
���������	��

��������������� ���������	� �"! ���$#&%�

��'


�)(*%��+���-,*.0/��1���-23�

46587:9<;>=@?BADCFEHG8IJ5 KL5LM-9<NL=PO8=QCBRSGL=QTLO�7U5 465LV�=@?B?W9XNL=PR
Y[Z]\_^a`
bdce`Df+\Bg@cih�jP\-k�hDf+^alQce`Dm_nBohpgLqarsganutH\BbivdnwjP`pj[jQ\yxz`{k�hDbil}|g~`

k$`Df+^alPv jP\-�3�utQn�|ga`{ve�
gLq0�F�D�H�S�:xz`+k�h
bil}|ga`Qq8�@^~`
nwg
�Q�D�H�D�S�@�
�D�S�Q�z���@�� cdci^0� �p��m_hp�u\B��\_�0� jPmD� �0� l~jPmD� \Bve�

� ��vdm_lP\_�w`��QlP^�\BbinuhDbsjP\]��ga D\_ganu\Bb_o¡ `+�¢gQ£>h
bif¤o`
cinumF`QqPrJgPnutH\Bbivdnwja`Dj[jP\y¥snu ph�¦jQn§�~m_nuh+¨}hD�wn§c@o\_mBganum_hPq�©sv xz`
 php`Dv_q8ªp«D�p�
¬1­sbi\_gavd\pq~�Q^a`Dnug
�@��®Q�D�@�H�D�D�S�Q��¯@°}�¢�@� q �@�D�H�Q�F®Q�p�D�S�@�
¯@°}�¢�S�

±²´³~µ ?B9<T8¶PA
?W·¢7�AD?W;>=@¶

¸�¹»º_¼_½�¾~¿D¼pÀ�Á \$^Pbi\_vd\Bg@c¦`]f�`�cim � nwgP DÂ��~`
vd\Fj:^Qbihp^�hDvi`D�anugSci\_gajP\Fj-cih-jP\F`
�Q� n§c �
Ã la\WbdÄPnugP �£XhDb-vÅcdbilPmBcilPbi\FjÆci\BÇ@c-jP`
ce`
�~`Dvd\Bv_�}­JlQby`
^a^Pbihp`Dm � \WÇQci\Bg~jPvJ`D^P^PbihFÇQnuÂf�`�ci\	È0ÉpÊLË*f�`�cim � nuga +ci\_m � gan Ã la\BvJ�SÄÌ`
�w�uhF� nuga Ì` Ã la\BbdÄ1cih1\WÇP^P�uhpn§cyv � `�binuga h
£3m_hpf+f+hDg1^a`
bdciv ��\Bc¢��\_\_g1^~`
cdci\Wbigav lavd\Fj�cih{nug~jQ\BÇ�c � \yjQhSm_laf+\_gScF�

Í ÎaÏ&Ð�Ñ8ÒyÓ:Ô	ÕzÐ8ÖiÒ&Ï

× T~ØÙA�Ú}ÛQ?WÜ19XTÝÜWÞLA*O�ADßQA
;XÛ µLà ADTaÜ1Û@á-A
ÚzA ± ÜB9<ßPAâ?BA�ÜW?B9XA
ßS=@; à A�ÜWÞLÛ~OLCU9>CUN0=QCWADO6ÛPT6ãLTLO~·
9<T8¶*=Ì?WAD;X=@ÜWApO�?WA µ ?WApCeADTaÜB=SÜB9<ÛPTâáäÛP?:O�Û ±
å à A
TaÜBC:=@TLO�?BADæ å ApCiÜ_C
5zç]Þ8A à =@9XTèÛQN8éiA ± ÜB9<ßPA+9XC
ÜWÛ6O�A�ÜBA
? à 9<T8Aè=ê;X9 à 9<ÜWApOëT å à N0AD?ÌÛ@á{9<T0O�A�ìëÜWA
? à C[áäÛQ?ÆÜBÞ8A à =SéiÛQ? ± ÛQT ± A µ Ü_CÆ9<TíÜWÞLA
O�Û ±�å à A
TaÜp5

î-TaÜW9X;~?WA ± A
TaÜB;<ØPG
9XTLO�A�ì�9XT8¶�ïJ=PC�= ±D± Û à[µ ;<9>CeÞLADO+N~Ø ± ?BAD=@ÜW9XT8¶	=-NL9<N8;X9XÛQ¶Q?_= µ Þ89 ±&± 9<ÜB=SÜB9<ÛPT
9<Tð=�CiÜB? åL± Ü å ?BADOíã0;<AñÜWÞL=@Ü*?BA�áäA
?BA
T ± ADCÌÜWÞ8A¤ÛQ?B9<¶P9<TL=Q;yÜWA
ì~ÜD5]ç]Þ89XC�= µLµ ?WÛa= ± Þò=@;X;<ÛSï-Câ=
?WApO åL± ÜB9<ÛPTâ9XTóÜB9 à A{=@TLO*C µ = ± A:N0Û å TLO8CDG�=@;<ÜWÞ8Û å ¶QÞÌÜBÞ8A{=@N89X;<9<ÜiØÆÜWÛ1ãLTLOâ9<T8áäÛQ? à =@ÜW9XÛQTóÛPT
= µ =@?WÜW9 ±�å ;>=@?]C å N�éiA ± Ü-9XC];X9 à 9<ÜWApOâN~ØÌÜBÞ8A�CeØ�CeÜWA à ïyÞ89 ± Þ ± ?BAD=@ÜWApCs9XTLO�A
ìóÜWAD? à CJáäÛP?]ÜWÞL=@Ü
C å N8éiA ± Üp5 × Ü µ ?WApCeADTPÜpG8ÜBÞ8AUCW9<¶PT89wã ± =@TaÜ-?BADO å0± ÜW9XÛQT�9XT ± ÛaCiÜ µ ?WÛ ± ADCBCe9XT8¶ÆÞL=QC µ ?WÛ µ 9<ÜW9>=SÜWApO
ÜWÞ8AÌT8ÛQÜW9XÛQTÙÛ@áJÜWÛQÜB=Q;&O�Û ±�å à ADTPÜ�9XTLO�A
ì�9<T8¶0G»áäÛQ?+ïyÞL9 ± Þ6=@;X; ïJÛQ?_O8C�9<T6=�O�Û ±
å à A
TaÜU=@?BA
µ ÛQÜWA
TaÜB9X=Q;�9<TLO8A�ì1O�ApC ± ?W9 µ ÜBÛQ?_C
5Sç]Þ89>C$?WApO åL± ÜW9XÛQTÆCW=HßPADC�ÜWÞ8A]9XTLO�A�ì�AD?$áä?WÛ à A
TaÜWAD?W9XT8¶�9<T0O�A�ì
ÜWA
? à C�ÜWÞL=@ÜU=@?BAÆ9XO�ADTaÜW9 ± =@; ÜWÛ�ïsÛP?BOLC{9<T¤ÜWÞ8A*O�Û ±�å à A
TaÜpG3N å ÜUO�Û~ApC{T8Û@Ü+á�= ± 9X;<9<ÜB=@ÜWAÆÜWÞLA
ãLTLO�9XT8¶ÌÛ@á�?WAD;<ADßS=@TaÜy9<T�áäÛP? à =@ÜW9XÛQT*áäÛQ?]ÜWÞLA å CeAD?D5

ôdT6A�Ú}A ± ÜpG�ÜBÞ8AóïJÛQ?_O8C å CWADOÙ9XT�=�æ å AD?WØÙO�ÛèT8ÛQÜ1=@;Xï]=HØ~C{?BA�õ0A ± ÜUÜWÞ8AóßS=Q; å AâÛ@áyÜWÞLA
± ÛQT ± A µ ÜBC¦N0AD9<T8¶ µ ?BADCWA
TaÜWApO»5pôÅÜ�9>C3ÜBÞ8A ± Û à N89XTL=SÜB9<ÛPT�Û@á�ÜBÞ8ADCWAsïJÛQ?_O8C¦=@TLO{ÜBÞ8A
9X?�CeA à =@TaÜW9 ±
9 àÆµ ;X9 ± =SÜB9<ÛPTLC1ÜWÞL=@Ü ± ÛQTaÜB=Q9<T�ÜWÞ8A�ßS=@; å A�Û@á:ÜWÞ8ApCeA ± ÛPT ± A µ ÜBC[ïyÞ89 ± Þë;XAD=PO8C å C1ÜWÛ à ÛQ?BA
CeÛ µ Þ89>CiÜB9 ± =SÜWApO+9XTLO�A�ì�?BA µ ?WApCeADTPÜ_=SÜB9<ÛPTLC
GDC åL± Þ1=QC�CeØ~TaÜB= ± ÜW9 ± CeÜW? åL± Ü å ?BADC�=@TLO ± ÛQTaÜBA�ì~Üe·¢áä?WADA
¶Q?_= àÆà =@?_C1ö ÷Hø-ö ùSøÅ5}ç]ÞL9XC{9XT�áäÛQ? à =SÜB9<ÛPTñ9>C{9<T8ÞLA
?BA
TaÜ�9XT¤ÜWÞ8AóO�Û ±
å à A
TaÜ�=@TLO¤æ å A
?BØQ5 ³ ÛLG
à =@Ü ± Þ89XT8¶ÆNzA ± Û à ADC]= µ ÛaCWCW9<NL;<A à A ± ÞL=QT89XC à áäÛP?JA
ì~ÜW?_= ± ÜB9<TL¶[= ± Û àÆà ÛPT µ =SÜeÜBA
?BTóáä?BÛ à
à å ;<ÜW9 µ ;XA1O8=@ÜB=ó=QTLO�ïJA ± Û å ;XO å CeA�9<Ü	ÜBÛâ;XÛ ± =SÜBA�9XT�áäÛQ? à =SÜW9XÛQT�ÛQá�;<9XT8¶ å 9XCeÜW9 ± 9XTaÜWA
?BADCeÜ	9XT



