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Famílias de circuitos = coberturas mínimas 

Famílias máximas de cortes = k-coberturas mínimas

Famílias máximas de cortes = coberturas mínimas

Famílias de coberturas = cortes mínimos

Análogos ao Teorema de Edmonds-Giles

Circuitos Ímpares

Conjectura para |T| = 4
Teorema para |T| = 2

Generalização da Conjectura de Fulkerson

Teorema para |T| <= 8

Teoremas de Lovász e Seymour

Igualdades minimax

Teorema de Edmonds-Giles

Teorema de Lucchesi-Younger

Circuitos Orientados 

Conjectura de Edmonds-Giles

Cortes Orientados Cortes Ímpares

Teorema de Feofiloff-Younger
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 "!$# � � 13;���%>!-+-,�? ;
@ 
 ; 
 � � � �{35)6"&/Q-6;15<35"0�o8'"H=?7,B.8,-5�:-514BE(C-N�,\3F�!"*-0),+EB.1&-0(�- G -0(�\q +EB.-5��1435(�-*(*"0�!(C-|�6-5�!"KR

� +&\"&(r8'B.�#�!3,S6- G -0(�\q +EB.-{/#"0�!O,+E Q-07' #"{)63K�#�!O,B�-:(*"0�!(C-{�6-5�!"|8,-5� G -0(�\q +EB.-5�^35)6"&/Q-58,-5�4R
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 ; 
 * � EK"&(*),/#"o~KO,":3*14357 VXO,7' #3*�6-5�!" ) "0�! #BEAK"&/��!O,�6"&7' #"&768'B.8'3N"|8,-58'3RMR3 ) S_8'"&7,35 Q-0P
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� BE768,-'S,~KO6-0768'3N72<-03|M,35O,AK"&/�-0(N�,BED(,O,B.8,-58'"KS,8'"&7,35 Q-0/#"&(*3K�$- G -0(�\q +EB.-|YBA;MN�!BE(*),+E"0�!(*"47' #"$)635/HM,R



�����*� ����'�����'����������>�
	A�*����������� [


���� ������
��
���������
	���� �������������

�{�#-0/#"&(*3K��3K���!"&D5O,BE7' #"0�b�&\q (N�635+E3K�K@
./��02��1/����@2)6-0/Q-N8'"&7,35 Q-0/�A$\"&/# #B.14"0� X)8� ) U � )�� � ) 9 � ) 9 9 �-#-#-#q@^)6-0/Q-N8'"&7,35 Q-0/{-0/#"0�! Q-5�G*��Y$��� @^)6-0/Q-*8'"&7,35 Q-0/�14357 VXO,7' #3K�)Di8'"oA$\"&/# #B.14"0�4F�X
� ��� � +k@^)6-0/Q-N8'"&7,35 Q-0/WG -0(�\q +EB.-5� X
R2������ 6@�)6-0/Q-N8'"&7,35 Q-0/{143576�! Q-07' #"0� X
@ "&35/#B.-N8'3K�{L�357 VXO,7' #3K�K@

@ + @^BED5O6-0+2)635/{8'"H=?7,B#;15<-03 X
/ @�14357 VXO,7' #3*8'3K�b7{\O,(*"&/#3K�$76-0 #O,/Q-0B.�bBE7614+EO,BE768'3|3NU=X
/�!#" @^3*14357 VXO,7' #3R,0U=�&Y8�-#-#-#;� R1F}Y81@X
$)@�14357 VXO,7' #3*8'3K�b7{\O,(*"&/#3K�$BE7' #"&BE/#3K� X
%'& ) @^O,7,Bi<-03N8'3K��14357 VXO,7' #3K� % " ) X
%'( ) @^BE7' #"&/Q�!"01';15<-03|8'3K��14357 VXO,7' #3K� % " ) X
% L ) @�3*14357 VXO,7' #3N8'3K�b"&+E"&(*"&7' #3K��8'" % ~KO,"o72<-03N"0�! &<-03N"&( ) X
% [ ) @�8'B GI"&/#"&7^;1&-|�!BE(}\"& #/#B.1&-{8'" % " ) S,35O@�!" V -'S�D % L ) F & D ) L % F�X
%E> ) @ % \"|�!O,�_14357 VXO,7' #3*8'" ) X
%�) ) @ % \"|�!O,�_14357 VXO,7' #3*8'" ) " % \":8'B GI"&/#"&7' #"o8'" ) X
*�+-, De(*3'8 1�F-@ * F , +BR8A%12SC)6-0/Q-N-0+ED5O,( R�3.$oR
@ "&35/#B.-N8'3K�[!�/Q- GI3K�K@

