ ? ��í'í � ë�� ? ù�ÿ � Ý � � ? � ò ù�Ü(��� ò�ò � ßôó&ë � " ò �KÝ � í'ù � � �)�3ß)� ò � ù�� � �¬íD<ù�Ý � î � �� ? ø � � �3í � ,@�¬ë � �!��í
Ý���í¯í1ù � � ���3ß)��íKÜvë;í'í � ï3Ý���í¯í1ë��1���%��í��'ù)��í Üvë �?�� ïvë � � � ? <êÝ � í1ë;Ý � � � ë��ë;Ü2� � î � Ý+� ø ~ � Ü ? ��î � � ? ��ù#� � Ü(� ò �WÝ � ß�ë��3í�� ?%� ß#� � ë��`ß�ë��&í � í/�!�X<ë�#" � î � ��� ? Ý � î � � � î � í � � � ë�� ò �Ý �6��� �¬ë;î � �%��, ï � í'ù
í ��? Ý � ù � � � ÷ � Ý0���3ß)� ò ��í�ù�� � �¬í5�#�.Ý � í � � ÷ � �1�!�-, ? ��Üvë;í%� í �? ò ��í.ó� ��? � í/� ��� � ��íÜ(� ? î5�#�%� � �3��Ý0��í�ó � ßôó � ÿ���í�÷�� ? � � ß � Ý0��í>�#��ó3ë ? � ��ë��3� ��� " ò �dÝ �6��� �¬ë;î � �%� ø� �¥Ü ��? � � � � ë�����î5���3� ? ù�Üvù#� � � � ��í�Ü(� ? î5�#� ò � ò ù�ß�ë������ß#�!� ? ,áÜ � � í ò � � � í � ë���� ? Ý���í�Ü ��? � � ��íí'ù � � �)�1� � ��Ý�Ý���í����QÜ ��?!� Ý"Ý0��Ý���í ò �WÝ ����� �'ë;î � �!� ø � � �3í � , ß��?Ü ? ëhß)��í'í � í�Ü ? ù�í��)�3�%� � �� ? ��í'í%��î�ï3Ý � �3ß)�� ÷���ßIÝ ��? ù ò � ß#� � ë�� ò ��í�í'ë � í/= �-� �¬ë;î � �%��í�í'ù ? � ��íR�#� ò ��í�í'ë � íp= ��� �¬ë;î � �!��í�Ü ��?!� Ý"Ý0��Ý���í ø~ �9? ù ò � ß�� � ë�� ò ��íWí'ë � íp= ��� �¬ë;î � �%��í.í'ù ? � ��íD�#� ò ��í?í'ë � í/= ��� �¬ë¶î � �!��í.Ü �-?!� Ý"Ý0��Ý���í�Üvë;í1í%� ò � ��� í1í �ò ��í � � � Ý�ë¶ÿ � ��í � ÷���ßêÝ � ß ��?%� ß��'ù ? � í � � � ë�� ò ��í ��� �'ë;î � �!��í �dÝ � í'ó � ë ÷ �)���%� ? î&��í ò �êÿ ?%� Ü3ó��í ø� �#�%�!�wß �-?!� ß#�¬ù ? � í � � � ë���Ü(� ? î&���?Ý0� Ü � í1í � ÿ�� ò ��� � ��� �¬ë¶î � �%� ò ��� Ý � í'ó � ë�÷ < � �� ��"uÜ ? ��í'í � ë��?!� � � ë�����Ý�Ý��ûß�ë �? �%� ø ~4��í ��� �¬ë¶î � �!��í ò �[� Ý � í'ó � ë�÷?ë��3� ò ��í�Ü ? ë¶Ü ? � ù��¬ù�í�Ü ��? � � ß � Ý � � ? ��í\� �Û� ~ � ù#� � �� � � � � � Ý ò �tÝ ����� �¬ë¶î � �!� ��×Üvë;í1í%� ò � Ü � í ò � � ?%� �3í � � � ë�� ���3� ?!� �1�!� ��� �0�Û� Ý � �)�3í���î�ï3Ý�� ò ��í� ?%� �3í � � � ë��3í@���3� ?%� �3�%��íf< � �¯ù�� � ��Üvë ? �!���3��Ý � î � î&� ù�� �0� � �#�%�!� ø� ë ��? ò ù��%� ? î � �� ? í � Ý���ÿ ?!� Ü3ó�5��í�� ò �D� Ý � í'ó � ë�÷¾, � Ýz��í��[�3ù�ß)��í1í � � ? � ò ��Ý0��� ?!� �&í���ë ? î&� ? �)� � �ÿ ?%� Ü3ó� í � �&í�ß�ë;î�Üvë;í � �3�!��í���ë ? �%��î&�)�1��ß�ë�����"���í), � ÷ � �1� ò �dÝ0� ? ù ò � � ? �A��� � � � Ý � í � �3�½� ? ë � í ? ��ÿ;Ý���íò � ? ù ò � ß�� � ë�� ø�32� Ý0� ÿ ?%� Ü3ó� ò ��� � �-� �¬ë;î � �%�\��í/� ? ù ò � � �R< � ��dù�� � � � � ��� � � � Ý"ë ? í � Ý$í �6� ÿ � � ò ��� ���� �¬ë;î � �!� ò �W�dÝ � í'ó � ë ÷ 	 � �-? ë��Å,4�����1ç��Á, 	 � ��? ë������54 � � ò� ,�������£� ø

BDC76 8 KMG>Q4U>I�P¦L\P�O�Y[I 9JU>Q L'TDP�YWZ L\P�U>Q G@P¦T:9DO#G>Q
* � �3í�ß)�#�%�%�IÜ ��? � � �-,�3ë � í�Ü ? ù�í%�)�1�¬ë��&ív�&ë;í ò�� ß�� � ë���� � � ? ��í��#�úÝ�� �? í ��� �¬ë¶î � �!��í � í1í'ëhß � ù�í � � �3í �� � � � � ��Ý � � ��íáí/� � � � í�� �0� � ��íÑ� ? ��í?ÿ;ù��3ù ?%� Ý0��íX�%��Ý�Ý���í � � � �[Ý0�ë�3ë¶îQï ? � ò �wî�ë��¬í�,[Ý��ê�&ë;î�ï ? � ò �� ?%� �3í � � � ë��3í�,&Ý � � � � Ý�Ý+� ò �dÝ ��� Ý"Ü3ó � ï(�#��,��#�¬ß ø

]R^ÁÒ�^/_ ;�b4h rvnpw(j2npoqivifl`nxeb4h
� ���%�%� Ü ��? � � ��Ü ? ù�í��)�3�%�dÝ���í ò� ß#� � ë��� � � ? ��í�ù�Ý���ß#� ? ë�� �0� � ��í�í �? Ý���í � � ��Ý�í@�3ë � í@��ð¾��ß#� � ë��&í>�3ë-� ? �ù#� � ò �-, � Ý"í½�?í'ë��3� ò ù�ß ? � �¬í>�#� ? ��ÿ ? ë � Üvù�íR����� ? ë � í�ß � �¬ù�ÿ¶ë ? � ��í ø

�1é



Ð <[ÿ2ª�¨��(¢¥¡£§©È ¬>=� �#�%�%�Eß � �'ù�ÿ;ë ? � ��ß�ë��3� � �)�1� ò ��í ò� ß#� � ë��� � � ? ��íêù�Ý0��ß�� ? ë�� ��� � ��í � � � Ý � í � �3�êÝ�����ë ? î � Ý � í'î&���*�Ôq~���� ò ��í ò� ß#� � ë��� � � ? ��íûù�Ý0��ß�� ? ë�� ��� � ��í ò � ~4�v*�~ ø � ��î�ë ò ��Ý�� ? ù � � � � � � �)�3í���î�ï3Ý��ò � î�ë��¬í �#� � í'í1ëhß � �S< ßôó � � � � î�ë�� � �� í1ù ? � � ò � � ����ë ? î � � � ë��3í{î�ë ? Ü&ó3ë;Ý"ë;ÿ �+� � ��í�,í/�$�3� � " ��� � ��í'���dí'ù�î � �3� ��� � ��í5�@? ø � ë �? �¬ë � í),M�������2,m������� �ôø ~4��í ò� ß�� � ë��� � � ? ��í�ß�ë��3í/� ?�� � �'íÜ(� � ÷��)�1� � � ? � ò ��í ò� ß�� � ë��� � � ? ��í ò ����ë ? î5��íBA�ù�ß+ó � ��í���ë � ò ��í ò�� ß�� � ë���� � � ? ��í ò ����ë ? î5��í�&ë���A�ù�ßôó � ��íDC ø~4��í ò� ß�� � ë���� � � ? ��í>�#" � î � �3ù�í ? ��Ý0�8÷ � �1� ò �ýß������!�nß � �¬ù�ÿ;ë ? � �Ií1ë��3�úÝ0�W*�Ôq~4��E ò �ýÝ � Ý � �3ÿ � �� ?%� �!F � � í���,nÝ0� *�Ôq~4��E ò ��Ý � Ý � �3ÿ � � � �3ÿ;Ý � � í%��,ýÝ0� *�Ôq~4�5E ò �ÞÝ � Ý � �3ÿ � ��í%� ? ï(��,QÝ��*vÔ`~4�5E ò �ýÝ � Ý � �3ÿ � � � Ý�Ý���î � � ò ��, � � ò� ß�� � ë��� � � ? � ò �W�&ë;î�í�Ü ? ë;Ü ? ��í ? ��Ü ? ù�í%���3� � �3�'íûÝ���í�&ë;î�í ò ��íÚ÷ � Ý�Ý���í ���xÝ"ëhß � Ý � �¬ù�í � ?%� �!F � � í���í ��� � � ò� ß�� � ë��� � � ? � ò �Ìî�ë-�¬íìÜvë;Ý��hÝ��#" � ß ��� "� �3ÿ;Ý � � í ø~4��í � � � Ý�Ý+��í ò � ß)��í ò� ß�� � ë��� � � ? ��íÐí'ë��1�tÜ ? ù�í��)�1�¬ù)��í×í �? Ý�� � � ï3Ý�� ��� Ï ø è ø>G � � � ? �ò � ��"���î�Ü&Ý0�-,�Ý��A*�Ôq~4��E � ?%� �!F � � í ? ù#��ù ? �)�3ß��W� ì �q������î�ë��'í��#� � � � Ý � í%�\� ì è-Ï`�2����ß ��?!� ß��!� ? ��íÜvë �? Ý���í ? ��Ü ? ù�í%���3�!� ? ø ûf��W�)�1� ? ù)� ò ��� � ò� ß�� � ë��� � � ? �A*�Ôq~4�yí%�ýÜ ? ù�í%���3�%��í1ë � íúÝ � ��ë ? î5�
ò �IÝ � ��"2��î�Ü3Ý0�\Ï ø Ï ø

ÆfÇ4È$É9¤MÊuÈ�« � « õIH ø¦ÈëÈ$ø(ª�¡�¨$ÈKJMLN��øOJ¦§QP�ª�§u¢(ø¦ø¦ÿ�§u¡�È�üDÆSRUT�ù� ÷ � ë��&í), � ÷ � ë�� ø � % ��Û � � :
î�Ü ø

� � ÷ � ë��3í�����í�� � í'í'ëhß � ù ��� Ý0��î�î&�&� � ÷ � ë����-,3Ý � Ý0�#�%� ? �5�)�[� � � ò��0� � � � �.� � Ý$í ��� ÿ � � ò ��� ���3ë¶î�,� ��Û � � ��í � ÿ�� � Ý0� � � ��Ý � ß�Ý � í1í%� ò� í/� ? � ï � � � ë������Ý"Ý�����í��KV�å^æLã8è¬é8ä����X��î�Ü�� ? ��Ü ? ù�í%���3�!�.Ý��ß�ë ò �SA��#" � ë�����Ýq�3î � í'ß � Ý � �?Ü&Ý �? � ��Ý ø, ë � �!����ë � í), ò � �3í�Ý � í � � �!� ò � � ?!� ÷ � � Ý�, � Ýlí%� ?!� �!��� � ß�ë¶î�Ü��%� � � �0� � ��î5���3� ò �WÝ � �)�3í���î�ï3Ý��ò ��íúî�ë��¬í�Ü ? ù�í%���3�'í ò � �3í � � ò� ß�� � ë���� � � ? �\�#�f�3ë�� ò ��í � ����ë ? î � � � ë��3í � í1í'ëhß � ù)��í ø Ôz�ë��ð¾���),ß���Ý"Ý0��í/=)ß � í%� ? ë��3�Iß�ë��3í �"ò ù ? ù)��íýß�ë;î�î&��Ý0��í í'ë ? � � ��í ò ��� � � ?%� �3í ò � ß��%� �? ���IÝ �6� ò � Ü�� � � � ë�� ò ��&ë�� ? �\� ?%� ÷ � � Ý ��� "D� ?!� �&í ò � ß#�!� �? íf��í�� � �� ò ��í�Ü(� ? í1Ü(��ß�� � ÷���í ò �Iß������!�A�'ó��í�� ø
� � �'ù�ÿ;ë ? � ���*�Ôq~4��E *�Ôq~4��E *�Ôq~��5E *�Ôq~4��E W � Ý"Ý���í � ë;Ý+�uÝ��#" � ß ��� "� ?!� �!F � � í � �3ÿ;Ý � � í í�� ? ï(� � Ý�Ý���î � � ò � ?!� �!F � � í%��í � �&ÿ;Ý � � í�úë¶î�ï ? � ò � ��è1çz� ì è � ì �zè�è ì ���$��ÏzÏ��ç èqç2��è@���2� è1émè���� è1���mÏ3�-Ïî�ë��'í�úë¶î�ï ? � ò � � ì è-Ï`����� èz��� ì �1é$� ���zç�è��q����� Ï��qè ì �qç�é-Ï Ï3���MÏ3ç-� �q� ì Ï ì ���ß ��?!� ß��!� ? ��í

, � � Ý"Ý�� ç�� ç-è é2� ì�ì ç-Ï è��� Ý"Ü3ó � ï(�#�
í`î�ïMÎ¥Ï ø è[ÐX* � ß#� � ë��� � � ? ��í�ù�Ý0��ß�� ? ë�� ��� � ��í ò �dÝ � ß � �¬ù�ÿ¶ë ? � ���

Ð <[ÿ2ª�¨��(¢¥¡£§©È ÖX=� �#�%�%�nß � �'ù�ÿ¶ë ? � �Iß�ë��1� � �)�3� ò ��í ò� ß#� � ë��� � � ? ��í�ù�Ý���ß#� ? ë�� �0� � ��í�ù�Ý � ïvë ? ù�í�Ü ��?f� ��nù � � � Ü(� ò �Y[Z]\_^�`�a_bcZd\_^e`fahgjidkmlonqpriIs�tvuDw�xzy{iDsci}|�~�i�Z}\�^�`fa_��bcZd\_^e`fahgjidkmlonqpriIs�w]lop���l�sQu]iIsetvuDw�xzy{iDsD���Z]\_^�`�a���Zd\�^�`fahgjidkmlonqp�iDscsQy�p��z~{iDsci}|�~{i2Z}\�^�`�a��dZd\_^e`fahgjidkmlonqpriIscw}lop���l�s@uDiDsD�

���



? ��ß+ó� ? ß+ó� ò ��Ý � ûR� � ÷�� ? í � �'ù ò ���f� � ßôó��£�!��ÝM��� 3 � � í'í��J��Ý � �3ÿ � � í��%��íf�#� � ����ë ? î � � � ß � ���3í �ôø � ��íò�� ß�� � ë���� � � ? ��í ? ��Ü ? ù�í��)�3�%�)�3� � ���ß�ë¶Ý�Ý���ß�� � ë�� ò ��î�ë��'íIí � î�Ü3Ý0��íA�#� ò ��î�ë��¬ídß�ë;î�Üvë¶í'ù�í ò �Ü&Ý � í � � ��? í.Ý � �3ÿ � ��í.ù�� ?!� �3ÿ�� ? ��í?ß�ë;Ý�Ý���ß#�¬ù�í.í �? ò ��í?í � �!��í��½��ï����D��í'í%���3� � ��Ý"Ý0��î5���3�D<xÜ ��? =� � ? ò � ù ò� � � ë��3í ù�Ý���ß#� ? ë�� �0� � ��í ò � � ë ��? � ��� "Å,$ß�ë;î�î5��ß)��Ý�Ý0� ò �X� ë �? � � Ý>�)~4�5�
ë�� ò �1� ø ~4��íÝ � �3ÿ � ��í ò ù�Üvë � � Ý"Ý�ù���íúí1ë��3��Ý0�'� ?%� �!F � � í),�Ý0�ýÜvë ? � � ÿ � � í�,vÝ��ýó3ë��3ÿ ? ë � íR���ûÝ��ýï � Ý"ÿ ��? � ø ~ � Ü ��? =� � ß � Ý ��? � �¬ù ò �wß���í ò�� ß#� � ë��� � � ? ��íÑ��í/� ò �wß�ë��1�!��� � ? ò ��íáß+ó � ð ? ��íD�#�áÜ3Ý � í � � �? í?ß ��?!� ß��!� ? ��íí1Üvù�ß � ��� "D�%��Ý�í � � �IÝ�� Ý ����? ë¶ï � í%�-,3Ý � ��í1Ü(� ? Ý � �����!�-,�Ý0� Üvë � �3�),�#�¬ß ø
� � �'ù�ÿ;ë ? � �'�E ?%� �!F � � í .úë��3ÿ ? ë � í ? � Ý�ÿ ��? � � ë ? � � ÿ � � í�úë;î�ï ? � ò �Iî�ë��'í ��è��q�1é�ç ���2��ç�è ì ���1ém�1ç-è è�� ìzì è���úë;î�ï ? � ò �Iß ��?%� ß��%� ? ��í �¦ç�è�ÏzÏ ì Ï �¦ç�è�Ï`����ç ��è1é2�¦é��1ç èmÏ3ç2�z��Ï3�

, � � Ý�Ý�� � Ý�Ü3ó � ï(��� Ï1� Ï3� Ï� Ï ì
í`î�ïMÎ¥Ï ø Ï�ÐX* � ß#� � ë��� � � ? ��í�ù�Ý0��ß�� ? ë�� ��� � ��í ò �dÝ � ß � �¬ù�ÿ¶ë ? � �'�

Ð <[ÿ2ª�¨��(¢¥¡£§©È �X=� �#�%�%��ß � �¬ù�ÿ;ë ? � �[ß�ë��3� � ���3� � � ò� ß�� � ë��� � � ? � ? ��Ü ? ù�í%�)�1� � �1� ò ��í ò ë���&ù)��í6ÿ;ù��3ë;î �0� � ��í),�ß � ��í/��=<�= ò� ? � � � ð�ß+ó � � ? ò � �v*��Ðß�ë��1�!�)� � �3� ò ��í�í'ù � � �)�3ß)��í ß�ë¶î�Üvë¶í'ù)��í ò � � ��� � ? �nÝ0�#�%� ? ��í�,M� � �-,�����-,k�8ÿ¥�����D�8ß1� ø � ë��3� ?!� � ? ��î5���3� ��� "Úî�ë��'í ò ��� ��.Ý � �3ÿ � �-, Ý���íýí1ù � � ���3ß)��í��v*�� ë��3�ýÝ �Ü ��? � � ß � Ý ��? � �¬ù ò ��� � ? � ò ��ÿ ?!� � ò ��� � � Ý"Ý+� ø ~4���3ë;î�ï ? ��î�ë������ ò ��ß ��?!� ß#�!� ? ��íIÜ ��? í'ù � � ���3ß)�ò ��ß)� ò�� ß�� � ë���� � � ? �'��í�� ò ��ç ì ÏWß ��?!� ß��!� ? ��í), � Ý�ë ? í � � �Qß���Ý � � ò � *�Ôq~4��Ec� ?%� �!F � � íf��í/� ò ���� ø
� � �'ù�ÿ;ë ? � �Aè