TL=SÜ å ?B=Q;�;X=QT8¶ å =@¶QA µ ?BÛ ± ADCBCe9XT8¶05 ³ Û à Ay?WAD;X=@ÜWApO�ïJÛQ?��U=@NzÛ å Ü å CW9XT8¶+CeØ~TaÜB= ± ÜW9 ± CiÜB? å0± Ü å ?WApC
=@TLO à =SÜ ± ÞL9<T8¶ÆÜBA ± Þ8TL9Xæ å ApC]9<T�ôiM ± =QT*NzA{áäÛ å T0O*9XT ³~à AD=@ÜWÛQT�A�Ü	=Q;�53ö �@ø&ö �HøJö �@ø¢5�-ÛSïJA
ßQAD?DG}ÜBÞ8Aâ;>=@TL¶ å =Q¶QAÌ9XTPÜBA
TLO8ADOÙÜBÛè?WA µ ?BADCWA
TaÜ�ÜWÞLA*O�Û ±�å à ADTaÜ ± =QTÝÛ@á ÜBA
T6ÛQTL;<Ø
N0Aâ= µ8µ ?BÛHì�9 à =SÜBA
;XØñO�A
ãLT8ADO3G¦=@T0OêÜWÞ8AD?WA
áäÛQ?BAÆ= à N89X¶ å 9wÜiØê=@?B9XCWADCD5 ³ 9XT ± Aó9<ÜU9>CUO�ApCe9X?_=@N8;XA
ÜWÛ ± ÛPTLCe9>O�AD?J=Q;<; µ ÛPCBCe9XN8;XA µ =@?_CeApC áäÛP?-CeA à =QTaÜW9 ± µ ?BÛ ± ApCWCW9<TL¶LGa9wÜy9>C ± ÛQT~ßPA
T89XA
TaÜ&ÜBÛ à AD?W¶PA
µ =@?_CeA	ÜW?BA
ApCs=PC à åL± Þâ=QC µ ÛPCBCe9XN8;XA	9XTPÜBÛ[=1Ce9XT8¶P;<A�CiÜB? åL± Ü å ?BA-ÜBÞL=SÜy=@;X;XÛSï-C�ÜWÞLA à ÜBÛ1CWÞL=@?BA
± Û àÆà ÛQT µ =Q?eÜ_C
5 × ;wÜBÞ8Û å ¶QÞ 9XTëÜBÞ8A ± =QCWA�Û@á�ÜWÞ8Aèæ å AD?WØPG ;X=QT8¶ å =@¶QA�= à N89X¶ å 9<ÜiØ ± Û å ;>O
µ ?WÛPNL=@NL;<Ø�NzA1AD;<9 à 9<TL=@ÜWApO»G3æ å A
?B9<ApC ± Û å ;>OèßS=Q?WØ�ïy9>O�A
;XØ�áä?WÛ à 9<TLO8A�ì�ADC�ÛQ?{CWÛ à A[CeÜW? åL± ·
Ü å ?_=@;aO�A�Ü_=@9X;XC�=@?BA å T��~T8ÛSïyT�GD=@T0O�=@T�= µ8µ ?BÛHì~9 à =SÜBA à =@Ü ± Þ89XT8¶	CeÜW?_=SÜBA
¶PØ:9XT+ÜWÞLA µ ?BADCWA
T ± A
Û@á$ßH=Q?W9>=@NL;<A�;<ADT8¶@ÜBÞ�O�ÛQT�� Ü ± =Q?WApC
	���
������JNzA ± Û à ADC]T8A ± ADCBCB=@?BØèö����SøÅ5� ?BA
ß~9<Û å C»ïJÛQ?���C3O�Û-T8ÛQÜ µ ?BÛSß~9XO8A = à A ± ÞL=QT89>C à ÜWÛ	á å ;<;XØ{A�ì µ ;XÛQ9<Ü¦CeÜW? åL± Ü å ?B=Q;PCWÞL=@?B9XT8¶
9<T���
���� à =@Ü ± Þ89XT8¶L5�� å ?-=@9 à 9XCyÜWÛ ± ÛSßPA
?JÜWÞ8A+;>= ± �âÛ@á µ ?WÛ µ ÛaCW=Q;XCJ9XT*ÜBÞ89>C-O�Û à =Q9<T35
� ���! " �Ó:ÖdÐ8ÖeÏ$# Ó	Ö&%PÐ('�Ï:Õ) 
* 9<ßPA
T,+ÆG¦= µ =SÜeÜBA
?BTÙÜW?BA
APG�=@TLO.-èG¦=�O8=@ÜB=�ÜB?WADAQG3ïJAâO�A
ãLT8Aâ=QT0/2143658729�/;:&<45=3>74?¤=QCU=
µ =@9X?A@�BDCFE8@,Gí;X=QN0AD;XC�	>+H�JI.K;L(MNEHCOGí;>=@NzA
;>C;	=-O�PIQK;L(MNER	=@�E2CS�OTU 	�LVEWLX�FG¦ïyÞ8A
?BALñ?WA µ ?BADCWA
TaÜBC[ÜBÞ8A�A àÆµ ÜiØ�CeÜW?B9XT8¶L5JYêA ± =QTíO�AD;<A
ÜWAè=êT8Û�O�A,	=@0BZLX�FG�9XTLCWA
?WÜâ=¤TLÛ~O8A	6L8B[CS�FG~=@TLO ± Þ0=@T8¶PA	=+T8Û�O�A\	>@\B[CS�F5(]&= ± Þ[ApO�9<ÜsÛ µ A
?_=SÜB9<ÛPTÌÞL=QCs=@Tó=PCWCWÛ ± 9>=SÜWApO ± ÛPCeÜDG^ 	=@_B`CS�FGzÜBÞL=SÜ�ïsA1A�ì~ÜWADTLO�ÜWÛ�=âCWADæ å ADT ± Aba Û@á ADO89wÜ{Û µ A
?_=SÜB9<ÛPTLCdc E E!c R E8efe;eSE!c�g�9XTÜWÞ8A{áäÛP? à ^ 	hai� Ukjml n�loqp E 	 ^ 	hc o �r��50ç]Þ8A�O89XCeÜB=QT ± A{NzA�ÜiïJA
A
Ts+ =@TLOt- 9XC	O�A�ãLTLADO�N~ØóÜWÞLA
à A
ÜW?B9 ±Xu

v 	>+wE&-_� U à 9XT�K ^ 	hai�xEia¤ADO�9<ÜW9XT8¶ÌCWADæ å A
T ± A�ÜB=X�a9XT8¶H+kyWzd-sM
* 9<ßPA
T1=QTU9XT~ßQA
?_CWA µ ÛPCeÜWÛQ?_O�AD?�ÜB?B=HßPA
?_CW=Q;�G
=PC�9wÜ$9XC�CWÞ8ÛSïyT�9XTÆI¦9X¶L5(�PGDÜBÛ:T0= à AsAp= ± Þ�TLÛ~O8A|{
Û@áz=	ÜW?BA
Aw}ëNaØ8}1ö {¢øÅGH=\~R<�9N9�36?��]áä?WÛ à + ÜWÛ8- 9XC�=	ÜW?B9 µ ;<A8	h�PE&+wE&-_�FG@ïyÞ8AD?WA�� 9>C�=�CeA
Ü
Û@á$9<TaÜWAD¶QAD? µ =@9X?BC8	>{�E��(�]CW=@ÜW9>CiáäØ~9XT8¶LG~áäÛP?yAD= ± Þ��8��{ E E&{ R �A��+��8=@TLO��8��� E Eh� R �A��-�� u

{ E U { R �>� � E U � R+Ìö { E øL9XCyÜWÛ[ÜWÞ8A+;XA�á Ü-ÛQá)+Ìö { R ø �>� -ñö � E ø09XC]ÜBÛ[ÜWÞ8A+;XA�á Ü-ÛQá)-èö � R ø+Ìö { E øL9XC	=@T�=@T ± ADCeÜWÛQ?]ÛQá)+Ìö { R ø �>� -ñö � E ø09XC-=QT�=QT ± ApCiÜBÛQ?]Û@á�-èö � R ø
ïyÞ89 ± Þ ± ÛP?W?BADC µ ÛQTLO8CDG~9<T�AD= ± Þ ± =QCWAQGaÜWÛÆÛPT8A�·¢ÜWÛQ·¢ÛPT8A�=PCWCW9X¶QTL=@ÜW9XÛQT3G�CW9<N8;X9XT8¶ÆÛQ?_O�A
? µ ?BADCWA
?W·
ßH=@ÜW9XÛQTó=QTLOÆ=@T ± ADCeÜWÛQ?&ÛQ?_O�A
? µ ?BADCWA
?BßS=SÜB9<ÛPT35Qç]Þ8A ± ÛPCeÜDG ^ 	=����GQÛQá»= à = µ8µ 9XT8¶O	=�PE�+wE&-O�
9XC ± Û àÆµ å ÜBADOâáä?WÛ à ?BA
;>=@NzA
;X9<TL¶LG�O�A
;XA�ÜB9<TL¶ó=@TLO*9<T0CeAD?eÜB9<T8¶ÆÛ µ AD?B=@ÜW9XÛQTLCDG8=QCJáäÛP;<;XÛSï-C u

^ 	h��� U �� o>� �&���N� ^
	>+Ìö {�ø�B�-èö �Qø���� �o��4� ^

	=+Ìö {¢ø�B�LX��� ��S�F� ^
	�L
B�-èö �Qø6�

ïyÞ8A
?BA�� =QTLOb�í=@?BAQG~?BADC µ A ± ÜB9<ßPA
;XØQG~ÜWÞLA�TLÛ~O8ADC]9XTt+ =@TLOt- TLÛ@Ü]ÜWÛ åL± Þ8ADO*N~Øâ=@T~ØÌ;X9<TLA
9<T � 58ç�=@9 µ ?BÛSßQApC
Ga¶Q9XßQADTâÜB?WADADC�+ =@TLOt-�G�ÜBÞL=SÜ

v 	=+wE&-O� U¢¡ {h£¤K ^ 	h���xEJ� à = µ8µ 9XT8¶[áä?WÛ à +ðÜWÛH-�M
ïyÞ89 ± Þ�=Q;<;XÛSï-C å C]ÜWÛÆáäÛ ±
å CyÛQT�ApO�9wÜ	CWADæ å ADT ± ApC]N0AD9<TL¶ó= à = µ8µ 9XT8¶L5�YêA�CWÞ8ÛSïð9XTèI�9<¶05L÷
ÛQT8AÆA�ì8= à[µ ;<AÆÛ@á à = µ8µ 9XT8¶�NzA�ÜiïJA
A
TêÜiïJÛâÜB?WADADCDG3=@TLOê=�CeApæ å A
T ± AÆÛ@á]ADO�9<Ü+Û µ A
?_=SÜW9XÛQT0C



