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o���p

qrstuvtwxRdayz̀TaQ{QbRW|R}}R}zdaTaz̀ ~SVSTRWS
���u
{̀T�d̀ ~~V c̀cR̀ dSa{dR̀ ~SVSTRWS
c̀cR̀ dSa{cdQcRdTaRS�bQdR�� |Q�{}R}dRScQ{SRTaWR�

➜ �RR}QbWQ}R~S {̀}ScRzayz̀TaQ{~̀ {��̀�RSa{TR�d̀ Ta{�TaWa{� S̀cRzTS
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���u�r���sw}aSzdRTR�������Qd}R{SR����� �+
�

�zQWcQSaTaQ{̀~aTVcdQ|~RW�aTU}aSzdRTRTaWR
PR{SR�TaWRaS`WQdR�R{Rd̀ ~WQ}R~TÙ{}aSzdRTRTaWR
�QT ~̀~TaWR}SVSTRWSz̀ {|R}aSzdRTa�R}���

�= �, �, �:= � �, �:= �
�= �, �, �:= �

�< �, �, �:= �
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���u�r���sw}aSzdRTR�������Qd}R{SR����� �+
�

�zQWcQSaTaQ{̀~aTVcdQ|~RW�aTU}aSzdRTRTaWR
PR{SR�TaWRaS`WQdR�R{Rd̀ ~WQ}R~TÙ{}aSzdRTRTaWR
�QT ~̀~TaWR}SVSTRWSz̀ {|R}aSzdRTa�R}���

�= �, �, �:= � �, �:= �
�= �, �, �:= �

�< �, �, �:= ��(,�(� ¡¢(£¤¥¦§̈¦= {((©ª)ω, τ) | ∀«, τ¬−®= « ),'τ¬− τ¬−®> τ¬+¬− τ¬+®}
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�zQWcQSaTaQ{̀~aTVcdQ|~RW�aTU}aSzdRTRTaWR
PR{SR�TaWRaS`WQdR�R{Rd̀ ~WQ}R~TÙ{}aSzdRTRTaWR
�QT ~̀~TaWR}SVSTRWSz̀ {|R}aSzdRTa�R}���
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�= �, �, �:= �
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µ¶�L�	�

· ¹̧º»¼½º¾¼¿ÀÁ»º½ÂÃÀ¼»ÂÀÂ

ÄPRza}̀|a~aTVaSS�RS

ÅÆQWRR�TR{SaQ{SQbTURWQ}R~

Ç ÈWc~RWR{T̀ TaQ{QbTaWR} �̀TQẀT̀

ÉÊQ{z~�}a{�dRẀdËS
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7F1D/210/³5=D12?́ 5/D?5?
o���
�¶������ ÌÍÎÏÐÑÒ�ÎÎÓÔÕÖ×

�y{aTRzQ{TdQ~STd�zT�dRØx̀ dà |~RS�z~QzËS�
�Td̀ {SaTaQ{aSQbTURbQdWÙ

�, Ú, Û:= Ü

Ý{̀|~a{�zQ{}aTaQ{ ÞRSRTTQ�RdQ
�{R{̀|~a{�zQ{}aTaQ{�Qd��̀d}�aSÙ

� ::= ß∼ à | �∧�
�URdR∼∈ {<,≤, =,≥, >}
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o���
�¶������â�ã���L�ä

ß,å Ùz~QzËS

`æ `ç `è
ß≤ é, Ú, å:= Ü å> ê, ë, ß:= Ü
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7F1D/210/³5=D12?́ 5/D?5?
o���
�¶������â�ã���L�ä

ß,å Ùz~QzËS

`æ `ç `è
ß≤ é, Ú, å:= Ü å> ê, ë, ß:= Ü

`æ δ(í.ç) `æ î `ç δ(ç.í) `ç ï `è
ß Ü ð.ê ð.ê é.é Ü
å Ü ð.ê Ü ê.ð ê.ð
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ß,å Ùz~QzËS

`æ `ç `è
ß≤ é, Ú, å:= Ü å> ê, ë, ß:= Ü

`æ δ(í.ç) `æ î `ç δ(ç.í) `ç ï `è
ß Ü ð.ê ð.ê é.é Ü
å Ü ð.ê Ü ê.ð ê.ðñòÎròóôõ�ÎÏ�t�rs
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7F1D/210/³5=D12?́ 5/D?5?
o���
�¶������â�ã���L�ä