M"DZ0"F4@^3|D5/Q-0O�8'3|A$\"&/# #B.14"�02X
% M B DZ0"F4@�3*14357 VXO,7' #3N8'3K�bA$\"&/# #B.14"0�$-58 V -514"&7' #"0�b-03NA$\"&/# #B.14"�A XIADJG�F4@��!"�G > ��"&7' &<-03�IADJG�F$�4<-03*-5��-0/#"0�! Q-5��1435(rO,(C-:)6357' Q-|"&(�G�":-|35O, #/Q-|"&( �"L�GDXIADZ0"F4@^8'"&7,35 Q-|3|(*"0�!(*3:~KO,"�IAD(,�021GF�XI�/IDJG�F4@$8'"&7,35 Q-�IADJG�F ( Q X
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 ; 
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miD5O6-0+.8,-58'"0��(*BE7,BE(*-0%:�4<-03:)6-0/#"0��8'"�),/#35�,+E"&(C-5��8'"�35 #BE(*BDC0-6;15<-03{1435(N�,BE76-0 6\35/#B.-�"&( ~KO,"�O,(�8'"&+E"0�
35�?VX"& #BEA5-|(*BE7,BE(*B C0-0/b-0+ED5O,(C- GIO,7^;15<-03*":3C35O, #/#3*35�?VX"& #BEA5-N(C-0%'BE(*B C0-0/$35O, #/Q- GIO,7^;15<-03*": Q-0B.�{~KO,"
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= emparelhamento máximo

cobertura mínima
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IJ� 
 ��� � 
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 � � ,�� ��� � 3�� � O : O � a#h��HkR<&c 5 hKaQgic.jKk"! : O d O 5 hKaQd 6 +,h O d4f'gik O #h�G5c O kg!d O h O d(' O hR%QhKa#jKc.f,h 6 c.jKhKj'd � :,d�: O h %Qk@<4d4aQgZ:'a#h O #N f,c O h 5 kKa !$#d4aQgic&%4d(' ���(C-N8'"&(*3576�! #/Q-6;15<-03C8'"0�! #" @ "&35/#"&(C-|)63'8'"*�!"&/{"&7614357' #/Q-58,-'S_)635/o"&%'"&(*),+E3,S,"&($# ]�C E 5&%iR �

)6-0/# #BE/^8'"0�! #"b #"&35/#"&(C-$)63'8'"&(*3K��35�6�!"&/#A5-0/^O,(C-�1&-0/Q-514 #"&/0\q �! #B.1&-�1435(NO,(p"&(�BED5O6-0+.8,-58'"0��(*BE7,BE(C-0%8'"{~KO,"bO,(C-o8,-5��8'"0�!BED5O6-0+.8,-58'"0��)63'8'"o�!"&/�35�, #B.8,- G -514BE+E(*"&7' #"5R )�"0�! #"�1&-5�!3,S' #3'8,-:1435�6"&/# #O,/Q-o)635/
A$\"&/# #B.14"0�|\"{(C-0BE35/b8'3N~KO,"{35OCBED5O6-0+�-|~KO6-0+.~KO,"&/$"&(*)6-0/#"&+EM6-0(*"&7K #3,R�m!�#�!3�\" G -514BE+E(*"&7' #"bAK"&/#B = 1&-58'3
)635B.��~KO6-0+.~KO,"&/$1435�6"&/# #O,/Q-{)635/$A$\"&/# #B.14"0��8'"&AK"�1435�,/#BE/�-5�$-0/#"0�! Q-5��8'"�O,(�"&(*)6-0/#"&+EM6-0(*"&7' #3b"{8,-58'3
~KO,"{"0�! Q-5�$-0/#"0�! Q-5�b�4<-03N8'B.�IVXO,7' Q-5�4S,-:1435�6"&/# #O,/Q-:35�,/#BEDK-0 #35/#B.-0(*"&7' #"� #"&/6\-oO,( 7{\O,(*"&/#3:8'"{A$\"&/# #B.14"0�
(C-0BE35/b8'3*~KO,"o35OCBED5O6-0+^-03N7{\O,(*"&/#3N8'":-0/#"0�! Q-5��8'3N"&(*)6-0/#"&+EM6-0(*"&7K #3,R