T8Û@Ü ± ÛPTLCiÜB9wÜ å ÜW9XT8¶ê= à = µLµ 9<TL¶L5 Y¤A�=@;>CeÛñ9<TaÜW?BÛ�O åL± A�: � /���:�7f745��;	>}d��=PC�ÜBÞ8A�CWA�ÜÆÛ@á	=Q;<;
T8Û�O�ADCU9<T�=�ÜW?BA
AO} ïyÞ89 ± ÞÝÞL=HßPAó=�?B9<¶PÞPÜ[Ce9XN8;X9<T8¶ µ ; å C+ÜBÞ8Aâ?BÛ~Û@ÜDG|:&7�7�5�	�}d��G�Û@á!}U5�YêA
CeÞL=Q;<; µ ?BÛ ± A
ApO�ÜWÞ8?BÛ å ¶PÞ�ÜWÞ8A[T8Û�O�ApC	O�A
ÜWA
? à 9<TL9<T8¶ à = µ8µ 9XT8¶aCyáä?BÛ à =@;X;¦;XAD=@á$? �QADØ~?WÛ~Û@Ü_C
ãL?BCeÜDG~ÜBÞ8A
T�=Q;<;»? �QA
Ø~?BÛ~Û@ÜBC]=@ÜJÜBÞ8A{T8A�ì~Ü-Þ89X¶QÞLA
?];<ADßQAD;�G8=QTLO*CWÛÆÛQT*ÜWÛ[ÜWÞLA�?BÛ~Û@Üp58ç]Þ8A+CeA
Ü
Û@áw: � /���:&7�7�5��;	�}d�s9>Cy9<T0O�9 ± =SÜBADO*NaØ�=@?B?WÛSï-Cs9XT�I�9X¶L5��P5
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ôdTóO�AD=Q;<9XT8¶+ïy9<ÜWÞâ= µ8µ ?BÛHì~9 à =SÜBA � 
N� � µ =@ÜeÜBA
?BT à =@Ü ± Þ89XT8¶0GQCeÛ à A	CiÜB? å0± Ü å ?B=Q;LO�A�Ü_=@9X;XC
± =@T6NzAâÛ à 9wÜWÜWADOÝ9<T6ÜBÞ8AÌÜ_=@?B¶QA�ÜUÜW?BA
Aâ=QTLO6O�9<ÚzAD?WADTPÜÆCiÜB?B=@ÜWAD¶Q9XADC�=Q?WAÌÜBÞ8A
TÝ= µ8µ ;X9 ± =@N8;XAQ5
I8ÛQ;X;XÛSïy9<T8¶��zÞL=QT8¶¢/S5\<����s9XT�ö �f�@ø-ïsA�9XTPÜB?WÛ�O å0± A�ÜiïsÛÙO�9<ÚzAD?WADTaÜâO�A�ãLTL9wÜB9<ÛPTLC[ÜWÛ ��
����
à =@Ü ± Þ89XT8¶ u
� ç]Þ8AH��
����ñC å NLCeÜW9<Ü å ÜBADCyáäÛP? µ =Q?eÜ	ÛQá = µ =SÜBÞ�áä?WÛ à ÜBÞ8A�?BÛaÛQÜyÜWÛâ=ó;<Ap=Sá$Û@á$ÜWÞ8A1O8=SÜ_=
ÜW?BA
AP54Y¤A	?WA µ ?WApCeADTaÜ�C åL± ÞÌ=+C å NLCeÜW9<Ü å ÜB9<ÛPT3GPCWÞ8ÛSïyTÆ9<TóI�9X¶L5P÷8G@N~Ø1={ßPA
?WÜW9 ± =@;�N0=@?���� �LG
=@TLO ± =@;X;»9wÜ	=A9 <�5����6��
�����5

� ç]Þ8A
��
���� à =SÜ ± ÞLADC µ =@?WÜ]Û@á¦C åL± Þ*= µ =@ÜWÞ�=@TLO*=@;X;0ÜBÞ8A+C å N�ÜW?BA
ApCsA à =@TL=@ÜW9XT8¶�áä?BÛ à
ÜWÞ8AñT8Û�O�ADCÆÛQá:ÜBÞL=SÜ µ =SÜWÞ�G A�ì ± A µ Ü µ ÛPCBCe9XN8;XØ�=SÜÌÜBÞ8Aè;XÛSïsApCiÜÌT8Û�O�A�ÛQá:ÜBÞL=SÜ µ =@ÜWÞ35
× Ü1ÜBÞ8A�;<ÛSïJADCeÜUT8Û�O�APG�ÜBÞ8A_� 
N� ��CWØ à NzÛQ; ± =QT�C å NLCiÜB9wÜ å ÜWA*áäÛQ?Æ=ñCWA�Ü[Û@á	;XA�á Ü à ÛPCeÜ
C å N�ÜW?BA
ApC =@TLOÆ=+CWA�Ü ÛQá}?B9X¶QÞaÜ à ÛPCeÜ C å N�ÜW?BA
ApC
54YêA ± =Q;<;8ÜWÞ89>C&=QT��V~ �;:&/��!�q<��6��
�����GQ=QTLO
?WA µ ?BADCWA
TaÜy9wÜ-N~Øâ= ± 9X? ±�å à õLA
ì#"%$&�LG8=QCyCWÞ8ÛSïyT*9XT�I�9<¶050÷�5

ç�Û+áäÛP? à =Q;<9�'
AyÜBÞ8A ± ÛQTLCW9>O�A
?_=SÜB9<ÛPT[ÛQá µ =SÜWÜWAD?WTÆÜB?WADADC ïy9<ÜWÞO��
N� ��� C&?WApæ å 9<?BADC ÜWÞ8A ± = µ Ü å ?BA
Û@á$ÜWÞ8A1T8Û@ÜB9<ÛPT�Û@áJ��
����(�)�*���*�x5h365��V5h3>7�?ÆáäÛP?	T8Û�O�ApC-9XT�ÜWÞLA+ÜB=Q?W¶PA�Ü-ÜB?WADAA+ ;X=QN0AD;<ApO ��ÛP?+$
=QC µ ?BA
ß~9<Û å CW;<ØÆ9XTPÜB?WÛ�O å0± ADO35 ³ ÛLG~¶Q9XßQADT*=UOL=SÜB=UÜW?BA
A
- =@TLO*=1C å NLCeÜW9<Ü å ÜB9<ÛPT�c�ÛPT_+ÆG~ïJA
?WApO�A�ãLTLA u

v 	>+wE�-O� U à 9XT-, �/. K v 	>+wE�-sE�cF�2M
ïyÞ8A
?BA&0è9XC3ÜWÞ8AsCeA
Ü�Û@á�=@;X; µ ÛPCBCe9XN8;XAJ��
����8·ÅC å NLCeÜW9<Ü å ÜW9XÛQTLCDG
=@T0O v 	>+wE&- E�cF�»9>C}ÜWÞLA&O�9>CiÜ_=@T ± Av 	21+ E&-_�FG8NzA
9XT8¶31+ ÜBÞ8A+?WApC å ;wÜyÛ@á$= µ8µ ;<ØÌÜBÞ8A�C å NLCeÜW9<Ü å ÜB9<ÛPTsc{ÜWÛR+Æ5 × Cy= ± ÛQTLCWADæ å ADT ± APG
T8Û ± ÛPCeÜy9XC-9<TLO åL± ApO*N~Ø � 
N� ��·dC å NLCeÜW9<Ü å ÜB9<ÛPTLC
5
4 57686	Ñ8Ò:9-Ö<;�'�Ð( >=8?A@8B Ð�Ñ� � C;�'¦Ð8Õ��	ÖeÏ$#
ç]Þ8A à =@éiÛQ?Ææ å ADCeÜW9XÛQT�ÛQáD�zÞL=QT8¶ /;5b</����9XT�ö ESø+ö �f�SøÅG$9XC1ÜBÞ8AâÜB?WADA�O89XCeÜB=QT ± A�=@;X¶QÛP?W9<ÜWÞ à
9wÜ_CeAD;wái5��-ÛSïJA
ßQAD?DG µ =@?_Ce9XT8¶+=@TLO[ÜB?WADA�·¢ÜWÛQ·�ÜB?WADA ± ÛQ?B?WA ± ÜB9<ÛPT[=Q?WAJÜWÛ µ ÛP;<ÛP¶Q9 ± =Q;<;XØ�?BA
;>=SÜWApOÆ=@TLO»G
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Mapping without VLDC Mapping with a Path-VLDC Mapping with an Umbrella-VLDC

Correct Incorrect
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ÜWÛÆ¶QA
ÜJÜBÞ8A+NzADCeÜ µ AD?eáäÛP? à =@T ± AQG~9<Ü-9XC]TLA ± ApCWCB=@?BØÆÜWÛ å T0O�A
?_CiÜ_=@TLOâÜWÞLA à A ± ÞL=@TL9XC à CJÜWÞL=@Ü
± = å CeA�ÜWÞLA µ Þ8A
TLÛ à A
T8ÛPT*ÛQá¦ÜB?WADA+O å µ ;X9 ± =SÜB9<ÛPT35

×ðà =SéiÛP?&á�= ± ÜBÛQ?sÜWÛ1ÜB=4�PA:9XTaÜWÛÆ= ±D± Û å TPÜJ9XCsÜBÞ8A�CWØ~TaÜB= ± ÜW9 ± ?BA µ ?WApCeADTPÜ_=SÜB9<ÛPT å CeApO»5VYêA
± Þ8Û~ÛPCWA+ÜWÛ*ïsÛP?&��9<TñÜWÞ8A µ =@?_CW9<T8¶ ± ÛQTaÜBA�ì~Ü�O�ApC ± ?W9XNzADO�áäÛP?��x���6ö �SøÅ5)�	A
?BAQG}= å ÜBÞ8ÛQ?_C-?BA µ ·
?WApCeADTPÜ]= µ =@?_CeA�=QC&ÜWÞ8A ± ÞL=Q9<T*Û@á3ÜBÞ8A ± ÛQTaÜWA
ì~Üe·¢áä?WADA	? å ;<ApC å CeApOó9XT*=1;<A
á Ü à ÛPCeÜ]?WApO åL± ÜB9<ÛPT
Û@á�ÜWÞ8A�9XT µ å ÜâCWA
TaÜBA
T ± AQG�?_=SÜWÞLA
?ÆÜWÞ0=@Tò=QCÌ=êÜW?BA
AP5JY Þ8A
TíÜBÞ8AèCeADTaÜWA
T ± A�ÞL=QCÌO89XCeÜW9XT ± Ü
µ =@?_CeApC
GQÜWÞ8A�CeA
ÜsÛQá�=@;X; µ ÛPCBCe9XN8;XA µ =Q?BCWA ± ÞL=Q9<TLC&9XCs?BA µ ?BADCWA
TaÜWApOÆ9<TóãLT89<ÜWA{CeÞL=Q?WApO[áäÛQ? à N~Ø
= ± ÛQTaÜWA
ì~Üe·¢áä?WADA�¶P?B= àÆà =Q?&ÜBÞL=SÜ-¶PA
T8AD?B=@ÜWApC&ÜBÞL=SÜ µ ÛPCBCW9<N8;XØó9XT�ãLT89<ÜWA1CeA
ÜD5