ß,å Ùz~QzËS

`æ `ç `è
ß≤ é, Ú, å:= Ü å> ê, ë, ß:= Ü

`æ δ(í.ç) `æ î `ç δ(ç.í) `ç ï `è
ß Ü ð.ê ð.ê é.é Ü
å Ü ð.ê Ü ê.ð ê.ðñòÎròóôõ�ÎÏ�t�rs

➜ TaWR}�Qd}(Ú,ð.ê)(ë,é.é)
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�¶����������	����

A = (Σ,ö,÷, )
aS`ø�

qrsùúÏÐ�t�rsÖw (`, û) ∈ ö× üý�URdRüaSTURTaWR}QẀa{
���u��Ð�sÖ�t�rsþÿÖtu�w

����������������£ (`, �) 	 (`′, �′) ¡
∃` �,	,± `′ ∈ A �� �
�|= 
�′ = �[�← �]

���������������£ (`, �) δ(
¥
) (`, �+ �) ¡
�∈ �
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7F1D/210/³5=D12?́ 5/D?5?
o������	������	O�ã���L� â�ä

�Ð��s� ��t��= ê,�, ...

�̀d

�RbQdR�ß�<  Ü

!{�ß�< �Ü

"##!,ß� := Ü

�Ü< ß�<  Ü,Ú,ß� := Ü

êÜ< ß�< �Ü,$ß�%!
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o������	������	O�ã���L� â'ä

��uú�tuw

!cR{

Ê~QSRÞ̀aSa{��()< êÜ

*Q�Rda{��()< êÜ
+QPQ�{e�() := Ü

()< êÜ�`

+Q,ce�() := Ü

()< êÜ�`
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7F1D/210/³5=D12?́ 5/D?5?
o������	������	O�ã���L� â-ä

��uòrstÐrÎÎuÐw

àç�ß.≤ �Ü àè�ß.≤ êÜàæ
�cce(. := ÜÝ�aTe�(. := Ü

(.≤ êÜ�+QPQ�{/

Ý�aTe

�cce

Ý�aTe

(.= �Ü�+Q,c/

�cce
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7F1D/210/³5=D12?́ 5/D?5?
o������	������	O�ã���L� â0ä

1R�SRTURSV{zUdQ{a�̀ TaQ{b�{zTaQ{2Ù
ød̀ a{ç ød̀ a{è +̀TR ÊQ{TdQ~~Rd
"##! . .

"##? "##
.

"##! .
"##? "##

$ß�%! . . $ß�%? $ß�%
. $ß�%! . $ß�%? $ß�%
Ú . . . Ú
. Ú . . Ú
. . Ú . Ú
. . 345#? 345#! 345#
. . 346478? 346478! 346478

TQ}Ry{RTURc̀d̀ ~~R~zQWcQSaTaQ{(ød̀ a{ç‖ød̀ a{è‖ +̀TR‖ ÊQ{TdQ~~Rd)
9:wTURc̀d̀ ~~R~zQWcQSaTaQ{}QRS{QT }̀}R�cdRSSaxRcQ�Rd/
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o������	������	O�ã���L� â;ä

þr�u<Ðr<uÐt�uÖrsuòrÏÎ�ò�uòów
ÈSTUR�̀TRz~QSR}�UR{`Td̀ a{zdQSSRSTURdQ̀}e
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o������	������	O�ã���L� â;ä

þr�u<Ðr<uÐt�uÖrsuòrÏÎ�ò�uòów
ÈSTUR�̀TRz~QSR}�UR{`Td̀ a{zdQSSRSTURdQ̀}e

"3(Td̀ a{.!{⇒ �̀TR.Ê~QSR)
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o������	������	O�ã���L� â;ä

þr�u<Ðr<uÐt�uÖrsuòrÏÎ�ò�uòów
ÈSTUR�̀TRz~QSR}�UR{`Td̀ a{zdQSSRSTURdQ̀}e

"3(Td̀ a{.!{⇒ �̀TR.Ê~QSR)