3 ù � � �)�3ß���ív��*v��úë;î�ï ? � ò �Iî�ë��'í èqé�����úë;î�ï ? � ò �Iß ��?!� ß��!� ? ��í �zç-Ï1èmÏ ì�ì, � � Ý�Ý�� � Ý�Ü3ó � ï(��� Ï
í`îMï�Î(Ï ø é'ÐD* � ß�� � ë��� � � ? �ûù�Ý���ß#� ? ë�� �0� � � ò �dÝ � ß � �'ù�ÿ;ë ? � �Aè
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Ç ��¢£ÈÉµcª À&´ º�´oº±´j´[¿ »vÀj½c¾�»vÂ º�¿j¾j½ ´j´·Â�»j»v½ ¿j¾cÁjÂzº ¿jÁjÁcÀj¾jÀ
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*vÔ`~4�5EíE ? ��ç�çmÏ��1é �1çm���1é �qé�é�� è1�m�1�-Ï çz��ç�é ��éz��è1ç*vÔ`~4�5E�Ôz� ��é��z����Ï ����� ì Ï ì èqè ì�ì é��qç���� �zç�ç�é Ï1� ì �1é
Ý�Þ�àìáfâ±ã�ä�Þ·î±ã�ïfä²ç�éeã�êXÞ�à@ë@äzÞ�èzëìéeç

*vÔ`~4�5E�Ôz� � ��,6��� ��,��1� ��,6� ì ��,6��è ��,�è ì
í`î�ïMÎ�Ï ø ç&Ðê��ë ? î � Ý � í � � � ë�� ò �QÝ ����� �¬ë¶î � �!��*�Ôq~4��E Ôz� ? ��Ý � � � ÷���î&�)�1�A<?Ý �6�-� �¬ë;î � �%��*�Ôq~4��EE ?
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<Wß���Ý�Ý�� ò �QÝ ����� �'ë;î � �!� ò �? ù#��ù ? �)�3ß��5�
Ð

I1 = [0, 75− 1, 25]
�q~ �6�-� �¬ë;î � �%�
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��í��ê�#� ? ��í�í � î � Ý � � ? �1�X<�Ý ����� �'ë;î � �!� ò � ? ù���ù ? �)�&ß)�Ý"ë ? í � � �\�'ë � �!��í�Ý0��í�í/� � � � í�� �0� � ��í ò � A
í'ë��3��ß�ë;î�Ü ? � í%��í����3� ? �dÝ0��í ò � � "?÷ � Ý�� �? í ò �dÝ � � �3�!� ? =÷ � Ý�Ý��

I1 øÐ
I2 = [0, 5− 1, 5]
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í1ë��3� ò � �3í I2

�%��Ý � � � � ÝM��" � í��%� �-� î�ë � �&í � ���í�� � � � í�� ��� � �ò � A � � � � �6� Ü3Ü ��? � � ���3��Ü � íR< I1 øÐ
I3 = [0− 2]

�¦~ �6�-� �¬ë;î � �%�
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� � �'ù�ÿ;ë ? � ���*vÔ`~4�5EíE ? � ��é��q����� Ï3�m�1��é Ï ����,��*vÔ`~4�5E�Ôz� � �����zè�è�� ���z��è1é è�, é ��,6�*vÔ`~4�5E 3 ? � ����èmÏ1��� Ï1èz��� ì Ï, � ��Ï,6é*vÔ`~4�5E�*v� è2, é ��ç��q���-è ì çzç�ç�� è�,6é�� ���2,�� ì

W � Ý"Ý���í#E ? �$, é é��z����Ï ���z���-Ï è�,�� ��,�Ï
� ë¶Ý��DÔz� �$, é Ï3��çz����� ��Ï3çMÏ3�-è è�,�Ï ì ,6é

� � �'ù�ÿ;ë ? � �'�0 ��ï E ? è ��é�èqé���é ç��½���1� è�, ì ����,+�
0 ��ï . � �$, é ���2����� ì ç��m����� è�, é ����,�è
0 ��ï ?[ÿ �$, é ���1çm��Ï1é é��m�1é�� è�,6� ����, ì
0 ��ï � � è Ï1è1é½��Ï1ç ��è��mÏ1è�� è�, ç ��è�,+�

� � �'ù�ÿ;ë ? � �Aè�v*�� Ï çm����è ÏzÏ1è�é �2,6� �2,6é
í`î�ïMÎ¥Ï ø ���vÐ � �-?!� ß#�¬ù ? � í/� �0� � ��í ò ��í �-� �¬ë;î � �%��í � Ü ? ��í � Ü3Ü3Ý � ß � � � ë�� ò ��8�é+ã;:�é8è+ã;:�é����\»��! 

3 ù ? � ��í�Ü �? ��í � ��?%� Ý�Ý���Ý���í�Ü �? í 3 ë � íp= ��� �¬ë;î � �!��í'� 3 � �� � �¬ë;î � �!� , ë�� � Ý , ë�� � Ý , ë-� � Ý , ë�� � Ý , ë�� � Ý , ë�� � Ýí1ù ? � ��í í1ù ? � ��í Ü ��?!� Ý"Ý0��Ý���í Ü ��?!� Ý�Ý���Ý���í 3 � 3 �ò� í�� � �3ß#�!��í ò� í�� � �3ß#�¬í ò�� í�� � �3ß#�¬í� � �'ù�ÿ;ë ? � ���*vÔ`~4�5EíE ? ��Ïq�1�£Ï Ïk����� �¦ç���� ��ç ì � ì è ��ç-Ï*�Ôq~4��E�Ôz� ���@��è�� ç@����é � ì ç$� ��é�� Ï3�2� è��1é*�Ôq~��5E 3 ? ���z����� �z����è ì è1ç�� ����� è1ç�ç ��ç��*�Ôq~4��E�*v� �-�1�zé���� éqé£Ï1� èzè ì Ï è�è�è ç-Ï1� Ï�Ï1�
W � Ý�Ý���í#E ? ���zç�é£Ï �`�-� ì Ï�Ï ì ��é�� ����� ����ç
� ë;Ý+�DÔz� ç-Ï ì�ì�ì ��çMÏ1��� �¦���-Ï ��ç�� ��é�� ��Ï�

� � �'ù�ÿ;ë ? � �'�0 ��ï*E ? ��ç½����� Ïkç���� ���q��è1é �z�-Ï ì ì ��� ì ���
0 ��ï . � ��è ì ��� éqç-è�è é½����� �¦��é-Ï è1é�� è�Ï3ç
0 ��ï ?[ÿ � ì ����� é@�)Ï1� ézç���� �¦��é�� Ï1� ì Ï ì Ï
09��ï � � è ì è���� ���z��é�� ��èq��ç�� �zè��1é �q����Ï ���1é��

� � �'ù�ÿ;ë ? � �Aè�v*�� Ï���è�è èq�2��� � � ��� ���
í`îMï�Î(Ï ø ���'Ð 3 � ?%� ß�� ��? � � �3�%� ? ��� ò ��í ��� �'ë;î � �!��í ? ��Ü ? ù�í��)�3� � �3� ò ��í ò� ß#� � ë��� � � ? ��í

�����



ÆvÇ4È$É9¤�ÊuÈ�«lknm~ � ð3ÿ �? �kÏ ø é ? ��Ü ? ù�í��)�1�!��Ü3Ý � í � � �? í í'ë � í/= ��� �¬ë¶î � �%��í ò ù��%��ß#�¬ù�í ò � �3í Ý0��í ò� ðLù ? �)�1�¬í ò� ß�� � ë��� � � ? ��í øÛ � ? ��î ��? � � � � � ��Ý0��í � ����ë ? î � � � ë��3í ? ��Ü ? ù�í��)�3�'ù)��íýÜ �-? ß)��íIí'ë � í/= ��� �¬ë¶î � �%��í í1ë��3� � î�Üvë;í1í � ï&Ý0��í<��#"$� ?!� � ? � ò� ? ��ß��!��î5���3� ò � ò� ß#� � ë��� � � ? � ø
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]R^@(R^ÁÒ o�lze�lYp`p`qrppb4hÕdvtfeh
~ � � � ï3Ý0�JÏ ø ��è ò ù�÷���Ý�ë;Ü&Ü(� Ý���í�ß �-?!� ß#�¬ù ? � í/� �0� � ��í ò ��í.Ü ��?!� Ý"Ý0��Ý���í�Ü �? í ø � ��í.Ü ��?!� Ý"Ý���Ý���íQí'ë��1�ß�� � " ò ù#�!��ß��'ù�íA<�Ý � Ü ? ��î � � ? � � �¬ù ?!� � � ë�� ò �nÝ ��� Ý�ÿ¶ë ? � �'ó3î&�&8�é+ã;:�é8è+ã;:�é SA − SP ø ~���íûÜ �-?!� Ý"Ý0��Ý���íÜ �? í�Ü ? ù�í��)�3�'í ��� í%� � � ò �dÝ ����� �'ë;î � �!� ò � *�Ôq~4��E � ?!� �!F � � í�í1ë��3� ò �dÝ �-? ÿ�� �? î�ë��������W�2,��)Ï&�#�ò �ê� ? ù � � �)�3ß��ìî�ë����)���� ��, é ì ø ~ � Ý ��? ÿ�� �? î � " � î � Ý�����í�� � ���!� � �3�%� � ÷���ß Ï � ?!� �3í � � � ë��3íÑ�#�áÝ �� ? ù � � �)�&ß)�Qî � " � î � Ý+�'��í/� ò ��ç-��� ø ~ ����� �¬ë¶î � �!� ? ��Ü ? ù�í��)�3� � �3� Ý���í�í1ù � � ���3ß)��íA�v*�� ����ß�ë��3� � ���3���� ß � �
Ü ��?!� Ý�Ý���Ý��ûÜ �? ø
� � �¬ë;î � �%� ~ ��? ÿ�� �? î � " ~ ��? ÿ�� �? î�ë�� E ? ù � � ���3ß)��� � " E ? ù � � ���3ß)�ýî�ë��� � �'ù�ÿ;ë ? � ���*�Ôq~��5EíE ? Ï �2,+��Ï ç���� ��,6é ì*�Ôq~4��E�Ôq� Ï �2,6�2� ��è�� ����,�Ï ì*�Ôq~4��E 3 ? é �2,�Ï � ì�ì é Ï1��,��1é*�Ôq~4��E�*v� ç �2,�Ï3é � ì Ï ����,����
W � Ý�Ý+��í#E ? é �2,6� è�Ï �$, ì
� ë¶Ý��DÔz� é �2,+��ç ��ç�� ç2,�Ï1è

� � �'ù�ÿ;ë ? � �'�0 ��ï*E ? �)Ï è�,���è ��è�� Ï,����
09��ï . � ��� è�,6��� é2�)Ï Ï, ì é
0 ��ï ?�ÿ ��ç è�,�è ì è���� é2,�Ï ì
0 ��ï � � � ì è�,���Ï é���è é2,����

� � �'ù�ÿ;ë ? � �Aè�v*�� �f�dß�ë��3� � �)�1��Ü � í ò �dÜ ��?!� Ý�Ý���Ý���í�Ü ��? í
í`îMï�Î(Ï ø ��èWÐ � ��?!� Ý"Ý0��Ý���í�Ü �? í

Ôz� ò ù�� � � Ý�Ý � �3�ñÝ0��ß�ë��3�%�)� � ò �Bß���íÌÜ ��?%� Ý�Ý���Ý+��í),�ë�� ò ù�ß�ë � ÷ ? � � �.� � Ý"íêí'ë��1�ÌÝ0��Ü3Ý � í í1ë � ÷��)�1�ß�ë;î�Üvë¶í'ù�í � � �0� � ��î5���3� ò ��ß�ë��3í1ë�����íýë ��� � ��� � ��î&�)�1� ò ��÷;ë�����Ý�Ý���í�,¦���Z� ò ��íIÜ ��?%� Ý"Ý0��Ý���í Ü �? íò ��í ��� �'ë;î � �!��í�í � � ÷��)�3��ß��IÜ ? � �3ß � Ü(��,&Ý0��í�î�ù�Ý � �3ÿ���í�ß�ë��&í'ë������í�÷;ë�����Ý"Ý0��í�í'ë��1��Ü3Ý � í ?!�-? ��í ø� � � �? ��Ý"Ý0��î&�)�1��, � Ü ? ��í � ���Iß�ë��3í1ë���� ò � �3í � �
î�ë��), � ��d÷;ë�����Ý"Ý0�\��í���ÿ;ù)�3ù ?!� Ý���î&�)�1� � �%�%�)� ò � �Bs�#� Ý � î�ë ò� ð3ß � � � ë�� ò ��ß)�#�%�!��í%� � Ý��Þ÷;ë�����Ý�Ý0��Ü(� � � Ü(� ? î&���%� ? � ò � ��ë ? î&� ? ò�� ð�ù ? ���3�'íêî�ë��¬í),ß�ë;î�î&� ò � �3íA��í���ß�,�í � ß-,�í � ß�,�í � ß-,�í1ëhßIë � ÿ ? ë;í),3ÿ ? � í),3ÿ ?!� í ø
~ � Ý � �3ÿ � �Ðí%� ? ï(�|Ü ? ù�í%���3�%� ��� í'í � Ý0�Ðî � î&�ÐÜ&ó3ù)�3ë¶î5���� � ÷���ßyÝ � Ü ��? � � ß � Ý �-? � �'ù � � �|Ý���íÜ �-?!� Ý"Ý0��Ý���íúÝ�ëhß � Ý � í1ù�í�í1ë��3� Ü3Ý � ív� ? ù � � �)�1�¬íA�#� Ü3Ý � í�Ý ��? ÿ���í ø � �����!�Që;ï3í�� ? ÷ � � � ë�� ��í��'<WÝ � � ?v��� � � � �� � ���'ë � íêÝ���íêî�ë��'íñí%� ò ù�ß�Ý � ��)�1���#� ß�ë��3í�� ?%� � í%�)�1� ò ��í ò ù ? � ÷ � � � ë��3í ? ù�ÿ � Ý � � ? ��í � ? ù�ÿ � Ý ��? � �¬ùî�ë ? Ü&ó3ë;Ý�ë¶ÿ �+� � � �8øÔz����ð¾���),�Ý0� í%� ? ï(�W��í�� � ��IÝ � �3ÿ � �dó �-� �!��î5���3�2A��#" � ë�����Ý�Ý�� � � � Üvë¶í'í%� ò �ýí%��Ü2��ß � í'���3ë¶î � � � � � �p,ÿ;ù�� � � � �p, ò � � � �p, � ß�ß � í � � � �p,&÷;ëhß � � � �p, � �3í/� ?�� î5���3� � Ý.����Ý"ëhß � � � � ø ~4��í>�3ë;î�í�í1ë��3��ÿ ? ë � Üvù�íR��� � ��� � ? �ß�Ý � í1í%��í ò � ò ù�ß�Ý � � � � í1ë��., ò ��� Ü ? ��í�Ý�� �? ò ù�í � ��)�&ß)� ��� �3ë;î � � � � � � í � �3ÿ � Ý � � ?1t ø~4�áî�ë ò � ò �áß�ë��3í�� ?%� ß#� � ë�� ò ��í ò� ß�� � ë��� � � ? ��í�í%��î�ï3Ý�� � �A � �)�3ß�� ? í �? Ý���íQÜ ��?%� Ý�Ý���Ý���í�Ü ? ù�í%���3�¬íò � �3í Ý���í ��� �'ë;î � �!��í ß�ë ?�? ��í1Üvë�� ò � �1�¬í ø ~ � Ý �-? ÿ�� �? î�ë�������� ò ��í Ü ��?%� Ý�Ý���Ý+��í ò � �3í Ý���í
u]g'Ö Ð[�vnQÜIsMv·xzy{~{y��v��ixw�loÒz~ÕÐrgjixyøÐonQi<zzy�~|{�Z}g�Ú ~rw]loÓvsQloÓzÓviDs��vÐoncs���~�~ÕÐoÔ�idi]Ó5kmnqÐoÓ��]Ðoy{sDÚjw}l�Ó�|qnQix�jÚ�g±��l�Òznc~�Ö Ð[ÓvØo~ÕÐ[yÕsi}|��zÚ ����loÒznc~ Ö Ðo~�~{i]p#ÐoÓvgfZY� gjixyøÐ[nqi:zzy{~ Ú��jh�h��:� ��I�el�Óvs@Òv~ |�ÐÆ|Qy{loÓ�gji"x�|@|q��{-ÙoÙ7kmnD� �cy���y{��iDgjyÕÐz� lonQØ�Ù��cy���ymÙ[��i]nQÔ�i