ç]Þ89XC{O�9<Ú}A
?BA
T ± A1ïy9<ÜWÞ à ÛPCeÜ�ÛQÜWÞ8AD? µ =Q?BCWA
?_C:9XC�ÛQTL;<Øè= µ8µ =@?BA
TaÜpGzCW9<T ± A ± ÛQTaÜBA�ì~Üe·¢áä?WADA
¶Q?_= àÆà =@?_C ± =QTñNzA1?BA µ ?BADCWA
TaÜBADO�N~Ø��
	�����

�ê¶P?B= µ ÞLC	ÜWÞL=@Ü�9XTèÛ å ? ± =QCWA1=Q?WA µ ?WA ± 9>CeAD;<Ø
ÜWÞ8A�CeÞL=Q?WApO~·¢áäÛQ?BADCeÜ�¶Q?_= µ Þ ö ��øÅ5�ôdT6ÜBÞ89XC1¶Q?_= µ Þ3G
�
	��»·¢TLÛ~O8ADC ± ÛQ?B?WApC µ ÛQT0OñÜBÛ�ÜWÞLA å C å =@;
µ =@?_CeA
·�ÜB?WADAÌT8Û�O�ADCDG�ïyÞ89<;XA�
��0·ÅT8Û�O�ADC ± ÛQ?B?BADC µ ÛPTLO¤ÜWÛ¤= à N89X¶ å 9wÜB9<ApC
5 ³ ÞL=@?B9XT8¶èÛ@á	CeÜW? åL± ·
Ü å ?BADCJ9>C]?WA µ ?WApCeADTaÜWADOâN~ØÌT8Û�O�ADCy= ±
± ApCWCWADOóNaØ à ÛP?WA:ÜWÞ0=@T�ÛQT8A�Û@ÜBÞ8A
?]T8Û�O�A+=@T0Oâ9<Ü à =HØ
± ÛQ?B?BADC µ ÛPTLO�ÜBÛ�CeÞ0=@?B9<T8¶{ÛQá}= ± Û àÆµ ;XA�ÜWA-C å N�ÜB?WADAQG@N å Üs=@;>CWÛ{CWÞL=Q?W9XT8¶{Û@á3= µ =@?WÜ Û@á}ÜBÞ8A-O�A�·
C ± A
TLO8=QTaÜBC ÛQá3=+¶Q9XßQADTÌT8Û�O�AQ5~ç]Þ89>C&=@;X;XÛSï-C å C&ÜWÛ�¶a=@9XTÌ9<TâCWÞL=Q?W9XT8¶+A�� ± 9<ADT ± Ø[9<Tâ?WAD;X=@ÜW9XÛQT
ÜWÛ ± ;>=QCBCW9 ± ?WA µ ?BADCWA
TaÜB=@ÜW9XÛQTLCDG�=QCyCWÞ8ÛSïyT*9XT�I¦9X¶L50ù85
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n1RULE       : γ1Φ α β δ ρ
n2RULE       : γ2Φ α β δ ρ

γ1 γ2

Φ

α β δ ρ α β δ ρ

Classic forest representation without sharing.

Shared nodes using a top-down parser, with AND-OR graphs.

Shared nodes using a bottom-up parser, with AND-OR graphs.

AND-OR representation with sharing,
for a top-down parsing.

n1

γ2 n2

γ1

nil

nil

nil

α β δ ρ

α β δ ρ

Φ

AND-OR representation with sharing,
for a bottom-up parsing.

γ2

γ1

n2

n1

δ ρ

α β

α β

δ ρ

nil

nil

Φ nil
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ôÅÜ]9>C-=Q;XCWÛ19 àÆµ ÛP?eÜ_=@TaÜ]ÜWÞ8A µ =@?_Ce9XT8¶ÆC ± Þ8A à A{= µ8µ ;X9<ApO»5 ³ Û0G�N0ÛQÜeÜBÛ à · å µ�µ =@?_Ce9XT8¶ à =HØ
CeÞL=Q?WA[ÛQTL;<Ø�ÜBÞ8AÌ?B9<¶PÞPÜ à ÛPCeÜ ± ÛQTLCeÜW9<Ü å A
TaÜBCDG»ïyÞ89X;<AÆÜBÛ µ ·dO�ÛSïyT µ =@?_Ce9XT8¶ à =HØñÛQT8;XØñCWÞL=@?BA
ÜWÞ8A¤;<A
á Ü à ÛPCeÜ�ÛPT8ADCD5sç]ÞL9XC*?WAD;<9XADCóÜWÛ�ÜWÞ8AñÜiØ µ AñÛQáUCeAp=@? ± Þ å CWADOòÜBÛ�N å 9X;<ÜâÜWÞLAñáäÛP?WApCiÜp5
=s?BAD=PO~ÜWÞñãL?_CiÜ�CWAD=@? ± Þè?BADC å ;<ÜBC{ÛQT¤N0ÛQÜeÜBÛ à · å µ ± ÛQTLCeÜW? åL± ÜW9XÛQTLC�=@TLOêO�A µ ÜWÞêãL?_CiÜ�CWAD=Q? ± Þ
?WApC å ;<ÜBC]ÛPTâÜBÛ µ ·dO�ÛSïyT�ÛQT8ApC
G8=PC]9wÜ-9>C-=Q;XCWÛ[CWÞ8ÛSïyT�9<T�I�9X¶L58ù85



× Ü:ÜBÞ89XC{;XA
ßPA
;¢G}ÛQT8A à =SéiÛQ?�ÛQN0CeAD?WßS=SÜB9<ÛPTèïJA1T8ÛQÜWApOñ9>C:ÜWÞL=@Ü �}ÞL=@T8¶ /S5�<���� ± ÛPTLCe9>O�AD?
= µ ÛaCiÜBÛQ?_O�A
?ÆÜB?B=HßPA
?_CW=Q;�G ± Û à[µ å ÜW9XT8¶ÙÜWÞLA�áäÛQ?BADCeÜóO�9XCeÜB=QT ± A�N~Øë;<A
á Üe·Å?WA ±�å ?_Ce9XÛQTíÛQTíÜBÞ89XC
CeAp=@? ± Þ35 × C-= ± ÛQTLCWADæ å ADT ± APG�ïsA+ïJÛ å ;XO�T8ADADO*ÜWÛ ± ÛQTLCW9XO8A
?-=[ÜWÛ µ ·dO�ÛSïyT µ =@?_Ce9XT8¶Æ=@? ± Þ89<·
ÜWA ± Ü å ?BA*ÜWÛÙ=HßQÛQ9>OÙ?BADO å T0O8=@TaÜ ± Û àÆµ å ÜB=SÜB9<ÛPTLCD5 �	ÛSïsADßQA
?pG3ÜBÛ µ ·dO�ÛSïyT µ =@?_CeAD?BC1=@?BAâT8ÛQÜ
± Û àÆµ å ÜB=SÜB9<ÛPTL=@;X;XØ�A � ± 9XA
TaÜDG»=@T0Oè=óNzÛ@ÜWÜWÛ à · å µ = µ8µ ?BÛP= ± Þ3G0=PC	9>C:ÜWÞ8A ± =PCeA�ÛQá �x���}G}?WA
·
æ å 9<?BADC]=1?W9X¶QÞaÜ à ÛaCiÜyCeAp=@? ± ÞóÛ@á¦ÜW?BA
A ± ÛPTLCiÜB9wÜ å A
TaÜ_C
58ç]Þ89>CJ9 àÆµ ;X9XADC]?BADO�A
ãLT89XT8¶UÜBÞ8A+=@? ± Þ89<·
ÜWA ± Ü å ?BA+Û@á¦ÜWÞ8A+ÛP?W9X¶Q9XTL=Q; à =@Ü ± Þ89XT8¶ÌCiÜB?B=@ÜWAD¶QØQ5

ç�ÛÆ= ±D± Û àÆµ ;X9>CeÞ*ÜWÞ89>C ± ÞL=QT8¶QAPG�ïsA�9<TaÜB?WÛ�O åL± A � 	>{W�8	ä?BADC µ 5�=@T ± 	�{W�r�]=PCsÜWÞ8A+?B9<¶PÞaÜ à ÛPCeÜ
;<Ap=SázO8ADC ± A
T0O�A
TaÜ Û@á0ÜWÞ8A-C å N�ÜB?WADA]?WÛ~Û@ÜBADO[=SÜJ}Uö {¢ø�	�?WApC µ 5HÜWÞ8A-=QT ± ApCiÜBÛQ?_C¦ÛQá�}Uö {¢ø6�¦9XT[=:ÜB?WADA}�Gz=QTLOs}Uö {2e e �Qø�=PC-ÜBÞ8AUÛP?BO�AD?WApO�C å N�·�áäÛP?WApCiÜ�Û@ái} 9XTLO å0± ADOèNaØ�ÜBÞ8A1TLÛ~O8ADC:T å à NzA
?BADOs{
ÜWÛd�19XT ± ; å CW9<ßPAQGP=PC�9<Üs9>C&CWÞ8ÛSïyTÌ9<TóI�9X¶L5��Q5PôdT µ =@?WÜW9 ±�å ;>=@?pG@ïJA-ÞL=HßPA�}Uö � 	>{ �Se e {¢ø09>C ÜBÞ8AyÜB?WADA
?WÛ~Û@ÜBADOè=@Ü�}1ö {¢øÅ5�YêA1TLÛSï O�A�ãLTLAUÜBÞ8A��S7�:&/��x5d/21�365h3>7�? 1�3 �x5 <�?���/�NzA�ÜiïJA
ADT¤=óÜB=@?B¶QA
Ü	ÜB?WADA+ =QTLO*=ÆO8=@ÜB=1ÜW?BA
AH-èG8=QCy=[¶QADT8A
?_=@;X9�'p=SÜB9<ÛPTâÛ@á v G�9XT*ÜBÞ8A{áäÛQ? à

á O�	=+Ìö c E eqe c R øhE�-èö y E eqe y R ø6� U v 	>+Ìö c E eqe c R øhE�-èö y E eqe y R ø6�
ÜWÞL=@Ü]ïJA+CeÞ0=@;X;3O�A
T8ÛQÜWA�á O�	hc E eqe c R E&y E eqe y R �JïyÞ8A
T*ÜWÞLA ± ÛQTaÜBA�ì~ÜJ9>C ± ;XAD=Q?D5~ôdTaÜ å 9wÜB9<ßPA
;XØQG�ÜBÞ89XC
± ÛQT ± A µ Ü ± Û àÆµ å ÜWADCyÜWÞ8A�O�9>CeÜB=@T ± A+NzA�ÜiïJA
A
T�ÜiïJÛÆT8Û�O�ADCDG +Ìö c R ø¦=@T0Ot-ñö y R ø¢G89XT�ÜWÞ8A ± ÛQT8·ÜWA�ì~ÜâÛQá{ÜWÞ8AD9<?*;<A
á Ü*Ce9XN8;X9<TL¶PCÌ9XTòÜWÞ8A ± ÛP?W?BADC µ ÛPTLO�9XT8¶¤ÜW?BA
ADCDG&ïyÞL9<;XA�ÜWÞLA�ÜW?BA
AèO�9>CeÜB=@T ± AQGv 	>+Ìö c R øhE�-èö y R ø��FG89>C ± Û àÆµ å ÜWApO�ÛQT8;XØÌáä?BÛ à ÜBÞ8A
9X?-O�ApC ± A
TLO8=QTaÜBCD5