ÈSTUR�̀TR ~̀�̀VSz~QSR}bQd~RSSTÙ{éWa{�TRSe
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o������	������	O�ã���L� â;ä

þr�u<Ðr<uÐt�uÖrsuòrÏÎ�ò�uòów
ÈSTUR�̀TRz~QSR}�UR{`Td̀ a{zdQSSRSTURdQ̀}e

"3(Td̀ a{.!{⇒ �̀TR.Ê~QSR)

ÈSTUR�̀TR ~̀�̀VSz~QSR}bQd~RSSTÙ{éWa{�TRSe

¬$=(�̀TR.Ê~QSR∧ (�̀TR.Ê~QSR5>>?�@¬�̀TR.Ê~QSR))
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A1.=2?G=0=5B=AÁ 1A
µ¶�L�	�

·øURWQ}R~QbTaWR} �̀TQẀT̀

ÄBºCÁ½ÂDÁ¾ÁÀEÁFFÃºF

ÅÆQWRR�TR{SaQ{SQbTURWQ}R~

Ç ÈWc~RWR{T̀ TaQ{QbTaWR} �̀TQẀT̀

ÉÊQ{z~�}a{�dRẀdËS
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A1.=2?G=0=5B=AÁ 1A
GL������LH���������	����L���

dR̀zÙ|a~aTVQb`zQ{TdQ~ST̀ TR

S ∼ S ′ Ù |aSaW�~̀ TaQ{�RTz���

ö(S) ⊆ ö(S ′)Ù ~̀ {��̀�Ra{z~�SaQ{

S |= ϕ
bQdSQWRbQdW�~̀ ϕ ����� a{`TaWR}R�TR{SaQ{Qbz~̀ SSaz̀ ~TRWcQd̀ ~ ~Q�azS�ÙWQ}R~�zURzËa{�

S ‖
"IØdR̀zÙ|a~aTVÙTRSTa{� �̀TQẀT̀

���
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J�<t�suÖÖ<ÐrKÎu�w aSTUR~̀ {��̀�R z̀zRcTR}|V`TaWR} �̀TQẀTQ{
RWcTVe
dR̀ zÙ|a~aTVcdQcRdTaRS LMNOPQRORSQT|̀Saz~axR{RSScdQcRdTaRS LUVWXYLZ[ZRXS[TWZN\YRYZNQT

-./012345467839: ;4<=>.?5=/@21ABA5CD1A51DE/<=A4A15FBG<=21A HáI:J



A1.=2?G=0=5B=AÁ 1A
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J�<t�suÖÖ<ÐrKÎu�w aSTUR~̀ {��̀�R z̀zRcTR}|V`TaWR} �̀TQẀTQ{
RWcTVe

]ÐrKÎu�wTURSRTQbzQ{y��d̀ TaQ{SaSa{y{aTR
➜ z~̀ SSaz̀ ~WRTUQ}Sz̀ {{QT|R c̀c~aR}
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A1.=2?G=0=5B=AÁ 1A
����������	

J�<t�suÖÖ<ÐrKÎu�w aSTUR~̀ {��̀�R z̀zRcTR}|V`TaWR} �̀TQẀTQ{
RWcTVe

]ÐrKÎu�wTURSRTQbzQ{y��d̀ TaQ{SaSa{y{aTR
➜ z~̀ SSaz̀ ~WRTUQ}Sz̀ {{QT|R c̀c~aR}

]rÖ�t�õuóuÿ<r�stw x̀ dà |~RS�z~QzËS�ÙxRTURS̀WRScRR}
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J�<t�suÖÖ<ÐrKÎu�w aSTUR~̀ {��̀�R z̀zRcTR}|V`TaWR} �̀TQẀTQ{
RWcTVe

]ÐrKÎu�wTURSRTQbzQ{y��d̀ TaQ{SaSa{y{aTR
➜ z~̀ SSaz̀ ~WRTUQ}Sz̀ {{QT|R c̀c~aR}

]rÖ�t�õuóuÿ<r�stw x̀ dà |~RS�z~QzËS�ÙxRTURS̀WRScRR}

��urÐu�wøURRWcTa{RSScdQ|~RWbQdTaWR} �̀TQẀT̀ aS}Rza}̀|~R�ÈT aS Æ̂̂�ÊÝ�zQWc~RTR� _k\̀ lab]\\cddefgh
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J�<t�suÖÖ<ÐrKÎu�w aSTUR~̀ {��̀�R z̀zRcTR}|V`TaWR} �̀TQẀTQ{
RWcTVe