����è



��� �¬ë;î � �!��í ò �dß � �¬ù�ÿ;ë ? � ���5�%�)*�Ôq~4��E@� � ��í���ß�ë;î�Ü ? � í��\���3� ? �W�����v�$, é ø * � �3í�Ý0��í ��� �¬ë¶î � �!��í ò �ß � �¬ù�ÿ;ë ? � �[�ë�%�o0 ��ï�� � ,(��Ý�Ý��'��í/�ûí � � � ù��[���3� ? ��è5�#�vÏÑ����Ý ����� �'ë;î � �!� ? ��Ü ? ù�í��)�1� � �1� Ý0��íúí'ù � � �)�3ß)��í�v*�� ���¯ß�ë��1� � ���3� ��� ß � �ÌÜ ��?!� Ý�Ý���Ý�� ø�G Ü �-? ��Ý ����� �'ë;î � �!� ò ��íQ÷ � Ý�Ý���í[� ?%� �!F � � í���í), Ý � � ? ù � � �)�3ß��î�ë�������� ò ��íúÜ ��?!� Ý"Ý0��Ý���í�Ü �? íf��í���Ü&Ý � í � î�Üvë ? � � �3�%� ò � �3í�Ý0��í ��� �¬ë;î � �%��í ò �Iß � �'ù�ÿ;ë ? � ����,�î � � íî�ë � �&í�ó&ë;î�ë¶ÿ��)�� ø
~ � � � ï3Ý��vÏ ø ��Ï ? ��Ü ? ù�í%���3�%�dÝ �W? ù�Ü ��? � � � � ë�� ò ��í�Ü ��?%� Ý�Ý���Ý���í�Ü �? í@�)�X��ë��&ß�� � ë�� ò �ûÝ0� ��? í½� ? ù � � ���3ß)��í ø
G � � � ? � ò � �#"2��î�Ü3Ý���,$Ý ����� �'ë;î � �%��*�Ôq~4��E E ?%� �!F � � íûÜvë¶í'í%� ò � ì �WÜ ��?%� Ý�Ý���Ý+��í�Ü �? í ò� í/� � �3ß��'í\�3ë��? � ò ë�� ò � �3�'í�������è Ü ��?%� Ý�Ý���Ý���í � � � í%� ? ù�Ü(�#�!�)�1� ò � � " <Kß � � � ��ë � í ø Û � ? ��î ��? � � � � � �-, Ü3Ý � ínÝ �� ? ù � � �)�&ß)� �-� ÿ;î&�)�3�%��,
Ü3Ý � íEÝ0� �&ë;î�ï ? � ò �|Ü ��?!� Ý�Ý���Ý���íBÜ �? í ò� î � � � � < Ý � �#"uß���Ü�� � ë�� ò ��í��� �¬ë;î � �!��íW*vÔ`~4�5EBí%� ? ï(�Ñ�#���½��ïxÜvë ? � � ÿ � � í ø Ôz�9�#ðÅ�#��, Ý ����� �'ë;î � �!��*�Ôq~4��E�í%� ? ï(�.ß�ë��3� � ���3�í%� � Ý���î&�)�3�>Ï�Ü ��?%� Ý�Ý���Ý���í�Ü ��? í � � � í�� ? ù�Ü(�#�!�)�1�f���3� ? �������A<D�������[��ë � í), � Ý"ë ? í � �.� � Ý.���¯Üvë;í'í�� ò �[é� � � í%� ? ù�Ü(���%�)�1�Aè���<Xé��&��ë � í�÷vî � � í � Ý Üvë;í1í%� ò � �-� í'í � ��Ü �-?!� Ý"Ý0��Ý���í�Ü ��? í � � � í%� ? ù�Ü(���!���3�\���3� ? ����2�ê<�������� ��ë � í ø ~ ����� �'ë;î � �!���½��ï�Üvë ? � � ÿ � � í�ß�ë��3� � �)�1� � � �0� � ��î&�)�1�X���ÚÜ ��?!� Ý"Ý0��Ý���í�Ü �? í ò �� ? ù � � �)�&ß)�W�)�1� ? �[�����vé � Ý�ë ? í � �.� � Ý.�)�¯Üvë;í'í�� ò �&����� � � � í%� ? ù�Ü¾�#�!���3�f���3� ? �W��<J������ë � í ø~4��í �-� �¬ë;î � �%��í��!��í/�¬ù�íýë��1� ?!��? ��î&�)�1� ò ��íýÜ ��?!� Ý"Ý0��Ý���íûÜ �? í ò ��� ? ù � � �)�&ß)��í � Üvù ? � � �? �5<�è�� ø Ôz�î�ë���������,�í%� � Ý0��î5���3�5Ï�� ò ��í�Ü �-?!� Ý"Ý0��Ý���í�Ü �? í�Üvë¶í'í%� ò � � ���� ? ù � � ���3ß)� í � Üvù ? � � �? �ë< è�� ø ~4�í%� � Ý � � � í�� ò� í/� � �&ÿ � ����í/��Ý ����� �¬ë¶î � �!��*�Ôq~4��Eêí�� ? ï(� � ÷���ß � ��dî�ë�������� ò �A�Z� ø *v�dÜ3Ý � í),3ß������� �¬ë;î � �!�IÜvë;í'í%� ò �QÝ � Ü3Ý � í�ó ��� �!�W� ? ù � � �)�3ß�� ò ��� �wÜ ��?!� Ý�Ý���Ý��IÜ �? ,�� ì�ì é ø � ��Ü3ó3ù��3ë;î&�)���QÜ(� � �� � ? �A�#"uÜ3Ý �0� � ùdÜ ��? Ý ��? ù�ÿ � Ý ��? � �¬ù�î�ë ? Ü3ó3ë¶Ý�ë;ÿ ��� � � ò �dÝ � Ý � �3ÿ � � í%� ? ï(� ø
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«lk � k � k Ö � ªz�_J¦ÈKJ�È$þBóâ¡�¨����¦È$ø_P�È2þ
3 ��Ý"ë��KÝ � Ý � �&ÿ � ��, � �ë�!��"2�%��ß�ë;î�Üvë ? �!� � �� ? ù�Ü ��? � � � � ë��
Ü ��? � � ß � Ý � � ? � ò ��ív� ? ù � � �)�3ß���í ò ��í%��íÝ����%� ? ��í�,�í%��íyï � ÿ ?%� î�î&��í ��í1ù � � ���3ß)� ò � ò � � " Ý0�#�%� ? ��í§ß�ë��3í1ù�ß � � � ÷���í � �#�yí���í � ? � ÿ ?%� î�î&��í��í1ù � � ���3ß)� ò ��� ? ë � í�Ý������ ? ��í�ß�ë��&í'ù�ß � � � ÷���í �8ø ~ �6� � � Ý��hí��ë�#�.Ý � � �3�%� ? Ü ? ù#� � � � ë�� ò � ß���í5� ? ù � � �)�3ß���íÜ(� ? î5�#� ò � �"ò �)�1� � ð� ? Ý0��Ü&Ý � ídí'ë � ÷����3�nÝ � Ý � �3ÿ � � ò � �3í � ���!��"2�%� ø � �#�%�%� � � � Ý��hí%� ò ù�Ü(�)� ò ��� í1í �ò ����� � ? ��í�Ü ��?%� î5�#� ? ��í��%��Ý"í � � �IÝ��\� � ÷�� ��� ò �IÝ � �3ÿ � � ò � �!�#"$�%��, � � �3í �Å� � �IÝ0� í/�p�hÝ0� ò � ù�ß ? � � ��? � ø~ � � ? ù � � ���3ß)� ò ��í�Ý����%� ? ��í ò � �3í � � �%�#"$�!� ò� ð¾� ? � ò �¥ß)��Ý�Ý�� ò �¥Ý � Ý � í��!� ò ��í�î�ë��¬í ò ��� �ò� ß�� � ë��� � � ? � ø�G � � � ? � ò � ��"���î�Ü3Ý0�-,'�)� � ?!� �F � � í),dÝ � � ? ù � � ���3ß)� ò �ÌÝ � Ý0�#�%� ? � ��í�����í/�`î�ë � �3í� î�Üvë ? � � �1�!� ò � �3í � � ò� ß�� � ë���� � � ? �Úë��¥Ý0��íKî�ë-�¬í � Ü3Ü ��?!� � í'í��)�3� ��� í � �3ÿ � Ý � � ? , � � � ò � �3í � �ß�ë ? Ü � íÚë�� ò ���3ë¶îQï ? � � "{î�ë��'í�í'ë��1� ��� Ü3Ý �? � ��Ý&÷�ß � ��í��xÝ��êß � í ��� í'í ��ò � ß)� ? � � � ���íìÝ0�#�%� ? ��í� ß�ß)���3� � ù)��í),�Ü ��? ��"2��î�Ü3Ý0�-,4�F��� � Ü&Ü ��?!� õ0� ò � �3í � �áí%� � Ý$î�ë��\��ë���� ? ��Ý � � � ÷���î&�)�1�½� ? ù � � �)�1� ò � �3íÝ���íwß�ë ? Ü � í ø � ��Ü(��� ò � �1��,A�&ë � í � Ý�Ý�ë��3í
÷;ë � ? � � �êÝ � ù#� � ò � ò ��í � ? ù � � �)�3ß���í ò ��� � ò�� ß�� � ë���� � � ? �Ü(� ? î5�#� ��� í'í �jò � ��ò ���3� � ð�� ? Ý � Ý � �3ÿ � � ø

� ë ��? �!�)�1�!� ? ò � ? ù�Üvë�� ò ? �ë<ÚÝ � � � ��í/� � ë�� �v�)<ìÜ ��? � � ? ò ��� � ��� �'ë;î � �!�áÜ(� � �.ë�� ��ò ���3� � ð�� ? Ý �Ý � �3ÿ � � ò � ò� ß#� � ë��� � � ? �l�3�-, � ���ù�� � ò � ò ��íJ� ? ù � � �)�&ß)��í � ù��¬ù�î&�)�3ù���, ò ��� ���Ü ��? ��,�í �? �&ë;íò� ß�� � ë��� � � ? ��í�,4���), ò ����� � ? ��Ü ��? �), í �? Ý���íIí'ù ? � ��íýÜ �? ��í[��"2� ?!� � �!��í ò ��í ��� �'ë;î � �!��í ? ��Ü ? ù�í%���3� � �3�Ý���í ò� ß�� � ë���� � � ? ��í ø � � �&í � ,ûÜvë �? ß+ó � � � � ò� ß�� � ë���� � � ? �-,ûë��1�Úù��'ùÌß � Ý�ß � Ý�ù���íìÝ � � ? ù � � �)�&ß)� ò ��íÝ����%� ? ��í�, ï � ÿ ?%� î�î&��í'�#�W� ? � ÿ ?%� î�î���ídí ��? Ý0��íIî�ë��¬í�, Ü � � í), í ��? Ý0��íIí'ù ? � ��íýÜ �? ��ínÜ ? ù�í��)�1�!��í ò � �3íÝ �6��� �¬ë;î � �%� ? ��Ü ? ù�í%�)�1� � �1��ß)� ò�� ß#� � ë��� � � ? � ø � � �3í � , í � ë�� ß�ë��3í ��ò � ? �áÝ0��í&é��wï � ÿ ?!� î�î&��í�� ? ��í'Ü ø� ? � ÿ ?%� î�î���í � Ý0��ítÜ3Ý � í � ? ù � � ���3�'í ò � �3í � � ò� ß�� � ë��� � � ? �V���×Ý0��í ���Gï � ÿ ?!� î�î���í � ? ��í'Ü ø� ? � ÿ ?%� î�î���í � Ý���íWÜ3Ý � íX� ? ù � � �)�1�¬í ò � �3í?Ý���íWí'ù ? � ��íáÜ �? ��í ò �wÝ ����� �'ë;î � �!� ò �wß)� ò� ß#� � ë��� � � ? ��,ì �;� ò ��í�ï � ÿ ?!� î�î&��íÕ� ? ��í'Ü ø � ? � ÿ ?!� î�î���í �
ò ��í�í'ù ? � ��í�Ü ��? ��í � Ü3Ü ��?%� � í1í%�)�1� ��� í%� � � ò ��í é��ï � ÿ ?!� î�î���í9� ? ��í'Ü ø � ? � ÿ ?!� î�î&��í �?ò ��í ò�� ß�� � ë��� � � ? ��í ø *v�`Ü&Ý � í�,úë�� ? ��� ? ë � ÷�� ò ��í ò� ðLù ? ���3ß)��íí � ÿ�� � ð�ß � � � ÷���í ò ��� ��KÝ � �3ÿ � �ë< � �� ��� � ? � ø½� ��? �#"2��î�Ü&Ý0��,�Ý � Ý����%� ? �ö��ó�����í��Ñ� ? ��í � � � Ý � í'ù����)�� �&ÿ;Ý � � í�,¯ï(� �-� ß�ë � Ü î�ë � �3í���� � ?%� �!F � � í ø ~ � � ? ù � � �)�&ß)� ò ��í ò� ÿ ?!� î�î���í � � �xò � Ü3Ý �0� � ���3�� � ��� � ��î&�)�1� ò ��íE÷;ë�����Ý"Ý0��íBë � � � �0� � ��î&�)�3� ò ��íEß�ë��&í'ë������í ��í�� ��� í1í � Ü3Ý � íBÜ ? ù�í%�)�1�!�}�)�� ?!� �!F � � í),����¬ß5��ß#� ø � ����#"2�'�[,3Ü � ÿ���� ì é �ôø� �#�%�!�Iù�� � ò � � Ü(� ? î � í ò �dß�ë��3í/� � �%� ? � � �ýÝ � ù#� � ò � ò ��íR� ? ù � � �)�3ß���í�<�Ü ��? � � ? ò ��íúí1ù ? � ��í�Ü ��? ��í ò �Ý �6��� �¬ë;î � �%�ûÜ(� � � � � ? � � ��dÜ ? ��î � � ? � ù�� � Ü(�IÜvë �? ò ù#�!� ? î � �� ? Ý � Ý � �3ÿ � � ò ��� � ò�� ß�� � ë���� � � ? � ø
BDCxB � Y[I�A½N�TJQ�O#Y[I
* � �3í�ß)�Wß+ó � Ü � � ? ��,��&ë � í � ÷;ë��3í�Ü ? ë;Üvë;í1ù � ��Wù#� � ò �Wí/� � � � í�� �0� � �.í �? Ý � í�� ?%� ß#� �? � � �1�!� ? ��ò ����� �'ë;î � �!��í ? ��Ü ? ù�í��)�1� � �1� ò ��í ò� ß#� � ë��� � � ? ��í¯ù�Ý0��ß�� ? ë�� ��� � ��í ø Û ���)� ��� �'ë;î � �!��í ? ù�Ü ��? � � í��)�� ? ë � í ß � �¬ù�ÿ;ë ? � ��í ë��1�~ù��¬ù ��" � î � �3ù�í �#� ß�ë¶î�Ü �-? ù�í�, � ÷ � �1�{�#� � Ü ? ��í~Ý ��� Ü&Ü3Ý � ß � � � ë�� ò �Ý �6� Ý"ÿ;ë ? � �¬ó3î��W8�é+ã;:�é8è+ã;:�é SA ø~ � ? ��ßôó� ? ß+ó� ò ��í�í'ë � íp= ��� �¬ë;î � �!��í � � � �3í � Ü(� ? î � í ò � ò ù��%� ? î � �� ? Ý � í�� ?%� ß#� �? � � �1�!� ? �� ò ��í��� �¬ë;î � �!��í�÷ � Ý í �6� ÷�� ? � � �.� ��Ý"Ý0�bí%�¥ß�ë;î�Üvë;í�� ò �§í1ù ? � ��íÞÜ �? ��í�, ò �§Ü ��?!� Ý"Ý���Ý���í�Ü �? í��#� ò �í'ë � í/= ��� �¬ë¶î � �!��í � î�ï ? ��� � ù�í�Ý���í � �3í ò � �3í�Ý0��í ��� � ? ��í ø~ � � ? ù � � �)�3ß�� ò �|ß)��í¥í'ë � í/=)í/� ?�� ß�� �? ��í ��� í%� � � ò ��í ��� �'ë;î � �!��í ��í��§í'ë � ÷��)�1�{ù�Ý���÷;ù�� �#�? ��Ü ? ù�í%���3�!� ò ��í � ����ë ? î � � � ë��3ítí � í1ß)��Ü�� � ï3Ý0��í ò ��� � ? �H� � ß#�¬ë ? � í'ù���í ø ûR�� ß�ë;î�Ü ? ��í'í � ë�� �&ë � íÜ(� ? î5�#�%� ?!� � � ò ��� ��ØÜ �-? ��, ò � ? ù ò � � ? � Ý � ��í'Ü � ß)�Øî�ù�î�ë � ? �H�3ù�ß)��í'í � � ? � ��� í��'ëuß �£� ÿ�� ò ��í��� �¬ë;î � �!��í���� ò ����� � ? �dÜ �-? � ò �Iß�ë��3í�� ? ÷�� ?f� � � ß�ß)��íf�o��ß � ß�� �-� " ò ë����3ù)��í ø~ � ù�� � ò � ò �.ß)��í�í'ë � í/= �-� �¬ë;î � �%��í � Ü(� ? î � í ò �.î&����� ? �5���ñù�÷ �"ò �)�&ß)� ò ��íní � î � Ý ��? � �¬ù�í'���3� ? �WÝ���íò� ÷�� ? í ��� �'ë;î � �!��í ø *v�QÜ3Ý � í), � ��� � Ü3Ü3Ý � ß � � � ë��ë� � � �? ��Ý�Ý0� � � � Ý � í � �3��Ý���íûí1ë � í/= ��� �'ë;î � �!��íûí'ù ? � � �ù#�¬ù �!��í��¬ù���, � Ý.í �6� ÿ � � ò � ��Ý � ù#� � ò � ò ��í � ? ù � � �)�&ß)��í�� ø � �����!��ù#� � ò � � � ò�0� � � � �.��� ���Ý � �3ÿ � �
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ò ë���3ù)�Kí%�Kí � ÿ���
Ü ��? Ý � � ? ù � � ���3ß)� ò ��� Ü3Ü ��? � � � ë�� ò � í%��íWÝ0�#�%� ? ��íÑ���Wí'ù � � �)�3ß)��í ø ~ � ù�� � ò � ò ��í� ? ù � � �)�&ß)��í ò ��íxí'ù ? � ��íÚÜ �? ��íxÜ(� � �`ß�ë��3í/� � � � � ?9� ���Ü ? ��î � � ? � ù�� � Ü(��Üvë ��? ? ��ß�ë��� � õ0� ? �ÌÝ���íÝ � �3ÿ � ��í ò ��í �-� �¬ë;î � �%��í ? ��Ü ? ù�í��)�1� � �1� ò ��í ò� ß�� � ë���� � � ? ��í ø Ôz�{�#ðÅ�#��, � �� � � � Ý��hí%� ò �§Ý �� ? ù � � �)�&ß)� ò ��íwëhß�ß �?%? �)�3ß���í ò ��í�ß ��?%� ß��%� ? ��í), ò ��íwï � ÿ ?!� î�î&��íë�#� ò ��í � ? � ÿ ?!� î�î���í ò � �3íwÝ���íí'ù ? � ��íûÜ �? ��í Ü(� ? î&���),¾�)�KÝ0��í�ß�ë;î�Ü ��?%� �3� ��� "�� ? ù � � �)�3ß���ídß�ë��� � ��íûÜvë �? ß+ó � � � � ò� ß#� � ë��� � � ? ��,ò � ò ù#�!� ? î � �� ? Ý � Ý � �3ÿ � � ò � ò� ß#� � ë��� � � ? � ø
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~4��í ��� �'ë;î � �!��í�< �3ë;î�ï ? �?ð�� ��ò � ù�� � �¬í�í1ë��3� � � � Ý � í'ù�í����3� ? � ��� � ? ��í�Üvë �? Ý0�?í��'ëhß ��� ÿ�� ò ��íò� ß�� � ë��� � � ? ��í ò �ñÝ � �3ÿ � ��í ø ~ �6� �¬ë � �wî ��� � �? ò �ñß)�����!� ? ��Ü ? ù�í��)�1� � � � ë�����í/�ìÝ �6� ß�ß)��í ?!� Ü ��ò � <Ý � � ����ë ? î � � � ë�� ø � ��Ü(�)� ò � �3�),�Ý0��÷;ë¶Ý � î&� ò ���!��Ý�í �-� �¬ë;î � �%��í ? ��í��!� � î�Üvë;í � �1� ø � � �3í � ,�ß�ë;î�î5�ò � �3í � � �%�#"$�!�-, � ��� � ò Ý � � ��� �1� � �¬ù ò � � ����ë ? î � � � ë�� ��í��Kí � ��í � î�î&���3� � î�Üvë ? � � �3�%��, � ÝdÜ(� � �ò �8÷��)� � ?m��� ò� ß � � � " ò � �)��÷ � í � ÿ�� ? ò �dÝ � � � ò ��"2� ? ë � ò �dÝ � ß�Ý � í'í�� ? ø~ � ë;ï � ��ß�� � � Ü ? � �&ß � Ü � Ý ò �Iß)�ýß+ó � Ü � � ? �A��í�� ò �ýß�ë��&í�� � � � � ?f� ��ýÜ � Ý������!� ò � ë � � � Ý"í�Üvë �? ß�ë;î�Ü ? ��í1í%� ?�#� � � ò ��"2� ? ò ��í �-� �¬ë;î � �%��í ? ��Ü ? ù�í%���3� � �3� ò ��í ò� ß�� � ë���� � � ? ��í ø � �����!��ß�ë¶î�Ü ? ��í1í � ë�� ò ë � �D�&ë � íÜ(� ? î5�#�%� ? ��, ò ��� ��IÜ �-? ��, ò � ? ù ò � � ? �dÝ � ��í'Ü � ß)�dî�ù�î�ë � ? ���3ù�ß)��í'í � � ? � ��� í��¬ëhß �£� ÿ�� ò ��í ��� �'ë;î � �!��í�#��, ò �6�-� � ? ��Ü ��? ��, ò �.ß�ë��3í%� ? ÷�� ?�� � � ß�ß���í��o��ß � ß�� ��� " ò ë����3ù)��í�Üvë �? Ý ��? ��ß�ë��� � � í'í � �3ß�� ò ��íî�ë��¬í�Ü ��? ��"���î�Ü3Ý0� ø
� ��� ?!� ÷ � � Ý�í�� ò ù�ß�ë � Ü(�ê�)� ò � � "�Ü ��? � � ��íë�k~ � Ü ? ��î � � ? �
ß�ë ?%? ��í'Üvë�� ò <xÝ � ß�ë��3ß���Ü�� � ë�� �#�WÝ �? ù � Ý � í � � � ë�� ò ��� ��Ðî�ù��'ó3ë ò � ò �{ß�ë;î�Ü ? ��í'í � ë��{< � � � Ý"Ý��Eð�"2��, � Ü3Ü3Ý �0� � ù�� ò� ? ��ß��%��î&�)�3� ��� "��� �¬ë;î � �!��í ø ~ � ò � � " � ��î5�-,�ß�ë;î�ï � �� Ý �6� Ý"ÿ;ë ? � �¬ó3î�� ò �\� � ß��'ë ? � í � � � ë�� RechercheSA