ç�Û�NzA µ ?BA ± 9XCWAQG¦¶Q9XßQA
T6= µ =@ÜeÜBA
?BTÙÜW?BA
AO+ =@TLO6=ñO8=SÜ_=�ÜW?BA
AO-�G¦ïsA ± =@T ± Û àÆµ å ÜBA
ÜWÞ8AóApO�9<ÜW9XT8¶èO�9>CiÜ_=@T ± AÆÜ O�	=+wE&-O�+= µ8µ ;XØ~9<T8¶�ÜBÞ8AÆáäÛQ? à å ;X=QA1ÜBÞL=SÜ+áäÛP;<;XÛSï ö �Hø¢G»áäÛP?+T8Û�O�ADC{ G�=@T ± 	=cF�]=@TLO �RG�=QT ± 	�yr��GL=QCBC å à 9<T8¶R+Ìö c
ø�9XC]TLÛ@Ü	=@T�9XT ± Û à[µ ;<A
ÜWA�CeÜW? åL± Ü å ?WA u
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Y Þ8A
T +Ìö c
øy9XC[AD9wÜBÞ8A
? "�� �èÛP? " $&��áäÛQ? à å ;X=QA à å CiÜ[N0A�=QOL= µ ÜBADOÝ=QTLOÙÜWÞLA µ ?WÛ ± ApCWCU9XC
9<;X; å CiÜB?B=@ÜWADO*9XT�I�9X¶L5��05VY¤A{ã0?BCeÜ-=QCBC å à A8+Ìö c�ø¦9XC "F� � u
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ïyÞ8A
?BAA-èö y��pø�Ed�\��� �¢£��_G0=@?BA ± Þ89X;>O�?WADT�Û@á -èö yÅøÅ50ôÅá -èö yÅø$9XC:=Ì;<Ap=SáiG0ÜWÞL=@Ü:9>C!y U � 	 �(�FG
ÜWÞ8ADTðÛQTL;<ØòÜBÞ8Añã0?BCeÜâÜBÞ8?WADA¤A
ì µ ?WApCWCW9XÛQTLC*=@?BA µ ?BADCWA
TaÜD5 Y¤A6O�A
ãLT8AñÜWÞ8A �*���	� �S74:&/��251�3 �x5�<4? �2/âN0A
ÜiïsADA
T�

� =@TLO�

�{G áäÛP?WApCiÜ_Có9XTòÜWÞ8A µ =SÜeÜBA
?BT¢+ =@TLOíÜBÞ8A¤O8=@ÜB=êÜB?WADA -
?WApC µ A ± ÜW9XßQA
;XØQG8O8A
T8ÛQÜWADO�C á O�	�
 � E�
 � ��G8=QCJÜWÞLA�O�9XCeÜB=QT ± A{NzA�ÜiïJA
ADT�
 � =QTLO 1
 � GLïyÞ8A
?BA
1
 � 9>C&=�C å N�·¢áäÛQ?BADCeÜ&ÛQá�
 � ïy9<ÜWÞâCWÛ à A ± ÛQTLCWA ±
å ÜW9XßQA ± Û àÆµ ;XA�ÜWA�C å N�ÜW?BA
ApC ?BA à ÛSßQApO�áä?BÛ à
ÜWÞ8A+;XA�á Ü	=Q;<;3Þ0=Hßa9XT8¶1ÜWÞ8A�CB= à A µ =Q?WADTPÜp58I8ÛP? à =@;X;XØóïsA{ÞL=HßPA	ÜBÞL=SÜ

C á O�	�
��$E�

�!� U à 9XT����� KDá O�	�

��E 1
��$�xM
I8?BÛ à = ± Û àÆµ å ÜB=@ÜW9XÛQTL=Q; µ ÛP9<TaÜ-ÛQá�ß~9XA
ï+G�9<Ü ± =@T�NzA µ ?WÛSßPADOóÜWÞL=@Ü
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ç�Û ± Û àÆµ å ÜWAR5 1N	>+wE&-_�J9wÜ-ïy9X;<;�N0A�C å � ± 9XA
TaÜyÜWÛ[Ü_=4�QA{9XTaÜWÛó= ±D± Û å TaÜsÜBÞL=SÜ
Ü O�	=+wE&-O� U á O�	�?WÛ~ÛQÜf	>+H�Se e � 	ä?BÛaÛQÜF	=+H�r�SEe?BÛaÛQÜ�	=-O�xeqe � 	�?WÛ~Û@Ü�	>-_�r�r�

ç]9 à A NzÛ å T0O:9>C
 O	&� + ��!$� - ��! à 9XT�	�"�#%$ y�&�	>+H�SE�'�#�@)(*#�cN	=+H�r�+! à 9<T�	�")#�$�y�&�	=-O�xE%'�#F@)()#�c�	>-_�r�r�
9<T¤ÜWÞ8AÌïJÛQ?_CeÜ ± =QCWAQG}ïyÞ8A
?BA � + �¤	�?WApC µ 5 � - � �:9XC�ÜBÞ8AÌT å à NzA
?{ÛQásT8Û�O�ApC{9<TêÜWÞLA µ =SÜeÜBA
?BT
ÜW?BA
A8+ 	�?WApC µ 5�9<T�ÜWÞLA�O8=SÜ_=UÜB?WADA8-O�F5

, 57686	Ñ8Ò:9-Ö<;�'�Ð( >=8?A@8B ;�'�Ð�Õ��	ÖWÏ!# ÖWÏ %��$'$Ñ� �Ó.-_Ò Ñ� �%PÐ
ç�ÛÆCiÜ_=@?WÜyïy9wÜBÞ3G�;<A
Ü!+ NzA{=1;>=@NzA
;XADO*ÛQ?_O�A
?BADOÆÜB?WADA{ïyÞ8A
?BA�CWÛ à A{CiÜB? å0± Ü å ?B=Q;}O8A�ÜB=Q9<;>C]ÞL=PC
N0ADA
T6Û à 9<ÜeÜBADO»G�=@TLO - =@T �
	�����
���¶P?B= µ Þ3G»NzÛ@ÜBÞ6Û@áJÜWÞ8A à N å 9<;<Ü å CW9<TL¶�Û å ? µ =Q?BCW9XT8¶
áä?B= à AP5JY¤AèCWÞL=Q;<;]9>O�A
TaÜW9<áäØ�+�ïy9wÜBÞ =êæ å AD?WØë=@TLO - ïy9<ÜWÞ = µ =Q?eÜÌÛ@á:ÜWÞ8AèCWØ~TaÜB= ± ÜW9 ±
?WA µ ?WApCeADTaÜB=SÜB9<ÛPTêáäÛQ?1=�ÜWA�ì~Ü å =@;JO8=SÜ_=@NL=PCeAóïy9<ÜWÞë= ± AD?eÜ_=@9XTÙO8A
¶Q?BA
AâÛ@á-= à N89<¶ å 9<ÜiØQ5¦ç]ÞLA
µ ?WApCeADT ± A:Û@á 
���T8Û�O�ApC&9XT_- ÞL=QC&ÜiïJÛ à =@9XTó9 àÆµ ;<9 ± =@ÜW9XÛQTLCJ9XTâÛ å ?sïJÛQ?�� u I�9X?BCeÜW;XØQGaÜWÞLA
?BA
ïy9<;X;$A�ì�9XCeÜ�CW9<Ü å =@ÜW9XÛQTLC�ïyÞ8AD?WA1ïsA à å CeÜ�Þ0=@TLO�;XA1CW9 à å ;<ÜB=QT8A
Û å C	ßS=Q; å ApC-áäÛP?+CeÛ à AUáäÛQ?BADCeÜ
O�9XCeÜB=QT ± ApC$=@TLO»GSCWA ± ÛQTLO�;XØQGDÜWÞLA µ =@?_CeAD? à =HØ�CeÞ0=@?BAsCWÛ à AJCeÜW? åL± Ü å ?BADC�= à ÛQTL¶-ÜWÞLA]O8ADC ± A
T8·
O8=@TaÜBCsÛ@á»ÜBÞ8A{O�9wÚ}A
?BA
TaÜJN8?B=QT ± Þ8ApC 9XT*=@T�

��T8Û�O�AP5NYêA{CeÞL=Q;<;zT8ÛSï µ ?BADCWA
TaÜ&ÜBÞ8A à =QT8T8AD?
ïsA ± =@; ±�å ;>=SÜBA1ÜBÞ8AâO�9>CeÜB=@T ± AÌNzA�ÜiïJA
A
T6= µ =@ÜeÜWAD?WTêÜB?WADAó=@TLO¤ÜWÞLAâCeA
Ü�Û@áJÜW?BA
ApC{ÜWÞL=@ÜU=@?BA
?WA µ ?WApCeADTaÜWADOóïy9wÜBÞ89<T*ÜWÞLA���	�� ��
���¶P?B= µ Þ3G~=@TLOâÞ8ÛSï ÜWÛ1ÜB=X�QA�=QO�ßS=@TaÜ_=@¶QA:Û@á3ÜBÞ8A+CeÞ0=@?BADO
CiÜB? åL± Ü å ?BADC ± ?WAp=SÜBADO*NaØóÜWÞ8A µ =Q?BCWA
?p5/3A�Ü +Ìö c
øLNzAyÜWÞ8A ±�å ?B?WADTaÜ$TLÛ~O8Ay9<TÆÜBÞ8Ay9<T~ßPA
?_CeA µ ÛPCeÜWÛQ?_O�AD?$áäÛQ? +ÆGQ=QTLO\{ G�=QT ± 	hcF�$=
? �QADØ~?WÛ~Û@Üp5 * 9<ßPA
T�=@T�
���TLÛ~O8A
-ñö �aø3ïJA ± =QT�O�9>CeÜW9XT8¶ å 9>CWÞâÜiïJÛ[CW9<Ü å =@ÜW9XÛQTLCDG8O�A µ A
T0O�9<TL¶
ÛQT*ÜWÞ8A�CW9wÜ å =SÜB9<ÛPT�Û@á�ÜBÞ89>C 

�ñT8Û�O�A+=@T0OâÜBÞ8A�CW9wÜ å =SÜB9<ÛPT*ÛQá¦ÜBÞ8A+? �PA
Ø~?WÛ~ÛQÜBCJÛ@á¤-�5



r(s)
r(i)

tree(t)t

j

tree(s)s

i

r(t)
r(j)