� BED5O6-0+.8,-58'":14BE Q-58,-|-514BE(C-{BE(*),+EB.1&-{~KO,"o-03*-0),/#"0�!"&7' Q-0/#(*3K��O,(C-o1435�6"&/# #O,/Q-|)635/bA$\"&/# #B.14"0�^"
O,(�"&(*)6-0/#"&+EM6-0(*"&7' #3,S0-0(N�63K�^1435(�3o(*"0�!(*3b Q-0(C-07,M,3,S'�#-0�6"&(*3K��~KO,"�-o1435�6"&/# #O,/Q-F\"�(�\q 7,BE(*-$"3�"&(*)6-0/#"&+EM6-0(*"47' #3|\"$(p\-0%'BE(*3,R�C^/#30A5-0/^~KO,"�-bBED5O6-0+.8,-58'"b�!"&(*),/#":\"�Ab\-0+EB.8,-b�!BED57,B = 1&-$(*3K�! #/Q-0/�~KO,"
"0�! Q-5�b�!35+EO^;15<35"0��8'"{A5-0+E35/#"0�bBED5O6-0B.�b�!"&(*),/#"�"&%'B.�! #"&(FR����! Q-|- =?/#(C-6;15<-03|7,3K��1435768'O	C:-:O,(C- GI35/#(C-
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M�BED5O,/Q- � R � @�ef|+g�W�Z�YI[G\]_^[4`-dc`��"X�`KY�X�i�[=dcX�h�X�b"�KX�Y_~
)�30A5-0(*"&7' #"N)63'8'"&(*3K�|AK"&/#B = 1&-0/|-@3'1435/#/0s"&7614B.-�8'"CO,(C-@8'"0�!BED5O6-0+.8,-58'"@ #/#BEA'B.-0+iR'Jr7{\O,(*"&/#3

(p\-0%'BE(*3*8'"C1&-0(*BE7,M,3K�:-0/#"0�! Q-0Pi8'B.�IVXO,7' #3K�:"&7' #/#"*�o"* �\"*(*"&7,35/:8'3�~KO,"N35O�BED5O6-0+b-03F Q-0(C-07,M,3
8'":O,(�1435/# #"o(�\q 7,BE(*3:~KO,"|�!"&)6-0/Q-�P|8'"�Q4S6)635B.��1&-58,-*1&-0(*BE7,M,3N8'"&AK"oO, #BE+EBDC0-0/$)6"&+E3*(*"&7,3K�$O,(C--0/#"0�! Q-N8'3*1435/# #"KR
J @ "&35/#"&(C-*8'"Nn@"&7,D5"&/o7,3K�{)6"&/#(*BE #":BE+EO6�! #/Q-0/oO,(C-N/#"&+.-6;15<-03@8'"N8'O6-0+EB.8,-58'"*~KO,"N"&%'B.�! #":"&(

(NO,BE #3K�$),/#35�,+E"&(C-5�b8'":35 #BE(*BDC0-6;15<-03|"|~KO,":3'1435/#/#"|"&(r)6-0/# #B.14O,+.-0/{1435(�3K��),/#35�,+E"&(C-5�b~KO,"|�!"&/&<-03
-0),/#"0�!"&7' Q-58'3K�b-58'B.-07' #"KR�J @ "&35/#"&(C-o8'"{n@"&7,D5"&/�/#"&+.-514BE3576-:8'"& #"&/#(*BE76-58'3K�^1435/# #"0��(�\q 7,BE(*3K��1435(1435+E",;15<35"0�N8'"F1&-0(*BE7,M,3K�N8'B.�IVXO,7' #3K�N"&7' #/#"F8'35B.�NA$\"&/# #B.14"0�4R}mi(C-0D5BE7,"@~KO,"�-0D535/Q-�3�)6-0)6"&+o8'"0�#�!"0�
8'35B.�$),/#35�,+E"&(C-5� GI3K�#�!"&(rBE7'AK"&/# #B.8'3K�4SKB.�! #3�\"KS,"0�! Q-0(*3K��BE7' #"&/#"0�#�#-58'3K�$"&(r/#"&+.-514BE3576-0/$O,(�1&-0(*BE7,M,3
(�\q 7,BE(N3{"&7' #/#"HP{"HQ$1435(r-5�$1435+E",;15<35"0�$8'B.�IVXO,7' Q-5��(p\-0%'BE(C-5�^8'"o1435/# #"0�$~KO,"o�!"&)6-0/Q-0(\Po8'"HQ4R=EK"&/6\-
~KO,"o"0�! #"0�b8'35B.�$),/#35�,+E"&(C-5�$ Q-0(N�b\"&( �!"o/#"&+.-514BE3576-0(r)635/�O,(C-oBED5O6-0+.8,-58'":(*BE7,BE(*-0%��

� /#"0�!)63K�! Q-�\"|- =?/#(C-0 #BEA5-'R=C^/#BE(*"&BE/Q-0(*"&7K #"�7,35 #"|~KO,":O,(C-|1435+E",;15<-03*8'B.�IVXO,7' Q-N8'":1435/# #"0��~KO,"
�!"&)6-0/Q-0( PN"�Q{72<-03@)63'8'"C�!"&/o(C-0BE35/o8'3F~KO,"NO,(�1&-0(*BE7,M,3C"&7' #/#"�PN"�Q4S?V \-@~KO,"N1&-58,-CO,(�8'3K�
1435/# #"0�NO6�#-�)6"&+E3�(*"&7,3K�:O,(C-�-0/#"0�! Q-�8'"F1&-58,-�1&-0(*BE7,M,3�"&7' #/#"FP@"FQ4R C^-0/Q-�(*3K�! #/Q-0/*~KO,"F-
BED5O6-0+.8,-58'"|�!"&(*),/#"{3'1435/#/#"KS6143576�!B.8'"&/#"o3*14357 VXO,7' #3*,8��7 > � @ ��7?+K,�0�3D� @=M"DZP@��0"F�8 :(1KS,)6-0/Q-
:�+rU=�-#-#-#;��M"DZP@�(Q4F#F�Y81KS^35768'"RM"DZP@��0"Fo8'"&7,35 Q-C3F Q-0(C-07,M,3F8'3F(*"&7,35/o1&-0(*BE7,M,3�Di-F8'B.�! 5s-07614B.-tF
"&7' #/#"�P�"�06R^���! #"0��14357 VXO,7' #3K��/#"&),/#"0�!"&7' Q-0(�"&%,-0 Q-0(*"&7' #"�3K��A$\"&/# #B.14"0��-0+.1&-07^;1&-58'3K��"&(�1&-58,-{7�\q AK"&+8'":O,(C-:�,O6�#1&-|"&(r+.-0/#D5O,/Q-*-|)6-0/# #BE/{8'"�PKR � 1435+E",;15<-03N8'"|1435/# #"0����+K,�IAD���2KF��-#-#-#;��IAD������	�"� /�
 4 U F�1)63K�#�!O,B�-@(*"0�!(C-*1&-0/Q8'BE76-0+EB.8,-58'"*8'"CO,( 1&-0(*BE7,M,3C(�\q 7,BE(N3,R C^-0/Q-@AK"&/#B = 1&-0/:~KO,"���\"C8'" G -0 #3
8'B.�IVXO,7' Q-'S'7,35 #"o~KO,"o�!"�DZ./��0"F$3FIAD���7�FQS'"&7' &<-03"./��0�3B��7ED " �[R�
�Y5S')635/Q~KO,"�M"DZP@��0"F�+CM"DZP@��.�F���Y5R
]_35D53*72<-03N)63'8'":"&%'B.�! #BE/$O,(C-|-0/#"0�! Q-|~KO,"o)6"&/# #"&7^;1&-|-N8'35B.��1435/# #"0�b8,-|1435+E",;15<-03,R

� �b8'"0�!BED5O6-0+.8,-58'"0�$ #/#BEA'B.-0B.���6"&(r1435(*3|-:/#"&+.-6;15<-03N8'":8'O6-0+EB.8,-58'":14BE Q-58,-|-514BE(C-{72<-03N3'1435/#/#"&(
)635/b-51&-5�!3,R0J{��),/#35�,+E"&(C-5�^"&( ~KO,"0�! &<-03|�4<-03|"&%'"&(*),+E3K�^8'"�(*3'8'"&+E3K�^�6-5�! Q-07' #"{D5"&7b\"&/#B.143K�$1QM6-0(C-0P
8'3K�:8'"�� c '4g!d O h�'Cj'd���d4f � d4aCd����kKf,c �N"&( # ��3K3�Z E %�"*8'"�5 hKaQd('|gia#hKf@' ! d4a('&hKc ' "&( # M^] EFE %�7,3K�~KO6-0B.�b-N8'"0�!BED5O6-0+.8,-58'":�!"&(*),/#"F\"oAb\-0+EB.8,-:":-:/#"&+.-6;15<-03*8'":8'O6-0+EB.8,-58'"�\"oO,(C-:1435768'B#;15<-03N76-0 #O,/Q-0+iR