����ß)��Ý � �$ò �ß�ë;î�Ü ? ��í1í � ë�� ø Ôq� ë � � ? ��,¥�3ë � íúù�� � ò� ë��3í), ò ��� ���nÜ ��? ��,�Ý � Üvë¶í'í � ï � Ý � �'ù ò � � � ò ��"2� ? ò ��í ��� �'ë;î � �!��í�#��, ò ����� � ? �ûÜ �-? ��,uÝ � Üvë;í1í � ï � Ý � �¬ù ò ��� � � Ý � í%� ? ò ��í � Ý�ÿ;ë ? � �¬ó3î���í ò ù ò� ù�í � � � � � � Ý+��î&���3�½<�Ý � � � ò �#" � � � ë��ò ��í'�!��"$�!��ínÜvë ��? Ý���� � � ? � ø ~4��ß+ó3ë � " ò ��í'� � ß#�¬ë ? � í � � � ë��3í í �6� Ü3Ü � � ��í �? Ý���ß � Ý�ß � Ý ò ��Ý ����� �'ë;î � �!�ò ��í�í � ��"2��í � í'í'ëhß � ù ��� " í'ë � í/=)í/� ?�� ß�� �? ��í ò ù�ß���Ý�ù���í ò � �3íÞÝ �6��� �¬ë;î � �%� ø ~4�¥Ü ? ëhß)��í'í � í ��í��
� �¬ù ?%� � � �p, � Ý � � � Ý � í%� � ��Qó� ��? � í/� ��� � � � � � Ü(� ? î&��� ò �Qí'ù�Ý0��ß�� � ë����� ? <?ß+ó � � � � � �¬ù ?%� � � ë��.,¾<?Ü �-? � � ?ò �`Ý ����� �'ë;î � �!� ò ��íwí � ��"2��í), Ý � í1ë � íp=)í�� ?%� ß#� �? �êÝ � Ü3Ý � í � �1�¬ù ? ��í1í � �1�!�Õ<�� � ß��'ë ? � í%� ? ÷úß���Ý"Ý0�#= ß �î � " � î � í���Ý0��ÿ � � � ò �.î�ù�î�ë � ? �&�#� ? ù ò � � �nÝ � � � � Ý"Ý�� ò �.Ý �6��� �¬ë;î � �%� � � � � � � Ý ø � �����!�.ó� ��? � í/� �0� � �í%� ?!� ò ù�ð� � �D���Õ��ë��3ß#� � ë�� ò ��í�ß ��?%� ß��'ù ? � í�� �0� � ��í ò �áÝ �6��� �¬ë;î � �%� � Ü ? ��íQí � ß�ë¶î�Ü ? ��í1í � ë�� ø � �#�%�!�Ü �-? � � � ò � ß+ó � Ü � � ? �`í%� ?!� í � � ÷ � � ò ��í ? ù�í � Ý�� � �¬í ò � ò�� ð�ù ? ���3�'íê�%��í��'í ? ù � Ý � í1ù�í í �? ò�� ð�ù ? ���3�%��í÷ �-? � � �3�!��í ò � Ü ? ë;ÿ ?!� î�î&� ø � ��í ÷ �-? � � �3�!��í í1ë��3�dß�ë��3í�� ?%� � �!��íA��� ��ë��3ß#� � ë�� ò � �x�uÜ(� ò � ò ë���3ù���íí ��? Ý���í � � ��Ý�Ý���íR��Ý�Ý���í�í �6� Ü&Ü3Ý ��� � �)�1� ø Ôz�ë��ð¾����,¥� ? ë � í�î�ù��¬ó&ë ò ��í ò �'� � ß��'ë ? � í � � � ë��¯ë��1��ù#�¬ù'�!��í/�¬ù���í ø~ � Ü ? ��î � � ? �ní �6� Ü3Ü3Ý ��� � � ò�� ? ��ß��%��î&�)�1� í ��? ò ��í ��� �'ë;î � �!��í�î � � � î � í'ù�í),�Ý � ò � � " � ��î5��ß�ë��3í ��ò � ? �Ý���í ��� �'ë;î � �!��í½�3ë��?î � � � î � í'ù�ík����Ý � � ? ë � í � ��î&�R� ?!� � �!� ò� ? ��ß��!��î&�)�3� ò � �!��"2�%������í �6� Ü3Ü3Ý �0� � � ��� "ò� ß�� � ë��� � � ? ��í � ÷ � �3�Wî � î5� ò �Kÿ¶ù)�3ù ? � ? Ý�� �? í �-� �¬ë;î � �%��í � í'í'ëhß � ù�í ø@� ë �? Üvë � í1í%� ? Ü3Ý � í.Ý"ë � �Ý � ��"&Üvù ? � î5���3� � � � ë��.,1�3ë � í � ÷;ë��3í �-� í'í � ß�ë��&í ��ò ù ? ùúÝ0��Ü ? ë¶ï3Ý0��î5�f<IÝ � �)��÷�� ? í½��� � �Z÷�� ? í � �1��Ý���í�î�ë��'íò ��í ò� ß#� � ë��� � � ? ��í ø � � �&í � ,&Ý���í�� ? ë � í�î�ù��'ó3ë ò ��í ò �\� � ß#�¬ë ? � í � � � ë��?ë��3��ù��¬ù-,¥<��3ë � ÷�� ��� ,��!��í��¬ù���í ø

����ç



~ ����� �'ë;î � �!� ò ��í�í'ù � � �)�3ß)��í`��*�� ��ß � �¬ù�ÿ¶ë ? � �>è � í�� ?!�A� ï3í��)�3� ò ��ß���ß+ó � Ü � � ? �@�)� ?!� � í'ë�� ò ��Ý �� � � Ý"Ý�� ò �Ií%��íúî�ë��¬í ø Ôz����ð¾���úÝ � î�ù��'ó3ë ò � ò �Iß�ë;î�Ü ? ��í'í � ë�� � � � Ý � í%� � � DAWG
Ü�ë �? ß�ë;î�Ü ��? � ?Ý���í í1ë � í/= í�� ?%� ß#� �? ��í'��� ò � �&ídÝ0��ß � í ò ��ß)�#� ��� �¬ë;î � �%��,LÝ � ÿ;ù��3ù ?%� � � ë�� ò � DAWG

Ü ? �)� ò � ? ë;Üò �\�!��î�Ü&í ø
��¢¥ª�ÿ2ª�§©¢(ø¦þ
Ð

Arr[]
� �-?%? ë�� ò� <�Ý � ���3� � � ? í � Üvù ? � � �? øÐ

log2()
�3Ý�ë¶ÿ ��? � �¬ó3î&�v�)�¯ï � í��[� øÐ

V alMax
�3÷ � Ý0� �? î � " � î � Ý�� ò �IÝ � ���3í%��î�ï3Ý0� ò ��í � ò ? ��í1í%��í ò ��í�ù#� � �'í�ï � �¬í ø

Tåù¦¡�¨�û�§uÿ�ª�§u¢(ø�þ
Ð

FCM
�·E � ß#�¬ë ? � í � � � ë��X����ß�ë¶î�Ü ? ��í1í � ë�� ò ��� � ��� �¬ë¶î � �%� î � � � î � Ý øÐ

FCNM
��E � ß��'ë ? � í � � � ë��D�#��ß�ë¶î�Ü ? ��í1í � ë�� ò ��� � �-� �¬ë;î � �%�\�3ë��¯î � � � î � Ý øÐ

FCDic
�·E � ß#�¬ë ? � í � � � ë��X����ß�ë;î�Ü ? ��í1í � ë�� ò ��� � ò� ß#� � ë��� � � ? � øÐ

FCMinverse

��E � ß��¬ë ? � í � � � ë����#�lß�ë;î�Ü ? ��í'í � ë�� ò ��� � �-� �¬ë;î � �%��î � � � î � Ý ò ��î�ë��¬í � �Z÷�� ? í'ù�í øÐ
FCNMinverse

��E � ß��'ë ? � í � � � ë�� �#�ýß�ë¶î�Ü ? ��í1í � ë�� ò ��� � ��� �'ë;î � �!���3ë��Úî � � � î � Ý ò ��î�ë��'í� ��÷�� ? í'ù�í øÐ
FCDicinverse

�·E � ß#�¬ë ? � í � � � ë��X����ß�ë;î�Ü ? ��í'í � ë�� ò ��� � ò� ß#� � ë��� � � ? � ò �dî�ë��¬í � ��÷�� ? í'ù�í ø
³�C)E ´SUµ>DKMG>Q4U>I�P¦L\P�O�Y[I U@PVQ.P�Y¶AK·�L¸E'U 9¹CxTJI LWTXP�Y[Z LAP�U

 � Ü&Ü¾��Ý�ë��3í � �Å��� � ��� �¬ë¶î � �!�&��í/� ? ��Ü ? ù�í��)�1�¬ùD���ñî�ù�î�ë � ? ��Ü �-? Ý � Ý � í��!� ò �.í%��íW� ?!� �3í � � � ë��3íí'ë ? � � �3�!��í5��� � �Å� <Úß+ó � � � ��� ?!� �&í � � � ë��êí'ë��3� � í'í'ëhß � ù���í5� ? ë � í � ����ë ? î � � � ë��&íJ� �¹� � � � � ò� ß � �%� �?ò ��� Ü3Ü ��? �!��� � �&ß)��<�Ý � ù#� � ��ß�ë �?%� �3�), �0�Û� � ��áù�� �0� � �#�%�!�J��� ���0�Û� Ý �6� ò ? ��í1í%� ò �¯í1ë�� ù�� � � ò ����?%? � ÷;ù)���÷;ë � ? � ó � Ü � � ? �\Ï �8ø

º ^/_`^/_ » dRj�n/|}nph$lzj2npoqi{rvb¼p#s©o@wÅw¾tfdvlzj2npoqi |}g�|}oqnxeb�r�sutviHlqtRj2o`|}lmj2b
~4��í ��� �¬ë;î � �!��íýí'ë��1��í'ë � ÷����3�Qí��'ëhß � ù�í ò � �&í ò ��ínð�ß+ó � � ? íW�!�#"$�%��í�÷ ò � �3ínÝ0��ï � � ò � ? ù ò � � ? �Ý � ��í'Ü � ß��Ìî�ù�î�ë � ? �Õ�3ù�ß)��í'í � � ? �-,W�3ë � í � ÷;ë��&íxß�ë ò ùÌß+ó � � � � ò ë����3ù)� ò � î � î&�Õ�x�hÜ(��í ��? � ��3ë¶îQï ? � ò �úï � �'í�î � � � î � Ý©,;î � � í�ß�ë��3í�� � �3� ø � �#�%�%��î�ù#�¬ó3ë ò �úÜ(� ? î5�#��, ò ��� ����Ü ��? ��, ò �úí��¬ëhß � � ? Ý���í��� �¬ë;î � �!��í><�î�ë � � ò ? �ûß�ë�½��R���), ò ����� � ? �dÜ ��? ��, ò �dß�ë��&í%� ? ÷�� ?f� � � ß�ß���íR����ß � ß)� ��� " ò ë���3ù���í ø

~4�dß�ë ò � ÿ�� ? ù�í%� ? ÷;ù[<Qßôó � � � � ò ë���&ù)�'��í��W�
Ð <W¢cJ�ÿ!�¥È J�� ùz¢.¢¾Êu¨3È$ø = ��ï � �ö��í�� � � � Ý � í'ùÌÜvë �? Ý���ïvëhë;Ý�ù��)� ø � �Þïvëhë;Ý"ù)�)�}��í�� � �
� � ò� ß � �%� �? ò �6� Ü3Ü ��? �!��� � �3ß�� <ÚÝ � ù�� � �.ß�ë �?!� �1� ø ~ � ÷ � Ý0� �? �Kí � ÿ�� � Ý�� � � �KÝ � � ?!� �&í � � � ë��ß�ë ?%? ��í1Üvë�� ò <WÝ � Ü ? ��î � � ? �W� ?!� �3í � � � ë�� ò ��� � �3ë � ÷���Ý ù#� � ����� Ý � ÷ � Ý�� �? �Wß ��?!� ß#�¬ù ? � í�� � ���&ë � ÷���Ý�Ý0��� ?!� �&í � � � ë�� ò ù�î ��?%?%� �3� ò �dÝ � ù�� � ��ß�ë �?!� �1� ø

Ð <W¢cJ�ÿ!�¥È J¦È$þÕ¨1ª�§@����È1ª�ª�È$þ = ~4�ë�3ë;î�ï ? � ò � ï � �¬í5�3ù�ß)��í1í � � ? ��íWÜvë �? ß�ë ò � ? Ý ��� Ý"Ü3ó � ï(�#�� � � � � � ÝÅ��í��R�3ë��¬ù Taillealphabet
�#� � ÝLß�ë ?�? ��í'Üvë�� ò <D�

Taillealphabet = Arr[log2(|Σ|)]
�Áé ø � �

��� ì



Ð <W¢cJ�ÿ!�¥È J¦È Ê]L7ÿ�J�¡�È$þ�þ)È J�È�Ê}L7¨1ª�ÿ�ª JML7ÿ¡�¡£§ìû(¨3È = ~4�¯î � î&�áÜ ? ëhß�ù ò ù���í�� � � � Ý � í'ù?Üvë �?? ��Ü ? ù�í��)�3�%� ? Ý ��� ò ? ��í'í���Ü �-? í � ÷ � Ý�� �? � � î�ù ? ��� � �W�u�)��ï � í��v� �8ø ûf��Ü ? ù#=Á� ?!� � �!��î&�)�3� Ü¾� ? î&���ò �?ß � Ý"ß � Ý0� ? Ý��X�3ë;î�ï ? � V alMax
, ß�ë ?%? ��í'Üvë�� ò � �1�5<KÝ �6� ò ? ��í1í%� ò �WÝ � ù�� � �Qï � � ò �W÷ � Ý�� �?î � " � î � Ý��W�#� ò ë��&ß ò ������� í��!� ? Ý0�[�3ë;î�ï ? � ò ��ï � �'í��3ù�ß)��í1í � � ? ��íA�#�dí � ��í � �1�IÜvë ��?\? ù � Ý � í�� ?ß��[ß�ë ò � ÿ�� ø � �½�&ë;î�ï ? �`��í/� ��� ÿ;î&���3�¬ù ò � � �nß �-? Ý � ÷ � Ý0� �? ��ù ? ëv��í�� � � � Ý � í1ù)�lÜvë �? ò ù�í � ÿ��� ?Ý � ù#� � ��ð�� � Ý¿¾ ø � ó � � � �d÷ � Ý0� �? ï � � � � ? �ûß�ë ?%? ��í'Üvë�� ò � � �3í � <�Ý � ���3� � � ? ò � ð�ß+ó � � ? ò � ë ? � ÿ � �� ø~4���3ë;î�ï ? � ò � ï � �¬í5�&ù�ß)��í'í � � ? ��íWÜvë �? ß�ë ò � ? Ý0��í � ò ? ��í'í���íX��í/�X�3ë��'ù Tailleadresse

��� � Ýß�ë ?%? ��í1Üvë�� ò <J�
Tailleadresse = Arr[log2(V alMax + 1)]

�Áé ø � �

~ ��� ò ? ��í'í�����í�� � �� � ò ? ��í'í%� � ï&í'ë;Ý � �wÜ � � í � � ��Ý0� ò� ß�� � ë���� � � ? � ß�ë��1� � ���3� ò ��íáî�ë-�¬íÑ� ? ��íß�ë �? �¬í ø � � � � � �3ù�ß)��í1í � �%� ò ��íúÿ ?!� � ò í�í �-� �¬í ò ��� ò ? ��í1í%�W��� � � � ? ��� ò�� � � � � Ý�� � � � ò ? ��í1í � ÿ��? ��Ý � � � � ø Ôz�ö�#ðÅ�#��,pÝ � ÷ � Ý0� �? î � " � î � Ý�� ò ��í � ò ? ��í1í%��í ? ��Ý � � � ÷���íIí�� ?%� � �'� ? ��ínÜ ? ëhß+ó� ò ��Ý �÷ � Ý0� �? î � " � î � Ý�� ò ��í � ò ? ��í'í%��í � ï3í1ë;Ý � ��í ø
* � �3í�Ý � ��"2��î�Ü3Ý0�Aé ø ��,&Ü � ÿ�����è���,Å����ï � �¬í�í'ë��1�>�3ù�ß���í1í � � ? ��í�Üvë �? ß�ë ò � ? Ý ����� �'ë;î � �!� � � � � � � Ý�%��Ý � � ��� Taillealphabet = 4