  P[s]        D[t]
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/3A�Ü -èö y! wøz=QTLO -èö y!  <øLNzAyÜBÞ8A-T8Û�O�ApC�ïsA-=Q?WA-O8AD=@;X9XT8¶+ïy9wÜBÞÌ9<T µ =Q?B=Q;<;XA
;8áäÛQ?�ÜiïJÛ{N8?B=QT ± Þ8ApC
;X=QN0AD;<ApO -èö �  øy=QTLO,-èö �   øyÛ@áyÜWÞLA 
��òT8Û�O�A � 	>-èö �aø��F5JYêA*ÞL=HßPAÌÜWÞ0=SÜH� G�<4? �f	�y  �#"<�? �f	�y   �FGpÜBÞL=SÜ$9XCDGDÜWÞ8AsÜW?BA
As?WÛ~Û@ÜBADO�=@Ü�ÜBÞ8As? �QADØa?BÛ~Û@Ü�-ñö �Qø�9<T ± ; å O�ADC�ÜWÞLA 
��Ì=@;<ÜWAD?WT0=SÜW9XßQApC-èö �  ø¦=QTLOt-èö �   øÅ5

³ åL± ÞU=:Ce9<Ü å =@ÜW9XÛQT�9>C�CeÞ8ÛSïyT+9XT1I�9X¶L5�� å CW9XT8¶:= ± ;X=PCWCW9 ± ?BA µ ?BADCWA
TaÜB=@ÜW9XÛQT+=@T0O{ÜWÞ8A �
	����


�1¶Q?_= µ ÞLC
5��-AD?WAPG�ÜWÞLA&;X9<¶PÞPÜB;<Ø{CWÞL=QO�ApO µ =@?WÜ�?BA�áäAD?BC3ÜWÛ-T8Û�O�ApC3ïyÞ8ÛaCeAsO�9XCeÜB=QT ± A&ÞL=HßQA NzA
ADT
± Û àÆµ å ÜWADOó9<TâÜWÞ8A:9<T~ßQAD?BCWA µ ÛPCeÜWÛP?BO�AD?&NzA�áäÛP?WA	ÜWÞ8A 

��T8Û�O�A
-èö �aøÅ5aç]Þ8A:Þ8AD=Hß~9X;<ØÆCWÞL=QO�ApO
µ =@?WÜ	?BA µ ?BADCWA
TaÜBC	=óCeÞ0=@?BADO�CeÜW? åL± Ü å ?WAP50ç]Þ8AUT8Û@Ü_=SÜW9XÛQT "%$&$'$/�Æ9<TèãL¶ å ?BADC	?WA µ ?BADCWA
TaÜW9XT8¶
�
	�� � 

�ñ¶Q?_= µ Þ0C
G8A
ì µ ?WApCWCWADCJÜBÞ8A{á�= ± Ü-ÜWÞ0=SÜ	ïJA�O�ADC ± ADTLO�=@;XÛQT8¶ÆÜBÞ8A+?B9<¶PÞPÜ à ÛPCeÜ-N8?B=QT ± Þ
Û@á�ÜWÞ8A ± ÛQ?B?WApC µ ÛQTLO89<T8¶UÜW?BA
AP5Y¤A+CWÞL=@;X;»=QCBC å à A:ÜWÞL=@ÜyT8Û�O�ADC�-èö � 	�y  �
(,��ø�=QTLOO-ñö � 	�y   �
(,�
ø�=@?BA-ÜWÞLA{CB= à APG~ÜWÞL=@Ü
9XCDG3ÜBÞ8A
9X? ± ÛQ?B?WApC µ ÛQTLO89<T8¶�C å N�ÜB?WADADC�=Q?WAóCWÞL=@?BADO35 ³ ÛLG�-èö � 	>y  �Åø�	�?WApC µ 5�-èö � 	�y   �Åø��+9>C+ÜWÞLA
áäÛQ;X;<ÛSïy9XT8¶-T8Û�O�As9<T\-èö �  ø�	ä?BADC µ 5F-èö �   ø��}ÜBÛ:O�Ap=@;aïy9wÜBÞUÛPT ± A�ÜBÞ8A]O�9XCeÜB=QT ± A&áäÛQ?�ÜWÞ8A]CeÞ0=@?BADO
CiÜB? åL± Ü å ?BA{ÞL=QC]NzA
ADT ± Û àÆµ å ÜWADO35

× Ü+ÜWÞ89>C µ ÛQ9XTaÜDG3Û å ?U=@9 à 9>C{ÜBÛ ± Û à[µ å ÜWAÆÜBÞ8AóßS=@; å AÆáäÛQ? � 14	 � 	>{W�xeqe cNE � 	 �(�Se e*)y&�xE+)y\GKfy  EJy   MPG µ ?WÛSß~9XT8¶	ÜBÞL=SÜ�ïJA ± =@T1ÜW?_=@T0Ce;>=SÜBA µ =@?_CeA]CeÞ0=@?B9<T8¶�ÛQTÆCWÞL=@?B9<TL¶:ÛPT ± Û àÆµ å Ü_=SÜW9XÛQT0C
áäÛQ?]ÜWÞLADCWA�O�9XCeÜB=QT ± ApC
5
³ 9<T ± A{ïsA�ÞL=HßPA�=PCWC å à ADOóÜWÞ8AD?WA�9XCy=[CWÞL=@?BADO*CiÜB? åL± Ü å ?BA�N0A
ÜiïsADA
T�-èö � 	%)y&�Åø�=QTLOO-èö � 	 �(�ÅøÅG
ïsA ± ÛQT ± ; å O8A+ÜWÞL=@Ü � 	 �(�HTU � 	 )y&�y=QTLO�ÜWÞ8AUßH=Q; å ADC]áäÛP?3� 1X	 � 	�{W�xeqe cXE � 	 �(�xeqe )y��xE )y�G Kfy  E y   M
=@?BA�¶P9<ßPA
T*NaØ u
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ïyÞ8A
?BA )y|G�Kfy  EJy   Ma5VY¤A ± =@T�9<TaÜBA
? µ ?WA
Ü]ÜWÞ89>C]ÜWÞL?WADA�=@;<ÜWA
?BTL=@ÜW9XßQADC]=PCJáäÛQ;X;<ÛSï-C u
�Q5yç]Þ8A&ßS=Q; å ApC»áäÛP?J� 1N	 � 	�{W�Se e c (A�NE � 	 �(�xeqe*)y&�xE )y G�Kfy  EJy   M&ÞL=HßPA�N0ADA
T ± Û àÆµ å ÜWADO{N~Ø�ÜWÞLA
= µ8µ ?WÛHì�9 à =@ÜWA à =@Ü ± Þ89XT8¶�=@;X¶QÛQ?B9<ÜWÞ à 9XTê= µ ?BA
ß~9<Û å C�CiÜBA µ 5 ³ Û0Gz9XTèÜBÞ89>C ± =QCWAQG µ =Q?BCWA
CeÞ0=@?B9<T8¶[ÞL=PC]T8Û@Ü ± ÛPTLCWADæ å A
T ± ADCJÛPT*ÜBÞ8A{TL=SÜ å ?_=@; ± Û àÆµ å ÜB=@ÜW9XÛQT*áäÛQ?]ÜBÞ8A+O�9XCeÜB=QT ± ApC
5

÷�5yç]ïsÛ ± =QCWADC	=@?BA µ ÛaCWCW9<NL;<A+9XTè?BA
;>=SÜW9XÛQT�ÜBÛÌÜWÞ8A1TL=SÜ å ?BA+Û@á�T8Û�O�ADCd-èö )yÅøhE )y!G.K�y  E y   MPG
ÜWÞ8ApCeA�=Q?WA u
� ôÅá&NzÛ@ÜBÞèT8Û�O�ADC�=@?BA�;XAD=HßPADCDG�ÜWÞ8ADT � 	%)y�� U )yF5 × C:= ± ÛPTLCeApæ å A
T ± AQG0ïsAU=Q;XCWÛóÞL=HßPA
ÜWÞ0=SÜ

-èö y  ( ��ø U -èö � 	>y  � (��
ø U -èö � 	�y   � ( ��ø U -èö y   (��
ø
=@T0OâÜBÞ8A+ßS=@; å ADCf� 14	 � 	>{ �Se e cNE � 	 �(�Se e )y (��F�xE )y G�K�y  EJy   M�=@?BA{=Q;XCWÛ1ÜWÞ8A�CB= à AQ5

� �	ÜWÞLA
?Bïy9XCWAQGPáäÛQ;X;<ÛSïy9XT8¶+ÜBÞ8A	9XT~ßQAD?BCWA µ ÛPCeÜWÛQ?_O�AD?DG@ïJA	ïJÛ å ;XOó=Q?W?B9XßQA-=SÜsÜWÞ8A:?W9X¶QÞaÜW·à ÛPCeÜy;<Ap=HßQADCsÛ@á -èö y  ø�=@T0OO-èö y   øÅG�ïyÞ8AD?WA�ïsA ± Û å ;>Oâ= µLµ ;<ØÆÜBÞ8A{?WAp=QCWÛQT89XT8¶ ± ÛQT8·
CW9XO�AD?WApOâ9XT�ÜWÞ8A µ ?WADßa9XÛ å C ± =QCWAQ5

ù85]7 =@; å ADC�áäÛQ?+ÜBÞ8AâO�9>CeÜB=@T ± ADC � 1X	 � 	=cF�xeqe � 	>{ � ( �NE � 	q���Se e � 	 )yx� ( �F�xE )y\G K�y  E8y   Mâ=@?BA
9XO8A
TaÜW9 ± =Q;�Ga¶Q9XßQADTÆÜWÞL=@ÜsT8Û�O�ApC|-èö � 	 )y&��(���ø�E )y G K�y  EJy   M�=@?BA	CWÞL=@?BADOÆN~Ø1ÜWÞ8A µ =Q?BCWA
?p5