�^%'"&(*),+E3K�N8'"�BED5O6-0+.8,-58'"0�*(*BE7,BE(*-0%�3'1435/#/#"&(  Q-0(N�b\"&( GI35/Q-�8,- @ "&35/#B.-�8'3K�$!�/Q- GI3K�4R:J
"&%'"&(*),+E3�(C-0B.�^BE(*)635/# Q-07' #"C\"{-oBED5O6-0+.8,-58'"{(*BE7,BE(*-0%:~KO,"�/#"&+.-514BE3576-o),/#35�,+E"&(C-5��),/#BE(C-0B.��"{8'O6-0B.�
76-NC^/#35D5/Q-0(C-6;15<-03*]_BE7,"0-0/&R=EK" V -:3*�!"&D5O,BE7' #"o),/#35�,+E"&(C-A@
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�R�C�3'8'"&(*3K�$(*3K�! #/Q-0/b~KO,"o-N8'"0�!BED5O6-0+.8,-58'"o #/#BEA'B.-0+6 Q-0(N�b\"&(�3'1435/#/#"o"&7' #/#"{"0�! #"0�
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V \-:~KO," 1 9 ��� 9 
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�!"&/b),/#30A5-58,- #U! @ E Z&%iR
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�^( D5"&/Q-0+iS6-5�$BED5O6-0+.8,-58'"0�$(*BE7,BE(*-0%:BE(*),+EB.1&-0(�-:"&%'B.�! 0s"&7614B.-o8'"o-0+ED535/#BE #(*3K�$)635+EBE7,35(*B.-0B.�^)6-0/Q-|-
�!35+EO^;15<-03C8'3K�b),/#35�,+E"&(C-5�b�!O,�?V -514"&7' #"0�o9-NBED5O6-0+.8,-58'"KR � ),/#BE(*"&BE/Q-{"&%'),+EB.1&-6;15<-03|)6-0/Q-N Q-0+ G -0 #3N"0�! 6\-
/#"&+.-514BE3576-58,-@1435(�-@~KO,"0�! &<-03F8,- @ "&35/#B.-C8,-FL�35(*),+E"&%'B.8,-58'"N8'" � +ED535/#BE #(*3K�{~KO,"NBE768,-0DK-F�!"*-5�
14+.-5�#�!"0� )�C�":1435P )�C}1435BE7614B.8'"&(FR
C^/#35�,+E"&(C-5�{8'"N8'"014B.�4<-03C�4<-03@-5~KO,"&+E"0�{14O V -5�{�!35+EO^;15<35"0�{/#"0�! #/#BE7,D5"&(*Pi�!":-C8'O6-5�{)63K�#�!BE�,BE+EB.8,-58'"0�K@