���
Tailleadresse = 5 ø

~4��í � ����ë ? î � � � ë��&í��&ù�ß)��í'í � � ? ��í ��� ò ù�ß�ë ò � ÿ���í�� ? ë��3�M�¬ë � �%��í Ü3Ý � ß�ù)��í ò � �3í � ���)�$=â� � �!� � �3í1ù ? ù ò � �3íÝ��Qð3ßôó � � ? ï � � � � ? � ø � ���'�)�2=Á� � �%� ? ��Ü ? ù�í��)�3�%� ò ��� ���î � � � � ? ��ÿ;ù)�&ù ?!� Ý0�QÝ0��í ßôó&ë � " �#ðÅ��ß�� � ù�íýÜvë �?ß�ë;î�Ü ? ��í1í%� ? Ý0��í ò ë���3ù)��í ø Û ��� ? ��� ? ë � ÷�� ò ��í � ����ë ? î � � � ë��3í¦�%��Ý�Ý���í � � ��Ý0�k�3ë;î�ï ? � ò �½� ?!� �3í � � � ë��3íò ��Ý �6�-� �¬ë;î � �%�@���lÝ0�>�&ë;î�ï ? � ò ��ï � �'í � � � Ý � í'ù�í6Üvë �? ß�ë ò � ? ß+ó � � � �R�x�hÜ(� ò � ù�Ý�ù�î&���3� Taillealphabet��í��
Tailleadresse ø2� ë �? Ü3Ý � í ò � ò ù#� � � Ý�í), � �Wí1ßôó&ù�î � ò ��Ý � ���2=â� � �%� � � � Ý � í1ùR��í���Ü ? ù�í%���3�@�)� � ����#"2�?v,3Ü � ÿ���� ì ç ø

º ^/_`^ÁÒ acg4h$tUpâj2lmj2hÕbM]�dWg.e�n�|}b4ikj2lqtb]
~ � � î�Ü3Ý"ù�î&���3� � � � ë�� ò ��í î�ù��¬ó&ë ò ��í � ù#�¬ù ? ù � Ý � í1ù)������Ý � �&ÿ � ÿ�� � � ÷���ßQÝ���Ý"ë;ÿ � ß � ��Ý_0 � � ò ëj��íW � í �� Ý � %ø% � ø � ø ~4��ß�ë ò � � ë;ï��%�)� � ? ��í'Ü(��ß#�!��Ý � �3ë ? î&����� 3 Ó;, � Ým��í/� ò ë��3ß�� ? ��í\� � ß � Ý0��î&�)�3�Üvë ? � � ï3Ý�� í �?R� � �-� � ? �dí��hí��%��î&� ò � �#"uÜ3Ý�ë � � � � � ë�� ø~4��í ��� �'ë;î � �!��í � � ���3ë � í � � � Ý � í'ë��&í�í1ë��1� ß)� � "wÜ ? ù�í��)�1�¬ù�í ò � �3íûÝ0�ýßôó � Ü � � ? �nÜ ? ù�ß�ù ò ���3��,m��� ��� =�¬ë¶î � �!��í ? ��Ü ? ù�í%���3� � �3� ò ��í ò� ß#� � ë��� � � ? ��í ? ù�Ü ��? � � í����ëèQß � �'ù�ÿ;ë ? � ��í ø~4��í�ð�ß+ó � � ? í�ß�ë ?�? ��í1Üvë�� ò � �3� ��� " ��� �'ë;î � �!��í ò �
ß���í ò� ß#� � ë��� � � ? ��í�í1ë��3�&� ? ��í�ÿ;ë �? î � � ò í��)�î�ù�î�ë � ? �d÷��)���#ðÅ�#��,�Ý � ß�ë;Ý"ë������ ò � � � ï3Ý�� �-� é ø � � � ò��0� � �dÝ � � � � Ý�Ý+� � � � � � � Ý�� ò �Iß���í �-� �¬ë;î � �%��í ø~ � ß�ë;î�Ü ? ��í1í � ë�� ò ��í ò ë���3ù���í � Ü(� ? î � í ò � ë;Ü2� � î � í%� ? Ý � Ü3Ý � ß)� ? � � � � í%�¯Üvë �? Ý0�?í��'ëhß ��� ÿ��-,�Ý �ß�ë;Ý�ë������� ò � � � ï3Ý0� ��� é ø ��Ü ? ù�í%���3�!�ûÝ � � � � Ý"Ý�� ò ��í �-� �¬ë;î � �%��í � Ü ? ��í[ß�ë¶î�Ü ? ��í1í � ë�� ��ß�ë;î�Ü ? ��í'í � ë��ë;ï2�!�)� � �QÜ ��? Ý��nß�ë ò � ÿ��QÜ ? ù�í��)�1�¬ù��)�wí%��ß#� � ë���é ø � ø � � ,�Ý0��ív�)�2=Á� � �%��í�� í'ë��1� � �3ß�Ý � í ø ~4��í ÿ � � �3í ò �Ü3Ý � ß)� í'ë��3� � Ü3Ü ? ù�ß � � ï3Ý0��í ø

YÁÀ�|�Ð[Ó�|�gjl�ÓzÓzu�Ñ�Òzi_~{iDs�ÐogjnqiDsqs@iIs·w]lop�p�i]Óvw]i]Ó�|ÃÂM~{ÐM×[Ð[~{i]Òzn/hvÚ�~ Ö Òj|qy{~�yÕsQÐ[|Qy{loÓ�gji
V alMax+1

��iDnQp�i}|�gji±w}ljgjiDn~ÕÐr×ÆÐ[~{i]Òvn�i`ÄzÐow}|Qi"gjiMwqx�ÐoÑ�Òzi"ÐogjnqiDsqsQi�i]|cÓvloÓ5~ÕÐr×ÆÐo~�iDÒzn�ÛÁgo�
���-�



� � �¬ë¶î � �!� , � � Ý�Ý�� , � � Ý"Ý�� , ��� "Óx� � � � � Ý���� � ë � � Ü ? ��í�ß�ë;î�Ü ? ��í'í � ë��9� � ë � ß�ë;î�Ü ? ��í'í � ë��� � �'ù�ÿ;ë ? � ���*�Ôq~4��EXE ? �½��ç ì é-��è ç£Ï,���é;�*�Ôq~4��E�Ôz� èz� ì � ì ��� ç-è�,6��ç;�*�Ôq~4��E 3 ? �mè�Ï1� é-��� ç£Ï, ç�é;�*�Ôq~��5E�*v� Ï���è�è �z���1é ç-è�, ��ç;�
W � Ý�Ý���í#E ?%� �!F � � í���í �z��� ì �-��� ç-è�, ç£Ï��
� ë;Ý+�uÝ��#" � ß ��� "X�v�3ÿ;Ý � � í ì ����è �MÏ3é2� ç��2,6��é;�

� � �'ù�ÿ;ë ? � �'�09��ï E ? èqé���� �-Ï1� ç-è�,�Ï�èZ�
0 ��ï*?[ÿ �zé���Ï ��è ì ç£Ï, é��;�
09��ï .úÿ èq��è�� ì é ì ç-è�,�Ï ì �
0 ��ï � � �qé2��� �¦ç�ç�� ç��2, ç��;�

í`îMï�ÎÅé ø �vÐ Û ß�ß � Ü � � � ë��¯î�ù�î�ë � ? � ò ��í ��� �¬ë;î � �!��í

º ^/_`^@( Å�g4wÅo`| dve�b4h2h$npoqi
~ � ß�ë;î�Ü ? ��í'í � ë�� ò ë � � �¬ë �£� ë �? í`í �6� ß�ß�ë;î�Ü � ÿ��� ? ò ��Ý � ò ù�ß�ë;î�Ü ? ��í'í � ë�� � � � Ü(� ? î5�#� ò �? �#� ? ë � ÷�� ? Ý0��í ò ë���3ù���í ò � ë ? � ÿ � �� ø~ ��� ß�ß���í�<ñÝ � � ����ë ? î � � � ë�� ��� í%� � � ò � ð�ß+ó � � ? ß�ë¶î�Ü ? ��í1í'ù���í��J� � ß � Ý�� ÿ ? �¶ß�� ��� " � ����ë ? î � � � ë��3íÜ ? ù�í%���3�%��í ò � �3í Ý � �)�2=Á� � �!� ø Ôz� ��ð¾���),úß+ó � � � �9� ?%� �3í � � � ë�� ò �xÝ ����� �'ë;î � �!� ��í/�Kß�ë ò ù��`í �?ë� ��� � � Ý"Ý��~ð�"2� ø�� ë �? ò ù�ß�ë;î�Ü ? ��í'í%� ? ß��Gð�ß+ó � � ? ,c�3ë � í � ÷;ë��3í í%� � Ý0��î5���3� ï(��í'ë � � ò � � ? ë � í� ����ë ? î � � � ë��3í��$Ý����&ë;î�ï ? � ò ��� ?%� �3í � � � ë��3í ò ��Ý ����� �'ë;î � �!�-, Tailleadresse

���
Taillealphabet ø � ��í� ����ë ? î � � � ë��3í�í'ë��3��Ü3Ý � ß�ù���í ò � �3í�Ý � �)�$=â� � �!� ò � ð�ß+ó � � ? ï � � � � ? �ûÝ�ë ? í ò ��� �¯Ü ? ù#� ?!� � �!��î5���3� ø� ó � � � �W� ?!� �3í � � � ë��¯Ü(� � � � � �&í � � � ? � ? ��ß�ë��&í�� � � � ù��[��� ? ù�ß � Üvù ?!� �1�ûí'ë�� ß ��?%� ß��%� ? �[<�Ü ��? � � ? ò �ýÝ �� � ï3Ý0� ò ��íúß�ë ?�? ��í'Üvë�� ò � �3ß)��í�����í1ë�� � ò ? ��í1í%�nÜ ��? Ý � ß�ë���÷�� ? í � ë�� ò �ýí1ë�� ß�ë ò �ýï � � � � ? �A���
÷ � Ý0� �?ò ù�ß � î � Ý�� ø* � �&í�Ý � ��"���î�Ü&Ý0��é ø ��, Ý � ß�ë;î�Ü ? ��í'í � ë�� ò �áÝ ����� �¬ë¶î � �!� � � � � � � Ý � � � Ý � í%�ê���wï � �¬íQÜvë ��? Ý0�?ß�ë ò � ÿ��ò ��í ò ë����3ù)��í � Taillealphabet = 4

���
Tailleadresse = 5 ø ~ � ò ù�ß�ë;î�Ü ? ��í'í � ë�� ò �KÝ ����� �'ë;î � �!�? ù�ß � Ü¾� ? �{ß����%�%� � ����ë ? î � � � ë�� <tÜ ��? � � ? ò �§Ý � ���3� � �!�y��� ò ù�ß�ë ò �{Ý��bð3ßôó � � ? ï � � � � ? �bÜ �-? Ý �ß�ë���÷�� ? í � ë�� ò ��í ò ë���3ù���íR�)�¯÷ � Ý0� �? ò ù�ß � î � Ý ø

* � �&í ß�� � � � ÷ � í � � ÷ ? ���3ë � í � Ý"Ý�ë��3íf�3ë � í � �3�'ù ? ��í'í%� ?\� � �0� � ��î5���3� ��� "Kí'ë � í/= ��� �¬ë¶î � �!��í�í'ù ? � ��í�#� ��� "Ìí'ë � í/= �-� �¬ë;î � �%��í�Ü ��?%� Ý�Ý���Ý0��í),�ù#� � �1� ò ë���3ù � � � Ý0��� ? ë � í � ��î&�J�x�hÜ(� ò � í'ë � íp= ��� �¬ë;î � �!�� � �#" � í��!�dÜ � í ��� í�� � � ò ��í ò�� ð�ù ? ���3�'í ��� �¬ë¶î � �%��í@�%��í��'ù�í ø� ë ��?>� Ý�Ý"ù�ÿ�� ? �3ë�� ? �ûÜ ? ë¶Üvë;í),��3ë � í � � � Ý � í%� ? ë��&í ò� ? ��ß#�!��î&�)�1��Ý���í½�%� ? î&��íA�8í'ù ? � ��í��v���'��Ü �-?!� Ý"Ý0��Ý���í��Üvë �? ò ù�í � ÿ���� ? Ý0��í�í1ë � í/= ��� �'ë;î � �!��í�í'ù ? � ��í>����Ý���í�í1ë � íp= ��� �'ë;î � �!��í�Ü ��?!� Ý"Ý0��Ý���í ø

��è��



º ^/_`^u] acb.dfeg4h$b4ikj�lmj2npoqiHgÅj2b4ivrvtfb bÅj�h1j�o@wÇÆ�lYÈqb r�sutviHlqt>j2ok|}lmj2b
Ôz� í �6� Ü3Ü � � � �1�×í �? Ý � î�ù#�¬ó3ë ò � ò ù�ß ? � �!� ��� ß+ó � Ü � � ? �S�2,Úë�� Ü(� � � ? ��î�Ü3Ý � ß)� ? Ý���íí'ë � í/= ��� �¬ë¶î � �!��í?í1ù ? � ��íJ�#�¯Ý0��í?í'ë � íp= ��� �¬ë;î � �!��í?Ü ��?%� Ý�Ý���Ý���íWÜ ��? ò ��í � î�Ü3Ý0��íÑ� ?%� �3í � � � ë��3í),�ß)��Ý �? �8÷ � ���3�ê��� � � � �ë<Ìù��%�)� ò ? �`Ý ��� Ý"Ü3ó � ï(�#� øR� ë ��? ß)��Ý � ë�� � � î�ù ? ë��!�9<ÌÜ ��? � � ? ò �c�xÝ ��� Ý"Ü3ó � ï(�#�

� � � � � � Ý(�#��ë�� � í'í1ëhß � � Ý0��í@� � î�ù ? ë;í �-� ò ��ÝÛ< ò � Ý � ò � ? � � � ? �ûÝ0�#�%� ? � ��� "Wí'ë � í/= í�� ?�� ß�� �? ��í>� ?%� � �'ù)��í ø~4�Úí��'ëhß ��� ÿ��xí�� ò ù�ß�ë¶î�Üvë;í��9��� ò � � "EÜ �-? � � ��í�,�Ý���ð�ß+ó � � ? ó � ï � � � ��Ý ò ù�ß ? � ÷ � �1� � � ��� �'ë;î � �!���� � � ��Ý í �6��� ë � �%� � �áð�ß+ó � � ?>? ù�Ü(� ? �'ë ? � � �3��Ý ��� Ý�Ü&ó � ï(����ù#�!��� ò � ø
ûR��ýí'ù ? � �'��í/� ? ��Ü ? ù�í%�)�1�¬ù���Ü ��? Ý � ß�ë��3ß � �¬ù�� � � � ë�� ò ��íúù�� ��� � �����!��í ò �ýí���íf� ?!� �&í � � � ë��&í ò � �&íúÝ0� �?ë ? ò ? � ò �6� Ü3Ü ��? � � � ë�� ø ûf�ØÜ ��?!� Ý�Ý���Ý�����í��bÝ � � ��� í1í � ? ��Ü ? ù�í��)�3�'ùtÜ ��? Ý � ß�ë��3ß � �¬ù�� � � � ë�� ò ��íù#� �0� � �#�%�!��í ò �áí%��í&� ?!� �3í � � � ë��&íQí���Ý�ë�� � � ë ? ò ? �áÜ ? ù#=)ù#� � ï&Ý � í �? Ý �6� Ý�Ü3ó � ï(����, Ü ��? ��"���î�Ü&Ý0�-,6Ü ��?� � î�ù ? ë ß ? ë � í'í � �3� ø � ���{ë ? ò ? �tÜ(� ? î5�#� ò �×ß�ë¶î�Ü �-? � ? Ý0��í§Ü ��?!� Ý"Ý0��Ý���íbÜvë �? Ý�ëhß � Ý � í�� ? Ý���í? � ò ë�� ò � �3ß���í ø *v�.Ü3Ý � í), � Ýq��í/� � í'í'ëhß � ùÑ< ß+ó � � � �Wî�ë�� � �`ïvëhë¶Ý�ù)���`Ü ? ù�ß � í � �3�nÝ � � � � �? � ò �.Ý �í'ë � í/= í�� ?�� ß�� �? � � �Å� � Ý ? ��Ü ? ù�í%���3�!�-, � Ý�Ü ? �)� ò Ý � ÷ � Ý�� ��?

vrai
Üvë ��? ò ù�í � ÿ���� ?�� ��?í1ù ? � �X��� fauxÜvë �? ò ù�í � ÿ���� ?>� �¯Ü ��?%� Ý�Ý���Ý��-,��&ë��¬ù ? ��í'Ü(��ß�� � ÷���î&���3� 3 ��� � í �? Ý � ð�ÿ ��? �Wé ø � ø

~4�wß�ë ò � ÿ�� ? ù�í�� ? ÷;ù �-� ïvëhë¶Ý�ù��)�����áÝ��wß�ë ò � ÿ�� ? ù�í%� ? ÷;ù <ñÝ �6� ò ? ��í1í%� ò ��Ý � ù�� � � ò ����?%? � ÷;ù��wí'ë��1�î � � �1�!��� � í ø � ��Ü(�)� ò � �3��Ý0��ß�ë ò � ÿ�� ò ��íýù�� �0� � �����!��ínù8÷;ë;Ý � ��Üvë �? �%�)� � ? ß�ë¶î�Ü2�!� ò ��Ý � ��"$�!�)�1� � ë��ò �dÝ ��� Ý"Ü3ó � ï(�#� ø
Taillealphabet = Arr[log2(|Σ

′|)]
��é ø è �Û �

Σ′ ��í/��Ý ��� � � ë�� ò �IÝ ��� Ý"Ü3ó � ï(�#� � � � � � � Ý Σ
��� ò ��íf�3ë � ÷�� �-� " ß ��?%� ß��%� ? ��í � Ý�Ý�ë � ù�í ��� "¯í'ù ? � ��íf�#�Ü �-?!� Ý"Ý0��Ý���í ø* � �&í Ý � �#"2��î�Ü3Ý���é ø ��,��§ï � �¬íêí1ë��1���3ù�ß)��í'í � � ? ��íÌÜvë �? ß�ë ò � ? Ý �6��� �¬ë;î � �%� ? ù ò � � � �!��Ý � � � �

Taillealphabet = 5 Tailleadresse = 3 ø
ÆvÇ4È$É9¤�ÊuÈ Í k ¬~ � � � ï3Ý���é ø ��Ü ? ù�í��)�1�!�QÝ �5? ��ß+ó� ? ßôó�� ò ��í�í'ë � íp=)í�� ?%� ß#� �? ��íA<�Ü ��? � � ? ò �nÝ �6��� �¬ë;î � �%� � � � � � � Ý ø Ô6Ý"Ý0�ß�ë��3ß�Ý � ��< � � ��� �¬ë¶î � �%� ? ù ò � � �Qß�ë¶î�Üvë;í1ù ò � 4

ù#� � �'í����
5
� ?%� �3í � � � ë��3í ø�G ß)�#� ��� �'ë;î � �!�Ñ��í��� í1í'ëhß � ù � � � Ý"Ü3ó � ï(�#� ù��!��� ò � ß�ë��3�!��� � �1� Ý �6� Ý"Ü3ó � ï¾�#� � � � � � � Ý�, 12

ß ��?!� ß#�!� ? ��í�, ���
9í'ë � í/= í�� ?�� ß�� �? ��í ò� í�� ? � ï � ù���í½�)� 4