× Ce9 à 9<;>=@?Ì?BAD=PCeÛPT89<TL¶ ± =@TíN0Aè= µ8µ ;X9<ApO�ÜBÛ ± Û à[µ å ÜWA�ÜWÞLA�ßH=Q; å ADCÆáäÛP?óC á O»Gs=HßQÛQ9>O�9XT8¶
?WApO å TLO8=QTaÜ ± Û àÆµ å Ü_=SÜB9<ÛPTLC
5
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Y¤AÆÞL=HßPAUÜBÞL=SÜ$�  G @�£��4	�y  ��=@TLO��   G,@�£��4	>y   ��G»ïy9wÜBÞ��  TU �   G3=@?BA1ÜiïsÛ�? �PA
Ø~?BÛaÛQÜBCD5Y¤A�=@;>CeÛèÞ0=HßQAó=@T 
��íT8Û�O�AO-ñö �aø]NzA
9XT8¶¤= ± Û àÆà ÛQTÝ=QT ± ApCiÜBÛQ?�ÛQáyÜWÞ8ApCeAÌÜiïJÛèT8Û�O�ApC
5Y¤AUC å µ8µ ÛPCWA{ÜWÞ0=SÜyÜWÞLA�? �PA
Ø~?WÛ~ÛQÜBCy=@?BA{9<T�O�9<Ú}A
?BA
TaÜ	N8?_=@T ± ÞLADCDG~ÜWÞL=@Ü-9XCDG�ÜWÞLA
?BA�A�ì�9>CiÜ_Cy=
? �QADØ~?WÛ~Û@ÜpG�-èö �  ø|	�?WApC µ 5�-ñö �   ø��FGL9<T�ÜWÞLA+N8?B=QT ± Þ�;X=QN0AD;<ApOt-ñö �  ø|	�?WApC µ 5�-ñö �   ø6��5



� å ?J=Q9 à T8ÛSï 9>CsÜWÛ ± Û à[µ å ÜWA:ÜWÞ8A�ßS=@; å A-áäÛP?yO�9XCeÜB=QT ± ApC1� 14	 � 	>{ �Se e cNE � 	 )� �xeqe )yr��G�ïyÞ8A
?BA
µ =@9X?BC_	 )� E )yW�U=Q?WAó9XT0K(	 �  Eby  �SE_	q�   Ery   �2Ma5¦ILÛQ? à =Q;<;XØQG¦ïsA*ÞL=HßQAÆÜBÞL=SÜ[ÜWÞLADCWAâßS=@; å ADC1=@?BA
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ç]Þ8AÌCe9<Ü å =@ÜW9XÛQT3G»CWÞ8ÛSïyTñ9XTÙI¦9X¶L5��LG à =4�QApC µ ÛaCWCW9<NL;<A � 	=cF� U � 	>{ �{=QTLO � 	 )y&� U � 	 )� �F5
ôdT*ÜBÞ89>C]ãL?_CiÜ ± =PCeAPG�ïsA ± =@T�=QCBC å à A�ÜBÞL=SÜ	=1ÜB=Q9<;�Û@á�CWÛQT0C]9XC-CWÞL=Q?WApOóN~ØâT8Û�O�ApC�-èö )yÅøhE )ywGKfy  E�y   MP5�YêA ± =@Tñ=Q;XCWÛ*=PCWC å à A+ÜWÞ0=SÜ�ÜWÞ89>C:ÜB=@9X;$9XC µ ?BÛ µ A
?�¶Q9XßQADT�ÜWÞL=@ÜDG}Û@ÜBÞ8A
?Bïy9XCWAQGzÛ å ?
µ =@?_CeAD?]¶ å =Q?B=QTPÜBA
ApC&ÜBÞL=SÜ]ÜBÞ8A+T8Û�O�ADC$-èö )yÅø�E )y G K�y  EJy   MU=@?BA�=Q;XCWÛÌCeÞL=Q?WApO»5

ç¦=X�a9XT8¶ê9<TaÜBÛê= ±
± Û å TaÜ[Û å ? µ =@?_CW9<T8¶ÙCeÜW?_=SÜWAD¶QØPG�ïyÞL9 ± Þë9XO�ADTaÜW9<ãLADCÌCWØ~TPÜ_= ± ÜW9 ± CeÜW? åL± ·
Ü å ?BADCs=@TLO ± Û àÆµ å Ü_=SÜW9XÛQT0C
GPïsA ± ÛQT ± ; å O�AyÜWÞ0=SÜ&ÜBÞ8A	O�9>CeÜB=@T ± ADC1� 1N	 � 	�{W�xeqe cXE � 	 )� �xeqe*)y&�FGPïy9wÜBÞ	 )� E )yr� G�K(	 �  Eby  �xE�	 �   Ery   �2M�O�ÛñT8ÛQÜÆO8A µ A
TLO�ÛQT µ ?BA
ß~9XÛ å C ± Û à[µ å ÜB=@ÜW9XÛQTLC1ÛSßQAD?�ÜWÞLA
CeÞL=Q?WApO�Ü_=@9X;�G3=PC{9XC+CWÞ8ÛSïyTñ9XT¤ÜWÞ8AÌ;XA�á ÜW·¢ÞL=QTLO~·dCe9>O�AÆÛ@á]I�9<¶05��85 ³ Û0G}ÜWÞ89>C+CeÞ0=@?B9<T8¶�ÞL=PC:TLÛ
± ÛQT0CeApæ å A
T ± ADC:ÛQTèÜBÞ8A ± =Q; ±
å ; å C
G»=@;<ÜWÞLÛ å ¶PÞè9wÜ+ïy9X;<;�Þ0=HßQAUA
ÚzA ± Ü_C{ÛQTèÜBÞ8A ± Û àÆµ å ÜB=SÜB9<ÛPT
Û@á»O�9XCeÜB=QT ± ApC$áäÛQ?&T8Û�O�ADC�9XTÆÜWÞLA-?W9X¶QÞaÜ à ÛaCiÜ�N8?_=@T ± Þ[ÛQá0ÜBÞ8AyÜB?WADAy9 àÆà ADO�9>=SÜBA
;XØ�ÜBÛ+ÜWÞ8Ay;XA�á Ü
Û@á»ÜWÞLA�CWÞL=@?BADO[Ü_=@9X;0ÛQá�CeÛPTLCDGPïyÞ89 ± Þó9>CsO8A
T8ÛQÜWADOóNaØÌ=1O�Û å NL;<A µ ÛP9<TaÜWApOÌ;X9<T8A:9<T�I�9<¶05��LGa=PC
ïsA+CWÞL=@;X;3CeÞLÛSïyT*9 àÆà ApO�9>=SÜWAD;<ØP5Y¤A ± ÛPTLCe9>O�AD?âT8ÛSï ÜBÞ8AêCWA ± ÛQTLO ± =QCWAQGsÜWÞ0=SÜ*9>CDGsÜBÞ8A ± Û àÆµ å ÜB=SÜB9<ÛPT Û@áUÜWÞ8A¤áäÛQ?BADCeÜ
O�9XCeÜB=QT ± A1ïyÞ8A
T � 	 )y&�bTU � 	 )� ��G»C åL± Þ¤=QC:9XC�CeÞLÛSïyTè9<TêI�9<¶05'��5)�	A
?BAQGz9<T¤?WAD;X=@ÜW9XÛQT�ÜBÛ*Ap= ± Þ
ÛQT8A{Û@á�ÜWÞLA{ÜWÞ8?BA
A+=@;<ÜWAD?WT0=SÜW9XßQA{ßS=@; å ApCJÜWÛ ± Û à[µ å ÜWA{ÜBÞ8A à 9<T89 à å à GLïsA{ÞL=HßPA:ÜBÞL=SÜ u
�Q5yç]Þ8AUßS=Q; å ApCyáäÛP?g� 1X	 � 	�{W�Se e c (0�XE � 	 )� �Se e*)y&�xE
	 )� E )yr�dG,K(	 �  Ewy  �xE8	 �   Ery   �2M[ÞL=HßQA�NzA
ADT
± Û à[µ å ÜWApO6N~Ø¤ÜBÞ8A*= µ8µ ?BÛHì�9 à =SÜBA à =SÜ ± ÞL9<T8¶ê=@;X¶QÛP?W9<ÜWÞ à 9XT�= µ ?BA
ß~9XÛ å C1CiÜBA µ =QTLO
µ =@?_CWA{CWÞL=Q?W9XT8¶ÆO�Û~ADC]T8ÛQÜ	=SÚ}A ± Ü]ÜBÞ8A ± Û à[µ å ÜB=@ÜW9XÛQT�áäÛQ?-O�9>CeÜB=@T ± ADCD5
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÷�5wY¤A]O�9>CiÜB9<TL¶ å 9>CeÞUÜiïsÛ ± =QCWADC¦9XT�?WAD;X=@ÜW9XÛQT+ÜBÛ-ÜBÞ8AsT0=SÜ å ?WAsÛ@á8T8Û�O�ApC -ñö )yÅø�E )y|G�K�	>y  EJy   �F5Y¤AsCeÞL=Q;<;P= µ8µ ;XØ:ÜWÞ8A&CB= à A�?BAD=PCeÛPT89<TL¶ ± ÛQTLCW9XO8A
?BADO�ïyÞ8A
T+ïJA�ÞL=PO+=@T{ÛQT8;XØ	? �QADØ~?WÛ~Û@Ü u

� ôÅá&NzÛ@ÜBÞèT8Û�O�ADC�=@?BA�;XAD=HßPADCDG�ÜWÞ8ADT � 	%)y�� U )yF5 × C:= ± ÛPTLCeApæ å A
T ± AQG0ïsAU=Q;XCWÛóÞL=HßPA
ÜWÞ0=SÜ

-èö y  ( ��ø U -èö � 	>y  � (��
ø U -èö � 	�y   � ( ��ø U -èö y   (��
ø
=@T0O[ÜWÞ8AD?WA
áäÛQ?BAyÜWÞ8A:ßS=@; å ADC$áäÛP?sO�9>CeÜB=@T ± ADC1� 1N	 � 	�{W�xeqe cXE � 	 )� �xeqe )y ( �F�$ïy9<ÜWÞ 	 )� E )yW�xEfGK�	q�  EJy  �xE!	q�   Ery   �2MPG8=Q?WA+=Q;XCWÛUÜBÞ8A�CB= à AQ5

� �	ÜWÞLA
?Bïy9XCWAQG¦áäÛQ;X;<ÛSïy9XT8¶�ÜBÞ8A�9<T~ßQAD?BCWA µ ÛPCeÜWÛQ?_O�AD?DG¦ïsA�=@?B?W9XßQAÆÜBÛèÜWÞLA*?B9<¶PÞaÜ à ÛPCeÜ;XAD=HßQApC-ÛQá|-èö y  ø =@T0O -èö y   øÅG}ïyÞ8A
?BAUïJA ± =@Tñ= µ8µ ;XØ*ÜBÞ8A[?WAp=QCWÛQT89XT8¶ ± ÛQTLCW9XO8A
?BADO
9XT*ÜBÞ8A µ ?BA
ß~9XÛ å C ± =QCWAQ5
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 vd\_mBhpg~j1mF`Dvd\9�
ù85]7 =@; å ADC�áäÛQ?UÜWÞ8A�O�9XCeÜB=QT ± ApC � 1N	 � 	�{W�Se e � 	=cF�&(P�XE � 	%)y��xeqe � 	%)y2� ( �F�xE+)y G"Kfy  EHy   M*=@?BA
9XO8A
TaÜW9 ± =Q;�Gz¶Q9XßQADT�ÜWÞL=@Ü:ÜBÞ8A�ÜB?WADADC:?WÛ~Û@ÜBADO�N~Ø�T8Û�O�ADC�-èö � 	 )y&� (0��ø�E )y�G,K�y  Ewy   MÆ=@?BA
CeÞ0=@?BADO*NaØóÜWÞ8A µ =Q?BCWA
?p5