�!BE(�":72<-03�De35OF"&%'B.�! #"o"|72<-03*"&%'B.�! #"KS,"& Q1�FQR)J{��),/#35�,+E"&(C-5��8,-*14+.-5�#�!"�)�C}�4<-03C3K��),/#35�,+E"&(C-5��8'"
8'"014B.�4<-03:)6-0/Q-:3K�b~KO6-0B.�$"&%'B.�! #"&(�-0+ED535/#BE #(*3K��72<-03N8'"& #"&/#(*BE7�\q �! #B.143K��)635+EBE7,35(*B.-0B.�^)6-0/Q-:/#"0�!35+EA2s"&Pe+E3K�
#U!{J�Z0Z&%iR|m!�#�!3@"0~KO,BEA5-0+E"|-C8'BDC&"&/o~KO,"*1&-5�!3@-C/#"0�!)63K�! Q-@-03C),/#35�,+E"&(C-*�!" V -*)63K�!BE #BEA5-'S�"&%'B.�! #"|O,(C-
),/#30A5-'S28'": Q-0(C-07,M,3*+EBE(*BE Q-58'3:)635/oO,(�)635+EBE7^s35(*BE3|"&( GIO,7^;15<-03C8'3* Q-0(C-07,M,3C8,-NBE76�! 5s-07614B.-'S_~KO,"
)63'8'"��!"&/*AK"&/#B = 1&-58,-F)635/*O,( -0+ED535/#BE #(*3�)635+EBE7,35(*B.-0+iR L�3576�!B.8'"&/#"@)635/C"&%'"&(*),+E3@3�),/#35�,+E"&(C-
8'3C�^(*)6-0/#"&+EM6-0(*"&7' #3|n�\-0%'BE(*3,Rb�^(��!O6-NAK"&/Q�4<-03*8'"|8'"014B.�4<-03*)6"&/#D5O,7' Q-0Pi�!"N�!":O,(�D5/Q- GI3C)63K�#�!O,B
O,(�"&(*)6-0/#"&+EM6-0(*"&7' #3|8'": Q-0(C-07,M,3N(C-0BE35/{8'3C~KO,":35OFBED5O6-0+^-XR6R{���! #"|),/#35�,+E"&(C-|�!"|"&7614357' #/Q-
76-C14+.-5�#�!"1)�Cp)635B.�4S�-03@-0),/#"0�!"&7' Q-0/#(*3K��O,(�"&(*)6-0/#"&+EM6-0(*"&7' #3N8'"| Q-0(C-07,M,3C(C-0BE35/{8'3@~KO,"|35O
BED5O6-0+�-�R6S,)63'8'"&Pi�!"oAK"&/#B = 1&-0/ G -514BE+E(*"&7' #"b~KO,"o8'" G -0 #3N�!"{ #/Q-0 Q-N8'"{O,(r14357 VXO,7' #3N8'"o-0/#"0�! Q-5�b72<-03
-58 V -514"&7' #"0�b8'3ND5/Q- GI3N":14O V -|1&-0/Q8'BE76-0+EB.8,-58'"�\"oBED5O6-0+�-|35O@(C-0BE35/b8'3*~KO,"��_R
J{��),/#35�,+E"&(C-5��8,-:14+.-5�#�!"{1435P )�C��4<-03|3K��),/#35�,+E"&(C-5��14O VX3K�$1435(*),+E"&(*"47' #3K�^�!"�"&7614357' #/Q-0(�"&(

)�C�S635OF�!" V -'S21&-5�!3C-N/#"0�!)63K�! Q-*�!" V -N7,"&DK-0 #BEA5-'S_"&%'B.�! #"oO,(C-:),/#30A5-N)6-0/Q-*"0�! #" G -0 #3C~KO,"o)63'8'"*�!"&/
AK"&/#B = 1&-58,-N"&(� #"&(*)63C)635+EBE7,35(*B.-0+iRNL�3576�!B.8'"&/#"|7,30A5-0(*"&7' #"|3C),/#35�,+E"&(C-*8'3@�^(*)6-0/#"&+EM6-0(*"&7' #3
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M�BED5O,/Q- � R TA@��"Y�`4��j[4�KX�|AY�X�|q[G\]_^[4`0X�bcZ�Y�X=[ ] |q[4W�W�X=�NX�[=V+bcZ�X�Y�W�Xc\]_^[4`�dcX��%�NX ] `�� �%�"~
n�\-0%'BE(*3,RFn@3K�! #/Q-0(*3K�|~KO,"*3F(*"0�!(*3C�!"C"&7614357' #/Q-C"&( )�C�"*D5/Q-6;1&-5�N-03 @ "&35/#"&(C-@8'"�� ,357,BED
)63'8'"&(*3K��8'"08'O	C&BE/$~KO,"�"&+E"b)6"&/# #"&7614"b Q-0(N�b\"&(�9-o14+.-5�#�!"{1435P )�C�RAC^-0/Q-o),/#30A5-0/#(*3K��~KO,"�72<-03:"&%'B.�! #"
O,(r"&(*)6-0/#"&+EM6-0(*"&7' #3:8'"o Q-0(C-07,M,3N(C-0BE35/b8'3*~KO,"o35O@BED5O6-0+^- �_S'�6-5�! Q-*~KO,":�!"|-0),/#"0�!"&7' #"oO,(C-
1435�6"&/# #O,/Q-:)635/bA$\"&/# #B.14"0�^8'"{ Q-0(C-07,M,3:(*"&7,35/$8'3|~KO,"��_R=J @ "&35/#"&(C-o8'" � ,357,BED�\"{O,(C-{DK-0/Q-07' #B.-
8'"b~KO,"$ Q-0+,14357 VXO,7' #3{"&%'B.�! #"$�!"$"b�!35(*"&7' #"$�!"$3{D5/Q- GI3{72<-03{)63K�#�!O,B63{"&(*)6-0/#"&+EM6-0(*"47' #3$),/#3'14O,/Q-58'3,R
C�"&+.-b(*"0�!(C-�/Q-�CK<-03{)6"&+.-{~KO6-0+,-514/#"08'BE Q-0Pi�!"b~KO,"0C��!" V -{8'B GI"&/#"&7' #"�8'" )�C�S0 Q-0(N�b\"&(��!"b-514/#"08'BE Q-