Ü ��?!� Ý"Ý���Ý���ík�#�
5
í'ù ? � ��í øG � � � ? � ò � ��"���î�Ü&Ý0�-,&Ý0���8ß ��?%� ß��%� ? ��� 13? ��Ü ? ù�í%���3�!�IÝ0� Ü ��?%� Ý�Ý���Ý��ûß�ë¶î�Üvë;í1ù ò ��í�� ?!� �3í � � � ë��3í a
�#�

u ø

��è2�
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��Ý"Ü3ó � ï(�#�� � �2� é ��Ý"Ü3ó � ï(�#� � � � � � � Ýè � ��� é �
`Ï � ��� � � îé � ��� � è ?Ï ëé �� �ç Üì �� ���� ���� í��� ���Ý"Ü3ó � ï(�#��ù��%�)� ò ���è � é����Ï � ç ì��é � �'è��� 3 è�ÏÑ�&é����ç 3 ����èJ�)Ï� ì 3 ��éD��é��� 3 �������� � ��çX� ì�2� 3 ���D���í`î�ïMÎ¾é ø �$� 
 ��Ü ? ù�í%�)�1� � � � ë��¯ù#�!��� ò � � ò ��� � ��� �¬ë;î � �!�

��è��



³�C76 Ê UIA`P¦TDK�U 9¦CpTJI Z YAPÌË >�L\K¦P�O#K 9DU NDCxLWTXP�YWZ LAP�U K�G29JTJO�P
~ ����� �'ë;î � �!� ? ù ò � � � A

��í�� ò ù��%� ? î � � � í��%��, � Ý ß�ë��3í%� ? ÷�� � � �3í � Ý � Ü�ë¶í'í � ï � Ý � �'ù ò ��÷;ù ? � ð� ? í � � �î�ë��
w
� Ü3Ü ��? � � �)�1��ë � �3ë�� ��� Ý � �3ÿ � ÿ�� ø ~ �6� Ý�ÿ;ë ? � �¬ó&î&� Lecture

Ü(� ? î&����ß������!�d÷;ù ? � ð3ß � � � ë�� ø
��ë��¬ë��&í � � �KÝ ��� Ý�Ü&ó � ï(��� ò ��� ��Ý ����� �¬ë¶î � �%� ? ù ò � � � A

��í��?ß�ë¶î�Üvë;í1ù ò �KÝ ��� Ý�Ü&ó � ï(��� � � � � � � Ý � � �ß�ë��3� � �)�1� �¬ë � íñÝ0��íñß ��?!� ß#�!� ? ��í Ü ? ù�í��)�1�¬í ò � �3íêÝ0� ò� ß#� � ë��� � � ? � ��� � � ��Ýáí �6��� ë � �!��Ý ��� Ý"Ü3ó � ï(�#�ù#�!�)� ò � � � � Ý � í��%���'ë � �%��í�Ý0��í�í'ë � í/= í�� ?�� ß�� �? ��íR� � ß��'ë ? � í'ù���í ò � �&í�Ý �6�-� �¬ë;î � �%� ø
��Ý�Ü&ó � ï(�#�

(A)
a ��Ý�Ü&ó � ï(��� � � � � � � Ý (A)

% �úÝ�Ü3ó � ï(����ù��%�)� ò � (A) ø
� ë ��? Ý���í�ï(��í1ë � �&í ò �?Ý �6� Ý"ÿ;ë ? � �¬ó3î���Â é+ã8ä©®uè¬é#,M�3ë��'ë��3í ��� í'í �@� � �áÝ �6� Ý�Ü3ó � ï(��� ò ��� �êù#� � �

p ò � A��í�� ß�ë��3í/� � � � ù ò ��í ù�� �0� � �#�%�!��í ò � �¬ë � �!��í í���í � ?%� �3í � � � ë��3í í'ë ? � � �1�!��í ø � ��í ù�� ��� � �����!��í� Ü&Ü ��? � � �����)�1��í'ë � �R<QÝ ��� Ý"Ü3ó � ï(�#� � � � � � � Ý ò � A
í'ë � �R<�Ý �6� Ý�Ü3ó � ï(����ù��%�)� ò � ò � A ø

�úÝ�Ü3ó � ï(���
(p)
a ��Ý"Ü3ó � ï(�#� � � � � � � Ý (p)
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��í�� � �3ß�Ý � í ò � �3í � �¯Ü ��?!� Ý�Ý���Ý�� ø
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* � �3íýß)�#�%�!��Ü �-? � � ��,4�3ë � í � ÷;ë��3íýî � íA�)�¦Ó � ÷ ? � � ���î�ù��¬ó&ë ò ��Üvë �?'? ù ò � � ? ��Ý � ëhß�ß � Ü � � � ë��î�ù�î�ë � ? � ò ��í �-� �¬ë;î � �%��í ø � ���%�%�áî�ù��'ó3ë ò � ò �?ß�ë;î�Ü ? ��í'í � ë��Õ��í��&<ê� � � Ý"Ý���ð�"2�J����< � ò ? ��í1í � ÿ��� ï&í'ë;Ý � ��ß�ë;î�Ü ? ��í'í � ë��{ë¶ï��!��� � � ÿ ? �¶ß)� �-� ß�ë ò � ÿ�� Ü ? ù�í��)�1�¬ù��)�{í%��ß�� � ë�� é ø � ø � ø Ôz� �#ðÅ�#��, Ý �ß�ë;î�Ü ? ��í1í � ë���<X� � � Ý"Ý��ý÷ �-? � � ï3Ý0�[��í/�Iï(� �-� ß�ë � ÜÚî�ë � �3í��o��ß � ß���í ��? ß)���p�hÜ(� ò � ò ë���&ù)��ídß ��? Ý���í� ����ë ? î � � � ë��3í), �)� �3ë;î�ï ? � ß�ë��3í ��ò ù ?!� ï&Ý0��, í1ë��3� � ? ë;Ü ò� í'í%��î�ï3Ý � ï&Ý0��íc÷ Ý � � � ï3Ý0� ò �ß�ë ?%? ��í'Üvë�� ò � �3ß���Ü ? �)� ò ?!� � ��� ? ë;Ü ò � Ü3Ý � ß)� ò � �3íÚÝ0�ñð�ß+ó � � ? ß�ë;î�Ü ? ��í'í1ù ø � � ? ù�í � Ý�� � � � ù#�¬ù÷;ù ? � ð3ù'��� � Ü3Ü3Ý ��� ��� �1��Ý�� ß�ë ò � ÿ�� ò ��. � ðLî � � ø~ ��� ò ? ��í'í � ÿ�� ? ��Ý � � � � � Ý � � ��� í1í � ù#�¬ù�ù�ß ��? �'ù�Ü ��? ß)� � � ��Ý0��íêî�ë-�¬íö� ? ��í ß�ë ��? �¬í � �%�%� � ÿ���)�1�?!� Ü ��ò ��î&�)�3��Ý � ù#� � �úð� � Ý ò � �&íûÝ ����� �'ë;î � �!�'�#� � � ò � � í%���3� � � �&í �pò ��íûÿ ?%� � ò í�í �-� �¬í ò ��� ò ? ��í1í%� � � �Üvù)� � Ý � í%���3��Ý ��� ò ? ��í'í � ÿ�� ? ��Ý � � � � øÓ)Ý&�#" � í/�!� ò ����� � ? ��íxî�ù��¬ó&ë ò ��í ò �Ìß�ë;î�Ü ? ��í'í � ë��S÷Iß)��Ü(�)� ò � �3�), ò � �3íxÝ � Ü3Ý � Ü �-? � ò ��íxß � í�,ýÝ �Ý���ß�� �? � ò � ð�ß+ó � � ? ß�ë;î�Ü ? ��í'í'ùW��í�� ? �)� ò � �'� ? ��í ò� ��ß � Ý�� ø � � ��í/��Ý0�dß � íf�3ë�� � î�î5���3� ò ��íúß�ë ò � ÿ���íò �v�p�hÜ(� ò� ß�� � ë��� � � ? �R�%��Ý � � �A~_4e0 ø � ��í�ß�ë ò � ÿ���í�ß�ë��&í ��ò � ? ���3��Ý��úð�ß+ó � � ? ï3Ý�ëhß�Ü ��? ï3Ý�ëhßv�����3ë��ù�Ý�ù�î&�)�1�ûÜ ��? ù�Ý"ù�î&�)�1� ø ûf��W� � ï3Ý�� ò ��íûß�ë ?%? ��í'Üvë�� ò � �3ß���íA��í�� ß ? ù�ù)� ò �$� � î �0� � ��î&�)�1�����wî � î5��!��î�Ü3í � � � Ý � ß�ë;î�Ü ? ��í1í � ë�� ø ~4�ûî � î5�úÜ ? � �3ß � Ü(�v��í/� � � � Ý � í'ùúÝ"ë ? í ò �ûÝ � ò ù�ß�ë;î�Ü ? ��í'í � ë��.,&Ý � � � ï3Ý0�ò ��í ß�ë ?�? ��í1Üvë�� ò � �3ß)��íH��í/� ? ��ß � Ý"ß � Ý"ù)� �-� � ��? ��� < î&��í ��? � ø Ó)Ý ��í�� � Ý�ë ? í � î�Üvë;í'í � ï3Ý��ò � � �1�!� ? Ü ? ù#�!� ? Ý0��í ò ë���3ù���í ò � ð�ß+ó � � ? ß�ë;î�Ü ? ��í1í'ù�í � �3í?Ý0�KÜ ��? ß�ë �? � ? í1ù � � ���3� � ��Ý"Ý0��î5���3�?Üvë �?? ��ß ? ù)� ? Ý � � � ï3Ý�� ò ��í�ß�ë ?�? ��í1Üvë�� ò � �3ß)��í ø

��è��
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~ � � � ò �#" � � � ë�� �-� �¬ë;î � � �0� � � ò ��� � ò ëhß � î&�)�3���%�#"$�!� ? ��ß��)�3í��9�¬ë � �%��í
Ý0��í
ëhß�ß �?%? �)�3ß���í ò ��íî�ë��¬í ò ��ß�� ò ëhß � î&�)�1� ø , ë � �%��í`ß���í ò ë����3ù)��í ? ��Ü ? ù�í%���3�%�)�3�êÝ � � � ò ��" ò � �!��"$�!� �#�ö���í'ë��1�í'ë � î � í%��íë< ��� ß � ��xß�ë��3� ?%� � �3�!�c��ó � ù ?!��? ßôó � í � � � ë���ë � ��� � ? ��í �8øf� ��? �#"$� ?%� Üvë;Ý � � � ë��., ò � �3í � ���� �¬ë;î � �!�-,jÝ � Ý � í/�!� ò ��í%��íní'ë � í/= �-� �¬ë;î � �%��í � ß�ß�ë¶î�Ü � ÿ��3ù�í ò ��Ý�� �? í � ò ? ��í'í���íD��Üvë;í � � � ë��3í ò � �3íÝ �6��� �¬ë;î � �%� � ? ��Ü ? ù�í��)�3�%� í'ë�� � � ò �#" ø � � �&í � , Ý0��í í1ë � í/= ��� �'ë;î � �!��í ß�ë ?%? ��í'Üvë�� ò � �3�'íH<:Ý �
ò ù8ð�� � � � ë�� �� ß�ë��&í�� � � � ���3� � �� � �2��ë ? î � � � ë�� � ß�ß)��í1í � ï3Ý0�-, ? ��Ü ? ù�í%���3� � � � ÷�� ò � ß�ë��3�%�)� � ò �Ý �6��� �¬ë;î � �%�ûî � � í�, ��� í1í � ,�� � ß � Ý0�\<��#"$� ?!� � ? � ÿ ? �¶ß��'<�Ý �6� Ý�ÿ¶ë ? � �¬ó&î&�W8�é+ã;:�é8è¬ã;:�éS��� ø� ó � ß � � ò ��í�í1ë � í/= ��� �'ë;î � �!��í�÷ � í � �¬ù�í�Ý�ë ? í ò �¯Ý � ? ��ß+ó� ? ßôó��ë��í��5��" � î � �3ù � ð�� ò � ? ���%�)� � ? í%��íÜ �-? � � ß � Ý ��? � �¬ù�í��W�x�hÜ(��,W� � � Ý�Ý+��,A�3ë;î�ï ? � ò � ù�� � �¬í),[�&ë;î�ï ? � ò �c� ?!� �3í � � � ë��3í),'���3í%��î�ï3Ý0� ò ��í%��íÜvë;í � � � ë��3í ò � �&í�Ý �6�-� �¬ë;î � �%� � � � � � � Ý©,2���'ß ø , ë � �!��í�ß)��í�Ü ��? � � ß � Ý �-? � �'ù�í ? ��Ü ? ù�í%���3�!���3��Ý�����ë ? î � Ý � � ? ��"ò ù � Ý Üvë �? � � ÷ � ÿ � � ? ò � �3íúÝ ����� �¬ë¶î � �!�A�#�f� � ß � Ý � �!� ? Ý ��? ��ßôó�� ? ß+ó� ò � � �2��ë ? î � � � ë��Å,�Ü �-? �#"2��î�Ü&Ý0��,Ý ��? ��ß+ó� ? ßôó� ò �Iÿ ?!� î�î � � ? ��í�Ý�ëhß � Ý���í ø
~ � ð3ÿ �? �Wé ø � ? ù�í � î&�dÝ � � ?!� �&í'Üvë;í � � � ë�� ò �dÝ � � � ò �#" � � � ë�� ò �\�%�#"$�!�W<QÝ � � � ò �#" � � � ë�� ò �6��� �¬ë;î � �%� ø

, �#"$�%� � � �¬ë;î � �!�

~ � í/�!� ò ��í�î�ë��'í���� ? � ò ë�� ò � �3ß��î�ë��A���� ? ù � � ���3ß)�Ý � í��!� ò ��í�Üvë;í � � � ë��3í
. . . . . .î�ë��>����� ? ù � � �)�3ß��Ý � í��!� ò ��í�Üvë;í � � � ë��3í

~ � í��%� ò ��í�í1ë � í/= ��� �'ë;î � �!��í���� ? � ò ë�� ò � �&ß)�
3 ë � íp= ��� �¬ë;î � �!���&���p�hÜ(�� ? ù � � �)�3ß��Ý � í��%� ò ��í�Üvë;í � � � ë��3í
. . . . . .
3 ë � íp= ��� �¬ë;î � �!������x�hÜ(�� ? ù � � �)�3ß��Ý � í��%� ò ��í�Üvë;í � � � ë��3í

Óx� ò �#" � � � ë�� Óx� ò ��" � � � ë��

ËkÌ¹Í�Î¾é ø ��ÐÑÓx� ò ��" � � � ë��J�!��"2�%�d÷hí ��� �'ë;î � �!�

��è�ç



º ^@(R^/_ ß�ifrvbM]�lzj2npoqi rfb4hÕh$g.enpb4hÕbÅjÕdvlqe�lxp:p`qrppb4h

 � Ü&Ü¾��Ý�ë��3í � �.����� ß+ó � Ü � � ? �5è��3ë � í � ÷;ë��&í ò� í/� � �3ÿ � ù�Ü3Ý � í � � ��? í'�x�uÜ(��í ò ��í'ë � í/= �-� �¬ë;î � �%��í�#� � �.����� ß+ó � Ü � � ? �&Ï��3ë � í � ÷;ë��3íýÜ ? ù�í��)�1�¬ù.Ý �J? ��ßôó� ? ß+ó� ò ��ß)��íýí'ë � í/= ��� �¬ë¶î � �!��í ��� í%� � � ò ��í��� �¬ë;î � �!��í ? ��Ü ? ù�í��)�1� � �1� ò ��í ò�� ß#� � ë��� � � ? ��í ø � �����!� ? ��ßôó�� ? ß+ó� � ? ù�÷;ù�Ý�ù¯Ý � Ü ? ù�í%���3ß�� î � í'í � ÷��ò �Qí'ë � í/= �-� �¬ë;î � �%��í ò ���x�hÜ(��í'ù ? � �Që � Ü ��?!� Ý�Ý���Ý��-, ?!� � í'ë��wÜvë �? Ý � � � ��Ý�Ý��[�3ë � í\�3ë � í � �1�¬ù ? ��í1í'ë��&íí'Üvù�ß � ð � � ��î&�)�1��<Qß)��í ò � � "¯í'ë � í/=)í/� ?�� ß�� �? ��íf���f<�Ý�� ��? � � ò ��" � � � ë�� ø� ë ��? � � ò ��"2� ? Ý0��í�í'ù ? � ��í), � ��� Ý � í��%�v��í�� ? ù � Ý � í1ù)� � í'í'ëhß � � �1�><nßôó � � � � í'ù ? � ��Ý � �)�3í���î�ï3Ý0� ò ���'ë � �%��íí%��íûÜvë;í � � � ë��3í ò � �3í�Ý ����� �¬ë¶î � �!� ø ~ � Üvë;í � � � ë�� ò ��� ��ní'ù ? � � ò � �&í�Ý ����� �¬ë¶î � �!�A��í�� ò ë���3ù���Ü ��? Ý��� � î�ù ? ë ò ��Ý � ÿ��� ò ��í � � ?!� �3í � � � ë�� ò � ò ù�Ü ��? � ò � �3íIÝ��Qð�ß+ó � � ?A? ��Ü ? ù�í%���3� � �3�nÝ �6�-� �¬ë¶î � �!� ø ûR��Ý � í��%� í � î � Ý � � ? �v��í�� ò ? ��í'í1ù)�ýÜvë �? � � ò ��"2� ? Ý0��í�Ü ��?%� Ý"Ý0��Ý���í ø

º ^@(R^ÁÒ ß�ifrvbM]�lzj2npoqi rfb4hÕh$oqtvh�à£h2g.e�npb4hÕbÅjÕh2oqtvh�à�dvlqe�lxp:p`qrppb4h
� ë �?D� Ý�Ý�� ? Ü3Ý � íWÝ"ë � � ò � �3í?Ý � � � ò �#" � � � ë�� ò ��í?Ü ��? � � ��í � �3�!� ? ���í ò ��� � �-� �¬ë;î � �%��, � Ýúí%� ?!� � �� �3�¬ù ? ��í'í � �3� ò ��� ÷;ë � ?[� ß�ß)��í),M�3ë��`í�� � Ý���î&�)�1� ��� "ÚÜvë;í � � � ë��3í ò ��íní'ù ? � ��í[��� ò ��í�Ü ��?%� Ý�Ý���Ý���í), î � � í��� í'í � <¥Ý � �)�3í���î�ï3Ý�� ò ��í Üvë;í � � � ë��3í ò ��í í1ë � í/= í'ù ? � ��í��#� ò ��í í'ë � í/= Ü ��?!� Ý�Ý���Ý���í`Ü ? ù�í��)�1�¬í ò � �3íÝ �6��� �¬ë;î � �%� ø ��ë � í � ÷;ë��3íûù#� � ò�� ùnÝ � Üvë¶í'í � ï � Ý � �¬ù ò ��� � � Ý � í%� ? ò ��íûí��hí/�!��î&��í ò ù ò�� ù�í � � � � � � Ý+��î&���3�v<Ý � � � ò �#" � � � ë�� ò ��í��!��"$�!��íQÜvë ��? Ý��5� � � ? � ø ûR��Ñ�!��ßôó� �0� � �X� ? ��í � �3�'ù ? ��í'í � �3�%��, � � � ? ù�Üvë�� ò <ê�&ë;íï(��í1ë � �3í),���í��ýÝ �6��� �¬ë;î � �%� ò ��íIí � ��"2��íX��* � ? ��ß#�!� ò ��ß#�hß�Ý � ßÉ0Úë ? ò � ?%� Ü3óc��*>�_0 �5� �ôø Ôz� ��ð¾���),Ü3Ý � í � � �? íWù�� � ò ��í �-� �¬ë ��? ò �wÝ � � � ò �#" � � � ë�� ò ��í ? ù�Üvù�� � � � ë��3í ò �wí/� ?�� ß�� �? ��í), ò ��íáî�ë��'íX��� ò ��í�!��"$�!��í�,5��ë��1� � í � ÿ�� ò ��� � *>��0 ��,�÷;ë � ? Ü ��? ��"���î�Ü3Ý0� 	 � ? ëhß+ó��î�ë ? �A�#�¦. � �3ß ��? �),4�����1ç����#�	 � ? ëhß+ó��î�ë ? �?é8ä[ç�º+À0,¥�����2��� ø * � �3í �3ë�� ? � ß � í�,ÚÝ ��� � � Ý � í � � � ë�� ò ��� � DAWG