× C19<T6ÜBÞ8A ± =QCWAóÛQá	CeÞL=Q?W9XT8¶èÛPT�=ñCB= à Aó? �QADØ~?WÛ~Û@ÜpG�=ñCW9 à 9X;>=@?[?WAp=QCWÛQT89XT8¶ ± =QTÝNzA
= µ8µ ;X9XADO*ÜWÛ ± Û àÆµ å ÜWA{ÜBÞ8A+ßS=@; å ADCJáäÛP?-C á O3GL=HßQÛP9XO�9XT8¶[?WApO å TLOL=@TaÜ ± Û àÆµ å ÜB=SÜB9<ÛPTLCD5

� ��9 68 3ÑLÖ ;  ¦Ï&ÐV'��1Ñ� �%~Ô��iÐV%
Y¤A]Ü_=4�QA-={CW9 àÆµ ;XA-A
ì�= àÆµ ;<AJÜBÛ+9<;X; å CiÜB?B=@ÜWAyÛ å ? O�9XC ±�å CWCW9<ÛPT u ÜBÞ8Ay;X=QT8¶ å =@¶QAJÛ@á»=@?B9<ÜWÞ à A�ÜB9w·
± =@;�A
ì µ ?WApCWCW9XÛQTLCD5FY¤A ± Û àÆµ =@?BAJÛ å ? µ ?BÛ µ ÛPCB=@;~ïy9<ÜWÞ �zÞL=QT8¶ /S5J<����0ö �f�@ø¢G ± ÛQTLCW9>O�A
?B9<TL¶	ÜiïJÛ
O�A�ÜBA
? à 9XT89>CiÜB9 ± ¶Q?_= àÆà =@?_CDG����è=@T0O	��
]G~?WA µ ?WApCeADTaÜW9XT8¶U?BADC µ A ± ÜB9<ßPA
;XØ1ÜBÞ8A�;<A
á Üy=QTLOó?B9X¶QÞaÜ
=QCBCeÛ ± 9>=SÜB9<ßPA	ßPA
?_Ce9XÛQTLC&áäÛQ?JÜBÞ8A+=@?B9wÜBÞ à A�ÜW9 ± Û µ A
?_=SÜBÛQ?_C��~=@TLO*ÛQTLA:T8ÛPT�·dO�A�ÜBA
? à 9XT89>CiÜB9 ± ÛQTLA��
15�ç�ÛÙCW9 àÆµ ;X9wáäØÙÜBÞ8A�A�ì µ ;>=@TL=@ÜW9XÛQT3G�ïJAóáäÛ ±�å C[ÛPT à =SÜ ± Þ89<TL¶ µ Þ8ADT8Û à ADTL=¤=PCWC å à 9XT8¶
ÜWÞL=@Ü µ =@?_CeAD?BC]=Q?WA{N å 9X;<Ü å CW9<T8¶ �x���êö �@ø¢5 /�A�ì�9 ± =@;»9XT�áäÛP? à =SÜB9<ÛPT*9>C ± Û àÆà ÛQT�9<T�=@;X; ± =QCWADCDG
=@TLO1ÜWApCiÜ_C ÞL=HßPA]N0ADA
TÌ= µ8µ ;<9XADOÆÛPT1Ü_=@?B¶QA
Ü$9XT µ å ÜBC ÛQá0ÜBÞ8AyáäÛP? à @ E �t@ R ��e;efe��t@ o �t@ o�� E Gïy9wÜBÞb{}A
ßPA
T3GH?BA µ ?BADCWA
TaÜB9<T8¶-ÜWÞ8A]T å à NzA
?$ÛQá0=QO8O89wÜB9<ÛPTUÛ µ A
?_=SÜBÛQ?_C
5pç]Þ8ADCWA µ ?WÛP¶Q?_= à C3ÞL=HßPA
=âT å à N0AD?�ÛQás= à N89X¶ å Û å C µ =@?_CeApC	ïyÞ89 ± Þñ¶P?WÛSï-C	A�ì µ ÛQT8ADTPÜB9X=Q;<;XØ�ïy9<ÜWÞ 3 53ç]ÞL9XC�T å à NzA
?
9XC u

��� U � E U � =@T0O � o U � ÷4{{�� �
{)�¢� E�9<á){��k�

× C µ =@ÜeÜBA
?BT3G�ïsA{ÞL=HßPA å CeApO*O8A�ÜWAD? à 9XT89>CiÜB9 ± µ =Q?BCWA�ÜW?BA
ApC]Û@á�ÜBÞ8A{áäÛQ? à

1a 2a 3a 4a
a i-1

ai
a i+1

+
+^
|

+
^ + +̂ +

|
|

ôdTñÜBÞ8AóO�A�ÜBA
? à 9<T89>CeÜW9 ±[± =QCWAQG µ =@ÜeÜWAD?WT0C+=@?BA1N å 9<;<Ü+áä?WÛ à ÜWÞLAÌ;<A
á Üe·d=QCBCeÛ ± 9>=SÜB9<ßPA_	�?WApC µ 5
?W9X¶QÞaÜe·d=QCBCWÛ ± 9X=@ÜW9XßQAF�89XTaÜWA
? µ ?BA�Ü_=SÜW9XÛQT�áäÛP?����_	�?WApC µ 5���
i�FG
ïyÞL9 ± Þ+=@;X;XÛSï-C å C»ÜBÛyA
ßS=@; å =SÜBA�ÜWÞLA
9 àÆµ = ± Ü&ÛQázÜB?B=HßPA
?_CW=Q;~ÛQ?B9<ADTPÜ_=SÜB9<ÛPT[9XTÆÜWÞLA µ AD?eáäÛP? à =QT ± AP5 ³ ÛLGQÜWÞ8A	?W9X¶QÞaÜ à ÛaCiÜ&O�9>=@¶P?B= à 9XT
I¦9X¶L5 � µ ?BÛSßQApC}ÜWÞLAs=QOL= µ Ü_=SÜW9XÛQT+ÛQá8Û å ? µ ?BÛ µ ÛPCB=@; 	�?WApC µ 5/�zÞL=QT8¶b/;5�<����@=@;X¶QÛQ?B9<ÜWÞ à �zÜBÛ	;XA�á Üe·
?WA ±�å ?_Ce9XßQAb	ä?BADC µ 5P?B9X¶QÞaÜe·Å?WA ±�å ?_CW9<ßPA���O�A
?B9XßH=@ÜW9XÛQTLCDGaïyÞ89 ± Þ ± ÛQ?B?BÛQNzÛQ?_=SÜWApC$Û å ? ± ÛPT ± ; å CW9<ÛPTLCD5

ôdT ÜWÞ8AêT8ÛPT�·ÅO8A�ÜWAD? à 9XT89>CiÜB9 ±¤± =QCWAQG µ =@ÜeÜWAD?WT0C*=Q?WAèN å 9<;<Ü�áä?WÛ à ÜWÞ8Aê;<A
á Üe·d=QCBCeÛ ± 9X=@ÜW9XßQA
9<TaÜWAD? µ ?WA
ÜB=SÜB9<ÛPT1ÛQá}ÜWÞ8A	æ å AD?WØPGSïyÞ89 ± ÞÌ9XC�TLÛ@Ü&?BA
;XA
ßS=@TaÜ�¶Q9XßQADT[ÜWÞL=@Ü&? å ;<ApC�9<T���
ð=Q?WA-CWØ à ·
à A
ÜW?B9 ± =@;¢5N�	A
?BAQGQïJAyA
ßS=Q; å =@ÜWAyÜBÞ8A	¶a=@9XTÆ9<TÌA � ± 9<ADT ± ØÆO å A	ÜWÛUCWÞL=Q?W9XT8¶{Û@á ± Û àÆµ å Ü_=SÜW9XÛQT0C
9<T�=ÆO�Ø~TL= à 9 ± áä?B= à APGLC åL± Þ�=PC]9XCyCWÞ8ÛSïyT�9<T�ÜBÞ8A+;<A
á Ü à ÛPCeÜ	O�9>=@¶P?B= à Û@á�I¦9X¶L53�L5

� �¤ÒsÏ	Õ��eÔd%~ÖiÒ&Ïd%
×-µ8µ ?BÛHì�9 à =@ÜWA:ÜW?BA
A à =@Ü ± Þ89XT8¶ ± =QTâNzA{=PO8= µ ÜWADOâÜWÛÆO�Ap=@;}ïy9wÜBÞ�CWÞL=Q?WApOâO8=@ÜB=UáäÛQ?BADCeÜ]=QTLO
9<T ± Û àÆµ ;XA�ÜBA µ =SÜWÜWAD?WTÆÜB?WADADCDGSÜWÛ�¶P9<ßPAy?W9>CWA]ÜWÛU= µ8µ ?BÛHì~9 à =SÜBA � 
N� � µ =@ÜeÜBA
?BT à =@Ü ± Þ89XT8¶L5PôdT
µ ?B= ± ÜB9 ± AQGSÜBÞ89XCs= µ8µ ?WÛa= ± Þ ± =@TÆ?BADO åL± A]ÜWÞ8A ± ÛPCeÜ Û@á}A
ßS=Q; å =@ÜW9XT8¶�æ å A
?B9XADC�9XTóCeÛ µ Þ89>CiÜB9 ± =SÜBADO
?WA
ÜW?B9<ADßH=Q;JCWØ�CiÜBA à CDG¦ïyÞ8AD?WAâ?WA
ÜW?B9<ADßH=Q;&á å T ± ÜB9<ÛPTLC[NL=QCWADO6ÛPT ± ;>=QCBCW9 ± µ =SÜeÜBA
?BT à =SÜ ± Þ89XT8¶
± =@TLT8Û@Ü-?BAD= ± ÞâÛ µ ÜW9 à =Q;3?BADC å ;wÜ_C]N0A ± = å CeA+9<Ü-9>Cy9 àÆµ ÛPCBCe9XN8;XA{ÜWÛÌApCiÜB9 à =SÜBA{ÜWÞ8A+A
ì8= ± Ü-?BA µ ·
?WApCeADTPÜ_=SÜB9<ÛPT1ÛQá}O�Û ±
å à A
TaÜBC�ÛP?�?WApæ å ADCeÜBC =QTLOÆ=QO8O89wÜB9<ÛPTL=@;8CW9 àÆµ ;X9<áäØa9XT8¶U=PCWC å àÆµ ÜB9<ÛPTLC�=@?BA
T8A ± ADCBCW=Q?WØP5
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