~KO,"[)�C��!" V -:8'B GI"&/#"&7' #"b8'"{1435P )�C�R � /Q-�CK<-03�\"{~KO,"�O,( 14357 VXO,7' #3:D5/Q-0768'"o8'"�),/#35�,+E"&(C-5�4S'1QM6-0(C-0P
8'3K�J)�C^Pi1435(*),+E"& #3K�4SK)6"&/# #"&7614"&(�9-|14+.-5�#�!"[)�C�SK(C-5�^72<-03N�!"{143576�!"&D5O,BEOC8'"&(*3576�! #/Q-0/b-0 ,\"o-0D535/Q-|�!"
)6"&/# #"&7614"&(�35O�72<-03�9-C14+.-5�#�!"N1435P )�C�R�J�(*"0�!(*3:3'1435/#/#"*1435(�3K�{),/#35�,+E"&(C-5��1435P )�C^Pi1435(*),+E"& #3K�4R
l�" G -0 #3,S2�6-5�! Q-@~KO,"*�!"|),/#30AK"N~KO,"|O,(�),/#35�,+E"&(C->)�C^Pi1435(*),+E"& #3N"0�! 6\-*"&(�1435P )�Cp)6-0/Q-@~KO,"N�!"
),/#30AK"C~KO,"C #3'8'3K�N"0�! &<-03,R � =?D5O,/Q- � R T@BE+EO6�! #/Q-F-F),/#30Ab\-0AK"&+$/#"&+.-6;15<-03�"&7' #/#"C-5�N14+.-5�#�!"0�|14BE Q-58,-5�
-514BE(C-'R