]ÐrKÎu�wTURSRTQbzQ{y��d̀ TaQ{SaSa{y{aTR
➜ z~̀ SSaz̀ ~WRTUQ}Sz̀ {{QT|R c̀c~aR}

]rÖ�t�õuóuÿ<r�stw x̀ dà |~RS�z~QzËS�ÙxRTURS̀WRScRR}

��urÐu�wøURRWcTa{RSScdQ|~RWbQdTaWR} �̀TQẀT̀ aS}Rza}̀|~R�ÈT aS Æ̂̂�ÊÝ�zQWc~RTR� _k\̀ lab]\\cddefgh

iYm[jkXYQYQOPQZRXSWOQSlZ[RXS\YQW[SRSQSmONRYWQn
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J�<t�suÖÖ<ÐrKÎu�w aSTUR~̀ {��̀�R z̀zRcTR}|V`TaWR} �̀TQẀTQ{
RWcTVe

]ÐrKÎu�wTURSRTQbzQ{y��d̀ TaQ{SaSa{y{aTR
➜ z~̀ SSaz̀ ~WRTUQ}Sz̀ {{QT|R c̀c~aR}

]rÖ�t�õuóuÿ<r�stw x̀ dà |~RS�z~QzËS�ÙxRTURS̀WRScRR}

��urÐu�wøURRWcTa{RSScdQ|~RWbQdTaWR} �̀TQẀT̀ aS}Rza}̀|~R�ÈT aS Æ̂̂�ÊÝ�zQWc~RTR� _k\̀ lab]\\cddefgh

out�r�w òrsÖtÐÏòt�ùs�tu�KÖtÐ�òt�rs
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Ü ê �  ß
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�

å JpÏ�õ�Îusòurqùs�tu�s�uv
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A1.=2?G=0=5B=AÁ 1A
o����O��	����������	

Ü ê �  ß

ê

�

å JpÏ�õ�Îusòurqùs�tu�s�uv

rzQWc̀Ta|a~aTVs|RT�RR{dR�aQ{S {̀}zQ{STd̀ a{TS
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o����O��	����������	

Ü ê �  ß

ê

�

å JpÏ�õ�Îusòurqùs�tu�s�uv

•
•

rzQWc̀Ta|a~aTVs|RT�RR{dR�aQ{S {̀}zQ{STd̀ a{TS
rzQWc̀Ta|a~aTVs|RT�RR{dR�aQ{S {̀}TaWRR~̀ cSa{�
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•
•
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Ü ê �  ß

ê

�

å JpÏ�õ�Îusòurqùs�tu�s�uv

rzQWc̀Ta|a~aTVs|RT�RR{dR�aQ{S {̀}zQ{STd̀ a{TS
rzQWc̀Ta|a~aTVs|RT�RR{dR�aQ{S {̀}TaWRR~̀ cSa{�

➜ `|aSaW�~̀ TaQ{cdQcRdTV
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A1.=2?G=0=5B=AÁ 1A
o����O��	����������	

Ü ê �  ß

ê

�

å JpÏ�õ�Îusòurqùs�tu�s�uv

dR�aQ{}Ry{R}|V
tu=]ê;�[� tv=]Ü;ê[

{ß} < {å}

rzQWc̀Ta|a~aTVs|RT�RR{dR�aQ{S {̀}zQ{STd̀ a{TS
rzQWc̀Ta|a~aTVs|RT�RR{dR�aQ{S {̀}TaWRR~̀ cSa{�

➜ `|aSaW�~̀ TaQ{cdQcRdTV
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o����O��	����������	

Ü ê �  ß

ê

�

å JpÏ�õ�Îusòurqùs�tu�s�uv

dR�aQ{}Ry{R}|V
tu=]ê;�[� tv=]Ü;ê[

{ß} < {å}
S�zzRSSQddR�aQ{S

rzQWc̀Ta|a~aTVs|RT�RR{dR�aQ{S {̀}zQ{STd̀ a{TS
rzQWc̀Ta|a~aTVs|RT�RR{dR�aQ{S {̀}TaWRR~̀ cSa{�

➜ `|aSaW�~̀ TaQ{cdQcRdTV
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A1.=2?G=0=5B=AÁ 1A
o����O��	�¶������	

t��u��Ïtr��trs⊗ Ðuú�rs�KÖtÐ�òt�rs
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o���M�������������¶L����	

∀
Ú

∃
Ú

-./012345467839: ;4<=>.?5=/@21ABA5CD1A51DE/<=A4A15FBG<=21A f9I:J



A1.=2?G=0=5B=AÁ 1A
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���
�L	���������¶	
���
���L��

,{axRdS̀ ~aTVaS�{}Rza}̀|~R _k\̀ lab]\\defghÈ{z~�SaQ{aS�{}Rza}̀|~R _k\̀ lab]\\defghPRTRdWa{a�̀ |a~aTVaS�{}Rza}̀|~R _�l]��j]g�ee�hÊQWc~RWR{T̀ |a~aTVaS�{}Rza}̀|~R _�l]��j]g�ee�h
���

�{R�̀Wc~RQb{Q{�}RTRdWa{a�̀ |~R�{Q{�zQWc~RWR{T̀ |~RTaWR} �̀T�Ù

Ú
Ú, ß:= Ü

Ú
ß= ê, Ú

Ú

-./012345467839: ;4<=>.?5=/@21ABA5CD1A51DE/<=A4A15FBG<=21A ffI:J



A1.=2?G=0=5B=AÁ 1A
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�b�R�� a{_Ú�lg[̂ �̧ [mm[lggŶ �ê]cdd�hQda{_b��g��l]��j]gcdd¹h�
�sòÎÏÖ�rsò�uòó�súÙ ab�⊆ �′ {̀}�′

~̀dR̀}VzQ{Sa}RdR}�TUR{�R}Q{�T{RR}TQzQ{Sa}Rd�
➜ zQddRzT��d�T� dR̀ zÙ|a~aTV
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9=∩ sZ�9= µD=Öé¤µ�sZ~�qFvF
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éIs[F~FIvovHZImfghi ®:= ®+ jklmnm foh
¢Fs[F~FIvovHZImfghi pq®> »

nrst®:= ®− jklmnm fohsuvslmnm fwh

×ijh�j�̀ JªVPN_x��YÖwFwoqvHI��[ZyqF~DZ[vxZsZ�IvF[~oswHIFt Ht�IpFsHpoyqFE
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➜ tH~�qovHZIZD • pFs[F~FIvovHZIZDosZ�IvF[
• HIs[F~FIvovHZIZDosZ�IvF[

�FxHqq�tF³sqZs�tm
• �u�vHs� sqZs�CFoswvH~F�IHva
• ®�u®̄ u®±m [FDF[FIsFsqZs�tDZ[vwFvxZsZ�IvF[t
�®� [FDF[FIsFDZ[�� ≡
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Kcd�j�jc{z{bhchJdhfc{j��Ø

�= �, ∗, �:= �
��:= �

��≤ º, �+��= �, �, ��:= �

�+ ��= �
��> º

, �, ��:= �
ÄÅ���Ä�ËÇ�� ÄÅ���Ä�ËÇ��cjd�j�jc{z{bhchJdhfc{j��Ø

�= �, ∗, �:= �
��:= �

��< º
,
�+��= �, �, ��:= �

�+ ��= �
��= º

, �, ��:= �

�= �, ��= º
, ∗, �:= �, ��:= ��åÜ�

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



��%��2�"%�!�)$!�&
�58A5:8=A@¡�Sa¡? ¡:¡6-;9;��5:8��

éD
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£Fso�tFZDvwFyHtH~�qovHZI�[Z�F[vruxF�Fvvwovm
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�«≤ ¶
�¬,�«:= �

��= ¶
��:= �

�¬= º
,
�¬:= �

��= º
,
��:= ��¬= º

�¬:= �
��= º
��:= �

�¬= ¶
�¬:= �

��−�¬> º
�−�«< º®ÄÄ�Ä
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��= ¶
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�¬:= �

��= º
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