� í'í �? � ?!� � � � �� ÷ � �1� � ÿ��xß�� ? � � � �Å,úÜ ��? ß)� � � �ñß��`Ü ? ëhß�ù ò ùö�3ë � í Ü(� ? î&����� ?%� � � ò �`ß � Ý�ß � Ý0� ? Ý0��í Üvë¶í � � � ë��&í ò ��¬ë � �!��íØÝ���í ëhß�ß �?�? �)�&ß)��í ò ��� �� í'ë � í/= í�� ?�� ß�� �? �-, �)� � ò ù��%��ß#� � �1� ò ��í � �3ß�Ý � í � ë��3í), ò ��íß+ó��÷ ��� ß+ó��î&�)�1�¬í),(�#�¬ß ø

º ^@(R^@( É t>j�o`|}lmj2b rvb4h h2tbáâ]>b4häã
DAWG

ã
ûR�

DAWG
��í/� � � ��� �¬ë;î � �%� ò ��í�í � ��"2��í � � � ? ��Ü ? ù�í%���3�%� � ��dí�� ?%� ß#� �? �'����ß � ß)�IÜvë �? Ý��� ?%� � �%��î&�)�1�X���áÝ ��� � � Ý+�hí%� ò ��í ? ù�Üvù�� � � � ë��3í ò � �&í � � �!��"$�!� ø�3 ë�� � Ý�ÿ;ë ? � �'ó3î&� ò �wß�ë��3í�� ?%� ß#� � ë��? ��Üvë;í%��í �?9� ���Ý0��ß�� ��? � ò ��ÿ ��� ß+ó� < ò ? ë � �!� ò � �!��"$�!��Üvë �? ß ? ù�� ?ö��� � ��? �#� <Bî&��í ��? �Ý �6��� �¬ë;î � �%�Iî � � � î � Ý ò ��í�í � ��"2��í\���ë�!��î�Ü3íúÝ � �3ù � � ? � ø Ó)Ý ? ��Ü ? ù�í��)�1�!� � � �3í � Ý��'�!��"$�!��í1ë � íf��ë ? î5�ò ��� �¯ÿ ?!� Ü&ó� ø� �#�%�!��í�� ?�� ß�� �? �.Üvë¶í'í%� ò � � ���.ÿ ?!� � ò ��÷ ��? � ù��'ù ò �6� Ü3Ü3Ý � ß � � � ë��3ídÜ �-? î � Ý���í � � ��Ý�Ý���íIÝ � � � ò ��" � � � ë��.,Ý � ß�ë;î�Ü ��?%� � í1ë�� ò � í'ù � � �)�3ß)��í),�Ý0�ûß � Ý"ß � Ý ò ��í�Üvë;í � � � ë��3í ò ��í�î�ë��'í��#��í1ë � í/= î�ë-�¬í ò � �3í � �J�%�#"$�!��#�êÝ���ß � Ý�ß � Ý ò ��íö� ? ù � � ���3ß)��í ø Ôz� �#ðÅ�#��, ò � �3íñÝ � ÷�� ? í � ë��×Ü ? ù�í%���3�'ù)��Ü ��? ����ó ? � �-? �¯ë;ó ? �	 �
ë;ó ? � ,.�������£��,�<�ß+ó � � � �êù#� � � ò � DAWG

��í�� � í'í1ëhß � ù�� � ���ñÝ � í��!� ò � ���3� � � ? í ? ��Ü ? ù�í%���3� � �3�Ý � ���3í%��îQï&Ý0� ò ��í¯Üvë;í � � � ë��3í ò ��í¯î�ë��¬í ? ��ß�ë��� � í�,f<êß)�#�
ù#� � �), ò � �3íáÝ0�ê�!�#"$�%� ø � � �3í � , � �� ��ë � í� �.��� ��î�ë���ë � í'ë � í/= î�ë��v��í�� Ý � <.Ü ��? � � ? ò � DAWG
,�Ý � �)�&í%��î�ï&Ý0� ò ��í%��í Üvë;í � � � ë��3íúÜ(� � � � � ? �ò� ? ��ß��!��î5���3��ë;ï��!��� � <�Ü �-? � � ? ò �dÝ � Ý � í/�!� ò ��íR�3ë;î�ï ? ��í>���3� � � ? í � í'í1ëhß � ù�íf<QÝ � ù�� � � � ���!� � �3� ø
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a
S1{3}, S3{3}

Index(3)
a

S1{5}, S2{2} Index(10)
a

S1{4}, S3{4}
Index(4)

a
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a
S1{5}

Index(5)
a
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a

S1{6}
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a
S1{7}, S2{4} Index(13)

a
S1{7}
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a

S1{1, 2}, S3{1, 2}
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��Ý��\�3ë;î�ï ? � ò �dï � �'í>�3ù�ß)��í'í � � ? ��íúÜvë �? í��'ëhß � � ? Ý0�\�3ë;î�ï ? � ò �\� ?%� �3í � =� � ë��&í ò �dÝ � í'ë � íp=)í/� ?%� ß�� ��? � ø
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∆Óx� � � � � Ý���î&�)�1��,lß+ó � ß � �� ò ��íX� ?%� �3í � � � ë��3í ò �KÝ �6��� �¬ë;î � �%����í�� ? ��Ü ? ù�í��)�1�¬ù)��Ü �-? � ? ë � í � �2��ë ? =î � � � ë��3íê��÷;ë � ? í%��ß�� � ë���é ø ��,�Ü � ÿ��ö����ç �8ø � � �3í � ,�Ý � � � � Ý"Ý�� � Ý"Ý�ë � ù��ê<`ß)��í � �2��ë ? î � � � ë��3í),`�3ë��¬ù��
Tailletransition
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Tailletransition = 1 + Taillealphabet + Tailleadresse
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bénéfice = F ∗ (L ∗ Tailletransition)
��é ø é �
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~4�dÜ ? ù ��� ò� ß��'��í���ë;ï��%�)� � �)� � �3í1ù ?%� �3��Ý � í'ë � í/=)í/� ?%� ß�� ��? � ò � �3í�Ý ��� Ý"Ü3ó � ï(�#� ø
préjudice = L ∗ Tailletransition + 1 + Taillesous−structure + (L ∗ Taillealphabet)

��é ø � �

� � �3í � ,&Ý � ��ë��3ß�� � ë�� ò �dÿ � � �J��í�� ? ��Ü ? ù�í��)�3�'ù)�ýÜ ��? Ý � ù � ��� � � ë��?í � � ÷ � �1�!���
∆ = (F − 1) ∗ L ∗ Tailletransition − 1− Taillesous−structure − (L ∗ Taillealphabet)
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Ü(� ? î&�#� �)�3ß�ë ? � � ��Õ��ë � í ò ��� ?%� � �%� ? �&ë�� ? �Ü ? ë;ï3Ý���î&� ø Ôz� ��ð¾���),úÝ0��í � � ò �#" � í1í'ëhß � ù�íê<�ß+ó � � � �ñù#� � � ? ��Ü ? ù�í%���3�!���3��Ý���í
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, � � ò�0� � � � � �ë��ß�ß�����í��ýÜ ? ù�í��)�1�!������ë � í ò � �&í S1
,4<áÝ � Üvë¶í � � � ë����D�#�� ��'��ë � í ��� í1í �pò � �&í S3

<�Ý � Üvë;í � � � ë��ë� ø *v�ýÜ3Ý � í S1

� Ü3Ü ��?%� õ0�>Ï&��ë � í ò � �3í A
���

S3 ò � � "���ë � í ø� � �3í � ,&Ý � � ? ù � � ���3ß)� ò �Ñ�8ß�ß�� ò � �3í�Ý ����� �¬ë¶î � �!� A
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Ý0� ÿ � � �áí�� ?%� ò � 5 + 14 = 19 ø
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�#�
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��� ? ��î�Ü&Ý � F � �3�
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DAWG
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,uß)�#� � Ý"ÿ;ë ? � �¬ó3î��úß � Ý�ß � Ý0��Ý � ���3í%��î�ï3Ý0� CSA � � �ß�ë��3� � �)�1�>�'ë � �%��í�Ý0��í�í'ù ? � ��í�ë � í'ë � í/= í'ù ? � ��í�ßôó&ë � í � ��í�Üvë ��? Ý � � � ß��'ë ? � í � � � ë�� øÔz�KÜ ? ��î � � ? , � Ý Ü �-? ß�ë �? � A

���KÜ ? ë���ë�� ò � �? ò ��� ïvë ? ò Üvë �? ß � Ý�ß � Ý0� ? Ý � �)�3í���î�ï3Ý�� SA
ß�ë��1�!�)� � �3��¬ë � �!��íQÝ0��íQí1ù ? � ��í ò � A ø Ôz�3í � � �!�-, � Ý�ß�ë��3í�� ?%� � �QÝ0� DAWG

<wÜ ��? � � ? ò ��í�ù�Ý�ù�î5���3�¬í ò � SA
���Ü ? �)� � �3�?í'ë � � ò ��� í1í'ëhß � � ? <xß+ó � � � �wù#� � � p ò � DAWG(SA)

� �Þÿ � � � ø � �Kÿ � � � ��í��?ß � Ý�ß � Ý�ùÿ ? �¶ß)�D<KÝ � ��ë��3ß#� � ë�� ∆
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∆ = (F − 1) ∗ L

�Áé ø ì �
* � ß�� � ë��� � � ? �

* � ß�� � ë��� � � ? �v� � ß#�¬ë ? � í'ù%��Ý"Ü3ó � ï(�#��ù#�!�)� ò � ò ��í�í1ë � íp=)ß+ó � õÛ����í

� � �'ë;î � �!� î � � � î � Ý ò � ò� ß�� � ë��� � � ? �v� � ß��¬ë ? � í1ù%��Ý"Ü3ó � ï(�#��ù#�!�)� ò � ò ��í�í1ë � íp=)ß+ó � õÛ����í

� � �'ë;î � �!�
? � � � � ? �

E � ß��¬ë ? � í � � � ë��

� ù)�&ù ? � ? Ý �6�-� �¬ë;î � �!�

� ë¶î�Ü ? ��í1í � ë��

ËkÌ¹Í�Î¾é ø çWÐX* � � ÿ ?!� î�î&� ò �dÝ � � � ß��'ë ? � í � � � ë�� ò ��í�î�ë��¬í ò ��� � ò� ß#� � ë��� � � ? �

*v��í��%��í/�¬í�ë��1��ù#�¬ù ? ù � Ý � í'ù�í�í �? Ý � �)�3í���î�ï3Ý�� ò ��í ò�� ß�� � ë���� � � ? ��í), ß)��Ü(�)� ò � �3��ß)� ? � � � �3í ? ù�í � Ý�� � �¬í� � ë��1� Ü � í
Ü � � � ? �Úë¶ï��!��� � í�,f��� ?!� � í'ë�� ò � �!��î�Ü3í ò �ìß � Ý"ß � Ý ò � DAWG ø Ôz� �#ðÅ�#��,�Üvë ��?í'ù�Ý0��ß�� � ë����� ? Ý���í
í1ë � íp=)î�ë��¬í � �3�'ù ? ��í'í � �3�'íê<�� � ß��¬ë ? � í�� ? ,�ß)�����!�xî�ù��'ó3ë ò �Úß ? ù��xÝ0�
DAWG ò �

��é ì



�¬ë � ��Ý0� ò� ß�� � ë��� � � ? ��,�ß���Ü(��� ò � �1� Ý0�'�3ë;î�ï ? �A�¬ë�� � Ý ò �nî�ë��¬íR��í/�v� ? ��í�ù�Ý���÷;ùnÜvë ��? ß�� ? � � � �3í ø¾� ��?��"���î�Ü&Ý0��, ?!� Ü&Ü¾��Ý�ë��3í � � �IÝ��A*�Ôq~4��EÕ��Ý�Ý���î � � ò ß�ë��1� � �)�3� 3 713 121
î�ë-�¬í ø

~ � � � ï&Ý0�Aé ø ì Ü ? ù�í��)�1�!�IÝ0��í ? ù�í � Ý�� � �¬í�ë;ï��%�)� � í ø Û � ? ��î ��? � � � � � �Iß����%�%�\� � ß��'ë ? � í � � � ë��?Ü ? ë¶ð�%�'<ß�� ? � � � �&í ò�� ß�� � ë���� � � ? ��í ø Ôq� �#ðÅ�#��, Ý � � � � Ý"Ý�� ò �.Ý ����� �¬ë¶î � �!� ? ��Ü ? ù�í%���3� � �3��Ý�� ò� ß�� � ë��� � � ? �B�½��ïó3ë��3ÿ ? ë � í � ï � � í1í'ù ��� í � �.� < � �%�%� � � ò ? � 757
ñúë�, � Ý�ë ? í � � ��Ý��nî&� � Ý�Ý+� ��?f? ù�í � Ý�� � ��ë;ï��!��� �&��� í � �.� <ß����%�%�Iù�� � Ü(�dù�� � � � 775

ñúë��
FNCM �8ø� Ý � í � î�Üvë ? � � �1�@�)�3ß�ë ? �-,�Ý �6��� �¬ë;î � �%� ò ��í�÷ � Ý�Ý���í½� ?!� �!F � � í%��í � � � Ü � í'í%� ò � 222

ñúë�ë¶ï��!��� � í � ÷���ß
FCM

<
67
ñúë ø ~ � �#" � î&��� ò ��í�í1ë � í/= î�ë-�¬ík� � ß��'ë ? � í'ù�í@��"&Ü&Ý ��� � �ûß)� ? ù�í � Ý+� � ��Ü ��? Ý � Ü ? ù�í%�)�&ß)� ò ��3ë¶îQï ? � � í%��íêí1ë � í/= í�� ?%� ß#� �? ��í ß�ë¶î�î � ����í ò � �3íñÝ0��íö�3ë;î�í ò �Þ÷ � Ý�Ý���í � ?!� �!F � � í%��íö�!��Ý�Ý0��í � � ��,

3 � � �3�),c?[ë �? ÿ,4�#�¬ß ø � � �&í � , � Ü3Ü3Ý �0� � � ? Ý � � � ß��¬ë ? � í � � � ë���í �? Ý0��ídî�ë-�¬í ò � ò� ß#� � ë��� � � ? ����í��ýÜ&Ý � í�o��ß � ß)� � � �Ií �? Ý �6�-� �¬ë;î � �!� ø~ � � � ß��'ë ? � í � � � ë�� ò ��í �-� � ? ��í ò� ß�� � ë��� � � ? ��í����IÜ(� ? î&�#�úÜ � í ò �6� î�ù�Ý � ë ? � ? Ý0��í ? ù�í � Ý�� � �¬í�,�î � � í � Ý"í? ��í��%�)�3� � í'í��)�IÜ ? ëhß+ó��í ò �Iß�� � "áë;ï��!��� � í � ÷���ßdÝ0��í�î�ù��¬ó&ë ò ��í�Ü ? ù�ß�ù ò �)�1�!��í ø
* � ß�� � ë��� � � ? � , � � Ý�Ý�� , � � Ý�Ý�� , � � Ý"Ý�� , � � Ý�Ý�� , ��� "

ò�� ß�� � ë��� � � ? � ò� ß�� � ë��� � � ? � ��� �'ë;î � �!� ��� �¬ë;î � �%� ò �� Ü ? ��í�� � ß#�¬ë ? � í � � � ë�� î � � � î � Ý ß�ë;î�Ü ? ��í1í'ù ß�ë;î�Ü ? ��í'í � ë��*vÔ`~4�5E�Ôz� èqè�è1é2,���� �MÏ����, ��ç � ì �1ç2,6é�è ç�ç-��,6� ì ç-��, ç��;�
W � Ý�Ý���í2E ? Ï ì ��,6ç ì�ì ,6è�Ï �����2,6��Ï �1ç2,6�-Ï ì ��,6�-Ï��
0 ��ï E ? �@��é-Ï, ì�ì �¦é���ç2, ç$� �z� ì ��,6ç�é ��è��2, ç é-��,6è��Z�
0 ��ï ?[ÿ ����Ï1�2,6è �z�����2,6� ì èzè���ç2,���� �1�$��,6��� ���2,���ç;�
0 ��ï*. � �z��� ì ,��1ç �4Ï1è���, ��ç �zç��1ç2,6��� ç�é�ç2,6é�é ��è�,6è�ç;�
0 ��ï � , Ï`��� ì èzÏ���Ï Ïq����� �¦����� �1�2,6é;�

í`î�ïMÎ¾é ø ì ÐåE � ß��'ë ? � í � � � ë�� ò ��í�î�ë�� ò ��� � ò� ß�� � ë��� � � ? �

��é-�



³�C#" $ O�QlA@TJQ¦Q4O#Y[I U@PO� YWI�A½N)TJQ4O#Y[I
� ÷ � �1� ò �.ß�Ý�ë ? ��ß)�.ß+ó � Ü � � ? � � ��� ò� í'ß � í'í � ë��`í � � î�Üvë;í��.í �? Ý � � � ß��'ë ? � í � � � ë�� ø Ôz�ö��ð¾����, Ý���í? ù�í � Ý+� � �'í×ë;ï��%�)� � íÈß�ë ?�? ��í'Üvë�� ò � �3� ��� " ò� ð�ù ? �)�1�!��íÈî�ù#�¬ó3ë ò ��í �!��í/�¬ù���í ò ù�î�ë��3� ? �)�1� ��ë �ß�ë��&ð ? î5���3� � Ý � � î�Üvë ? � � �3ß)� ò � ß+ó3ë � " ò ��íní1ë � í/= í�� ?�� ß�� �? ��í�<�� � ß��'ë ? � í%� ? ø � �.ß+ó3ë � " ò ù�Ü(�)� òñò ��3ë¶îQï ? � ò �ö� ?!� �3í � � � ë��3í � � �êß�ë��3� � �)����)�1�ìß)��íìí'ë � í/= í�� ?�� ß�� �? ��í �#� ò �ñÝ0� ��? � ? ù � � �)�3ß�� ò � �3íÝ �6��� �¬ë;î � �%��,&î � � í � Ý ò ù�Ü(��� ò �-� í'í � ò �dÝ � � î�Ü � ß�� ò ��� ��A� � ß#�¬ë ? � í � � � ë��Wí �? Ý0��í�í � � ÷ � �3�%��í ø
 ��÷����3ë��3í < Ý � �#"2��î�Ü3Ý�� é ø è�, Ü � ÿ�� ��Ï���, Ý � ð3ÿ �? � é ø è Ü(� ? î&��� ò � ÷ � í ��� Ý � í%� ? Ý��

DAWG(S1, S2, S3)
� í1í'ëhß � ù ��� " � ? ë � í í'ù ? � ��í ò ù#�!��ß��'ù)��í ò � �&í � � �-� �¬ë;î � �%� ò ë���3ù ø ~4��íò� ðLù ? ���3�¬íýí1ß�ù�� ��? � ë;íýÜ ? ë;Üvë;í'ù�ínÜ ? ë � ÷��)�1� � � �.Ý �6� Ü3Ü3Ý � ß � � � ë�� ò ��� ��5� � ß#�¬ë ? � í � � � ë�� � �A � �)�3ß��.Ý � ,ë � Ý0��í�í � � ÷ � �1�!��í ø
 � Ü3Ü(��Ý�ë��3í � � � S1

a
ccdbaab

,
S2

a
baab

���
S3

a
ccdb

��� � � � Ý���íÐ÷ �-? � � ï3Ý0��í x, y, z? ��Ü ? ù�í%���3� � �3�úÝ0��í�� ? ù � � �)�3ß���í ? ��í'Ü(��ß#� � ÷���í ò � S1

,
S2

���
S3

�
x = 4

,
y = 1

�#�
z = 2 ø~ � ��ë��3ß#� � ë���ÿ � � � � í'í1ëhß � ù)��<êß+ó � � � �ìù�� � � ò � DAWG

Ü(� ? î&��� ò ��ß � Ý�ß � Ý0� ? Ý��wÿ � � � ò ��Ý �� � ß#�¬ë ? � í � � � ë�� ò �bÝ � Ü3Ý � í�Ý"ë��3ÿ � �Bí'ù ? � � ? ��ß�ë��� � ��<|ß����Þù�� � ��,�ß)��Ü(�)� ò � �3� � � ù�� � �ÞÜ(� � �? ��ß�ë��� � õ�� ? ��Ü3Ý � í � � �? í¯í'ù ? � ��í¯ë � í1ë � í/= í'ù ? � � ø ~ � ù�� � � 6
? ��ß�ë��� � õ0�¯Ý���íáí'ë � íp=)í1ù ? � ��íö�8ï ��� ï�� �#�� ��� ï�� ø� ë;î�î&��Ý � � � ò��� � ��Ý���í'ß�ù�� ��? � ë�Ï�, � Ý í�� ?!� � � � �1�¬ù ? ��í'í � �1� ò � ù8÷ � Ý � � ? Ý���ÿ � � � � í1í � ÿ��3ù <�� ��� ï4�î � î&�¥í � ��Ý�Ý��y� � ��í��BÜ � í ò �§Ý�ë��3ÿ � � ��? î � " � î � Ý+�y<×Ý � ù�� � �

6
��� ��{Ü � í�í��{ß�ë��3ß��)�1� ? � ?� � ��� � ��î&�)�1�dí ��? Ý � í1ù ? � � ò �QÝ"ë��3ÿ � � �? î � " � î � Ý+� ø Û ��ß�ë��3í/� � �%� � � �3í �M� � ��Ý0�nÿ � � �Kë;ï��%�)� � ���

4ème í'ß�ù)� ��? � ë���í/�ýù�ÿ � Ýz<áß)��Ý � � ë;ï��%�)� �9��� 1er ,$î � î5��í � Ý0��ídí1ù ? � ��ídí'ù�Ý0��ß#� � ë���3ù���í �-� Ü ? ��î � � ?í'ß�ù)� ��? � ë�í'ë��1��Ý0��í�Ü3Ý � í�Ý"ë��3ÿ � ��í � í'í1ëhß � ù���í �-� "áù�� � �¬í 6
���

10 ø
Ó)Ý.��í�� ��� í'í � Üvë;í'í � ï3Ý�� ò �\� � ß#�¬ë ? � í�� ?�� � �0� � ��î5���3� � ��IÜ ��? � � � ò ��í�ëhß�ß ��?%? ���3ß)��í ò ��� ��Ií1ù ? � � ò � �3íÝ �6��� �¬ë;î � �%�ûÜvë �?>� �3� � ß � Ü(� ? Ý � � î�Ü � ß�� ò ��í�ß�ë;î�ï � � � � í'ë��3í ò �A� � ß��¬ë ? � í � � � ë�� ø
ÆvÇ4È$É9¤�ÊuÈ Í k Í
� � � �1� ò ë���3ù)��íR� ? ë � í�í1ù ? � ��íW� S1 = acdacd

�£,��
S2 = cdcd

�\�#�[�
S3 = acda

� ø~ � í1ë � í/= í'ù ? � ��� cd � � Ü3Ü ��?!� õ0��, �-� �¬ë�� � ÝÁ,�ß � � � ��ë � í ø *v� � " ��ë � í ò � �3í S1

, ò � � " ��ë � í ò � �3í S2

�#�� ��dí%� � Ý0�\��ë � í S3 øÓ)Ýpí%� ?!� � ��Ü(� � � � � ? �nÜ&Ý � í � �3�'ù ? ��í'í � �3� ò �[��nÜ � í�Ý � � � ß��'ë ? � í%� ? ò� ? ��ß��!��î&�)�3� �-� "
ß � � � Üvë;í � � � ë��3í�#�@�)��÷ � í � ÿ�� ? ò ��Ý �'? ù ò � � ? � � � �0� � ��î5���3��í � Üvë;í � � � ë���ð�� � Ý�� ò � �3í S1

����í���í ò � � "WÜvë¶í � � � ë�� ò � �3í
S2 ø � �dßôó&ë � "?Ü(� ? î&���%� ?!� � � ò � ? ù ò � � ? �dÜ ��? Ý � í � � �!� Ý � í'ë � í/=)í1ù ? � � acda ø
� �#�%�!� ? ��î �-? � � � ë � ÷ ? � Ý � ? ù�A���" � ë�� í �? Ý � Üvë;í'í � ï � Ý � �'ù ò � í'ù�Ý0��ß�� � ë���� ? ò�� ð�ù ? ���3�%��í� � ß#�¬ë ? � í � � � ë��3í�Ý"ë ? í ò ��� ��Iî � î&� ù�� � Ü(� ø

� ë ��? Ü ��?!� ßôó���÷�� ? Ý���í ? ù�í � Ý�� � �¬í ò ��ív� � ß��'ë ? � í � � � ë��3íúë;ï��%�)� � ��í í �? Ý���í ò� ð�ù ? �)�3�%��íûî�ù#�¬ó3ë ò ��í),LÝ��� � ï3Ý0� ��� é ø ��Ü ? ù�í%�)�1�!� � � ? ù�í � î�ù ò ��í.î&� � Ý"Ý�� ��? í ? ù�í � Ý�� � �¬í ø Û �Ìß�ë��&í�� � �!� � �.� �)��ÿ¶ù)�3ù ?!� Ý�,�Ý���í� � ß#�¬ë ? � í � � � ë��3íúÝ0��íûÜ3Ý � í��o��ß � ß���í ò ��í ��� �'ë;î � �!��í�í%� ? ù � Ý � í%���3����� � � � Ý � í � �3� � � � Ý�Ü3ó � ï(��� � í'í%���ß�ë �? �), ò � 7
< ì ï � �¬í ø , ë � �%����ë � í),lë�� ? ��î ��? � � � � �.� � ÝR�#" � í��!� � � � �1� ?%� í ò � �3íWß��ë� � ï3Ý�� ��� , � Ýí ��� ÿ � � ò � Ý �6��� �¬ë;î � �%� ò ��í Üvë;Ý��hÝ0��" � ß ��� " � �3ÿ;Ý � � í � � � � �%�!� � �1� í'ë�� î&� � Ý�Ý+� ��? � �-� " ò �ß�ë;î�Ü ? ��í1í � ë��?Ý�ë ? í � � �ûÝ � � � � Ý"Ý��úî � " � î � Ý+� ò � Ý ��� Ý"Ü3ó � ï(�#�@��í���ð�"uù)�A< 1 024 ø � � ò� ß#� � ë��� � � ? �f��í��ß�ë;î�Üvë¶í'ù ò � �#"uÜ ? ��í'í � ë��3í � �3ÿ¶Ý � � í%��í),�< Ý � � �3í�� ��? ò � ò� ß�� � ë��� � � ? � ò ��íE÷ � Ý�Ý���í�� ?!� �!F � � í%��, ò ��3ë¶îQï ? � � "�î�ë��¬íX�Þí1ë��3� ? ù�ß ��?%? ���3�'í ø Û ��Ü(� � � ò ë��3ß�ù�î&����� ? ��Ý � ó3�hÜvë��'ó��í�� ò �6� î�ù�Ý � ë ? � ? í1ë��? ù�í � Ý+� � �>��� � � � Ý � í � �1� FCDic

�¹� � ß��'ë ? � í � � � ë�� ò ��í�î�ë��¬í � ÷ � �1� ò �dÿ;ù��3ù ? � ? Ý �6�-� �¬ë;î � �%� �ôø� ë ��?�? ù�í � î5� ? ,�Ý � î�ù#�¬ó3ë ò � FCM
��í��ë�o��ß � ß)�ÚÝ�ë ? í � �.� ��Ý"Ý0��í �6� Ü3Ü3Ý ��� � � ��� " ��� �¬ë¶î � �%��í ò �

�����



*�Ôq~4��E ø ~ � î�ù��'ó3ë ò � FCMinverse

��í���Ü(� ? ��ë ? î � �1�!�Ií �? Ý0��í ��� �¬ë;î � �!��í ò ��íú÷ � Ý"Ý0��í�� ?!� �F � � í%��í�#�WÝ��¯Üvë;Ý��hÝ0��" � ß ��� " � �3ÿ;Ý � � í�,m�¬ë � �!����ë � í), � ��÷�� ? í�� ? Ý���í�î�ë��'í�Üvë �? Ý���í ��� � ? ��í �-� �¬ë;î � �%��í&� � ��í��Ü � í�Ü ? ë�ð� � ï3Ý0������Ý � î�ù��'ó3ë ò � FNCM
��í��R�o��ß � ß)�dÝ�ë ? í � �.� ��Ý�Ý��ûí ��� Ü3Ü&Ý ��� � � ��� " ��� �'ë;î � �!��í ò �0 ��ï ø
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l ��; U¼]<ÿy�Tá���â�$Dà�%�')$#â , áaý , à^â��[ü¸��Í�"rà�$cý©à�� , à�U
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� � � 	 � �� � þ  � þ � � � � � � �� � � �� � � þ �ÿ� ó à � �ë 	 � � �� 
 	 þ� ��� � � þ � � �� � þ � þ� ��  � 	 � þ 
 � � � � � 	� �� þ � �ÿ� ó à� ÿ æ � þ � �� 	� 
 � þ �� 	 
 þ � � � � � � � �� ��  	� �� þ � 	 
 �� 
 � �� � 	 � þ

� è é éæ í � ë þ þ� � � � � � � 
� � 	 � þ �� � � � � � � 
  � 
 	 � � � 
� � � �� 	 þ �

�ã éû � ò � � 	 
� � � 
 � � �� � þ � þ �� þ � � þ� � �  � � 
 � � � 	 � � � � þ �� � �ü å â ý ôãë èæ �

�æ ñ � ë � � � �� 
 � � 	 � �� þ � þ� 
� � þ � þ� � �  �� � � � � � � 
 � � 
 �� � þ þ �

�æ ñ� ô � � � �� � � � 	� 
� � � � � �� � � � �� � þ  � � � �� � �� 	 
 �� �� � � þ �

�æ ñ� á � 	� � � 
 
 �� � �� � � � � �� � � � 	� � þ  � � 
 � �� � 
 � �� � �� þ � þ 


�æ ñ � â �� � þ � þ � �� � � þ � 
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à á âãä å â æ ç å è é éæ ç å è é éæ åêë ìîí ç å è é éæ åêë ìîí ç åáï ð ñ âë åò í è â èã ò í ð ñ âë åò í è â èã ò í óã ò ôá æ á ë óã ò ôá æ á ëä è ò èä å é è ò è â è å éæ õ ö ã ÷ ø åù âãë è³í å â èã ò õö ã ÷ ù ãä êë æ í í èã ò ù ãä êë æ í í èã ò åú åò â åêë ìí ä ãû æ ò ò æ ä åï èä å éæü å â ý ôãë èæ þÿ� ó à � � ë � � �� � � 
 � 	 �� � � � � � 	� 
 	 � �� � 
  � þ � �� � þ � �� �� �� þ � �ÿ� ó à� � ò � � �� � � � � 
� � � � 
 þ� �� � � � �� þ �  � þ � � � � � � � � � 
 �� � � þ �ÿ� ó à� �ë õ þ � 
 þ ÷ 	 � � �� 
 	 þ� �� 	 � þ � � �� þ � �� � � 
  � 	 � þ 
 � � � � þ þ � �� � � �ÿ� ó à� ÿ¶æ � þ � �� 	� 
 
 � �� 
 � þ � � �� � � � �� � �  	� �� þ � 	 
 	 	 � � �� 
 � � þ

� è é éæ í � ë þ þ� � � � � � 	 �� � � � �� � � � � � � þ �  � 
 	 � � � þ � 
 � �� � þ þ �

�ã éû � ò � � 	 
� � � 
 � 	 	� þ � þ �� � � � � � þ� þ�  � � 
 � � � 	 	� � � 	 �� þ 
 �ü å â ý ôãë èæ �

�æ ñ � ë � � � �� 
 � � 	 �� � �� þ� � �� � � �� � � �  �� � � � � � � � � 	� �� � � þ �

�æ ñ� ô � � � �� � � � 	 � þ� � � � 	 ��� � � � �� � 	  � � � �� � �� � � 	 � �� 
 � þ �

�æ ñ� á � 	� � � 
 
 �� � 	� �� � � þ� � � � �� 
 �  � � 
 � �� � 	� � �� �� � � þ 


�æ ñ � â �� � þ � þ 	 �� � þ � � � � � � � �� 
 �  
 � � � � � 	� � � � þ �� � � � �
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à á âãä å â æ ç å è é éæ ç å è é éæ åêë ìí ç å è é éæ åêë ìîí ç åáï ð ñ âë åò í è â èã ò í ð ñ âë åò í è â èã ò í óã ò ôá æ á ë óã ò ôá æ á ëä è ò èä å é è ò è â è å éæ õö ã ÷ ø åù âãë è³í å â èã ò õ ö ã ÷ ù ãä êë æ í í èã ò ù ãä êë æ í í èã ò åú åò â åêë ìîí ä ãû æ ò ò æ ä åï èä å éæü å â ý ôãë èæ þÿ� ó à� � ë õ � � � � ÷ � � �� � � 
 � 	 � �� 
 
 � 	 �� � 	 � þ� 	 	  � þ � �� � þ � 
� � � �� � � �ÿ� ó à� � ò � � �� � � � � 
� �� � � þ þ þ �� � � � þ� � þ  � þ � � � � � � � � 
 � �� � � þ �ÿ� ó à� �ëÿ� ó à � ÿ æ � þ � �� 	� 
 
 � �� � � þ �� � � � 
 � þ� þ �  	� �� þ � 	 
 þ 	 þ � �� � � � þ

� è é éæ í � ë õ � � � � ÷ þ þ� � � � � � � � � � þ � � 
 �� � � �  � 
 	 � � 
 � þ � � �� � þ þ �

�ã éû � ò � � 	 
� � � 
 
� �� � � þ � �� � 
 � � � � �  � � 
 � � � 	 � � 	 	 � �� � þ �ü å â ý ôãë èæ �

�æ ñ � ë � � � �� 
 � � 	 � �� þ 	 þ þ þ �� � �� � � 	  �� � � � � � � þ � � þ �� þ � þ �

�æ ñ� ô � � � �� � � � 	 � ��� � � � 	� � 	 � �� þ 	  � � � �� � �� � þ � � �� � � þ �

�æ ñ� á � 	� � � 
 
 �� � 
� � � � 
 þ� � 
 � �� � 
  � � 
 � �� � 	 � þ þ � �� � � þ 


�æ ñ � â �� � þ � þ� �� 	 � þ � 	� � � þ � þ� � �  
 � � � � � 	� � 	 �� �� þ � � �

��� � � � þ 
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à�á âãä å â æ ç å è é éæ ç å è é éæ åêë ìîí ç å è é éæ åêë ìí ç åáï ð ñ âë åò í è â èã ò í ð ñ âë åò í è â èã ò í óã ò ôá æ á ë óã ò ôá æ á ëä è ò èä å é è ò è â è å éæ õ ö ã ÷ø åù âãë èí å â èã ò õö ã ÷ ù ãä êë æ í í èã ò ù ãä êë æ í í èã ò åú åò â åêë ìí ä ãû æ ò ò æ ä åï èä å éæü å â ý ôãë èæ þÿ� ó à � � ëÿ� ó à� � ò õ 	 � 	 � ÷ � � �� � � � � 
� � � � 
 þ þ 	 �� � � �� � 	 þ  � þ � � � � � � � �� � �� � � þ �ÿ� ó à � �ëÿ� ó à� ÿ¶æ õ 
 � 
� ÷ � þ � �� 	� 
 
 � 
� � � þ � � �� þ � �� � � �  	� �� þ � 	 
� � � � �� � � � þ

� è é éæ í � ë�ã éû � ò � � 	 
� � � 
 	 þ �� � 	 þ � 	 �� �� � � � � �  � � 
 � � � 	 � 	� þ � �� � � þ �ü å â ý ôãë èæ �

�æ ñ � ë õ 	 þ �� ÷ � � � �� 
 � � 	 � �� þ þ þ þ 
 þ� �� �� � � �  �� � � � � � � þ � � � �� þ � þ �

�æ ñ� ô õ �� � � ÷ � � � �� � � � 	 � þ� � � �� � � 
 � � þ� � �  � � � �� � �� � � � � � � 
 � � � � � þ �

�æ ñ� á õ 
 	 � 
 ÷ � 	� � � 
 
 �� � �� 	 þ � � �� þ 	 � þ� � �  � � 
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 � � 
 �� þ � þ 


�æ ñ � â õ 
 � 	 � ÷ �� � þ �� � ��� 
 � �� � �� � 
 � þ� � �  
 � � � � � 	� � � � � �� þ � 
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à�á âãä å âæ ç å è é éæ ç å è é éæ åêë ìîí ç å è é éæ åêë ìí ç åáï ð ñ âë åò í è â èã ò í ð ñ âë åò í è â èã ò í óã ò ôá æ á ë óã ò ôá æ áëä è ò èä å é è ò è â è å éæ õö ã ÷ ø åù âãë èí å â èã ò õ ö ã ÷ ù ãä êë æ í í èã ò ù ãä êë æ í í èã ò åú åò â åêë ìîí ä ãû æ ò ò æ ä åï èä å éæü å â ý ôãë èæ þÿ� ó à� � ëÿ� ó à � � òÿ� ó à � �ëÿ� ó à� ÿ æ� è é éæ í � ë�ã éû � ò � � 	 
� � � 
 � � 	� � � þ �� 
� � 	 � � � þ 
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 � � � 	 þ 	 � � � �� � � þ �ü å â ý ôãë èæ �
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