� +ED535/#BE #(*3K�N)635+EBE7,35(*B.-0B.�*�4<-03p14357,M,"014B.8'3K�*)6-0/Q-�-�/#"0�!35+EO^;15<-03�8'"�),/Q-0 #B.1&-0(*"&7' #"@ #3'8'3K�@3K�
),/#35�,+E"&(C-5�_~KO,"$�#-0�6"&(*3K�2"0�! Q-0/#"&(p76-bBE7' #"&/Q�!",;15<-03�8'"J)�CC"$1435P )�C�R�U � 14357' #"014"^~KO,"$-5�2BED5O6-0+.8,-58'"0�
(*BE7,BE(*-0%�BE(*),+EB.1&-0( ~KO,"@3K�N),/#35�,+E"&(C-5�|)6"&/# #"&7614"&( -�"0�! Q-�BE7' #"&/Q�!",;15<-03,Rpm!�#�!3 V \-�7,3K�*8b\-�O,(
BE7682\q 14BE3N8'"|~KO,":"&%'B.�! #"&(�-0+ED535/#BE #(*3K�b)635+EBE7,35(*B.-0B.�$)6-0/Q-*/#"0�!35+EAK"&/b Q-0B.�b),/#35�,+E"&(C-5�4R����! Q-NB.8$\"&B.-�\"
/#"HGI35/5;1&-58,-�)6"&+E3� #/Q-0�6-0+EM,3o8'"[!�/�,35 Q�#1QM,"&+iS5]_30Ab\-5�MCb"-E'1QM,/#B VXAK"&/ #U!{]%E E Y�%iSK~KO,"�(*3K�! #/Q-0/Q-0(�O,(�(*"&BE3
8'":35�, #"&7^;15<-03*8'"|-0+ED535/#BE #(*3K�b)635+EBE7,35(*B.-0B.�$-N)6-0/# #BE/{8'"oBED5O6-0+.8,-58'"0��(*BE7,BE(*-0%_R����! #":/#"0�!O,+E Q-58'3�\"
O,(C-�143576�!"0~-,O�s"&7614B.-{8'3on \"& #3'8'3o�^+EBE)6�,\35B.8'"$)6-0/Q-�/#"0�!35+EO^;15<-03{"&(� #"&(*)63�)635+EBE7,35(*B.-0+'8'"b),/#35�,+E"&(C-5�
8'"�C^/#35D5/Q-0(C-6;15<-03|]_BE7,"0-0/&R=J�O, #/Q-:14357614+EO6�4<-03:)63'8'"o�!"&/� #BE/Q-58,-:-o)6-0/# #BE/$8'"0�! #"0� G -0 #3K�K@:\"{),/#30Ab\-0AK"&+
~KO,"�72<-03:"&%'B.�! Q-0(�BED5O6-0+.8,-58'"0��(*BE7,BE(*-0%:~KO,"b/#"&+.-514BE3576-0(�),/#35�,+E"&(C-5��)�C^Pi1435(*),+E"& #3K��"&7' #/#"��!B635O
1435(r35O, #/#3K�b),/#35�,+E"&(C-5�$"&(Q)�C�R��(r35O, #/#3C-5�!)6"014 #3NBE(*)635/# Q-07' #":8,-5��BED5O6-0+.8,-58'"0�b(*BE7,BE(*-0%�\"|~KO,"o)63'8'"&Pi�!"|"&%'),+E35/Q-0/{-N8'O6-0P
+EB.8,-58'":8'"|8'35B.��),/#35�,+E"&(C-5�$)6-0/Q-N"&+.-0�635/Q-0/#(*3K��-0+ED535/#BE #(*3K�b"H= 14BE"&7' #"0�4RJ)�"0�! #":1&-5�!3C-NBED5O6-0+.8,-58'"
(*BE7,BE(*-0%|7,3K� GI35/#7,"014"{O,(�14/#BE ,\"&/#BE3|8'":35 #BE(C-0+EB.8,-58'"�)6-0/Q-|3N),/#35�,+E"&(C-'R

� 3@14357 VX"014 #O,/Q-0/#(*3K��O,(C-*BED5O6-0+.8,-58'"N(*BE7,BE(*-0%}\"N76-0 #O,/Q-0+b~KO," G -6;1&-0(*3K�o-5�:�!"&D5O,BE7' #"0��)6"&/#P
T���i�[�X �P] Xc\]_^[4` jX�`%a�Y�`K}�|+X�i�[�dcX�dcX�Z�X�Y�i-V+bG[4Y�i-`KWGW�X�g�i6b�jg�i-X�Y�`�jX�a�Y�V+i-`G~tm"W�Z�X�a�Y�`K}�|+X�i�[�X�W�ZGj[%bG[�V+bcZ�X�Y�W�Xc\]_^[4`dcX=�%�NX ] `�� �%�NX�i0}G`KYI[�b ^[4`0W�X�� [ ] `Kb � X ] Vqdc`-aG[4YI[=X�|+X�b�X�b � g�i�[4|��K`KY�V+Z�i-`�aG`K|+V+b�`Ki-Vq[4|�X�i ��g�b"\]_^[4`-dc`0b�jg�i-X�Y�`dcX�dtjn �KV+Z�`KW�bcg�i�[�Y�X�a�Y�X�W�X�bcZI[G\]_^[4` ] `Ki�}G[4W�X�i�[4V+`KY�dc`-{Kg�X*�K~�� ����� �
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=  arestas da T-junção

=   vértices de T
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 � EK" V - Q > �rO,(C-XTbP VXO,7^;15<-03,R @ 35(*"|3@D5/Q- GI3 ��9 +:D����(Q4FQR J{�{A$\"&/# #B.14"0�{8'" ��9 1435(
D5/Q-0O�\q (*)6-0/b�4<-03*"&%,-0 Q-0(*"&7' #"�3K�bA$\"&/# #B.14"0�$8'"%ToR � ),+EB.1&-0768'35Pi�!"o3N+E"&(C-oT'REY:-03ND5/Q- GI3 ��9 S, #"&(*3K�
~KO," � I�����DJG�F � + � G ( T � De(*3'8 � Fb)6-0/Q-* #3'8'3RG > �NR � �#�!BE(FS6�!"�IADJG�F*\"|O,(VTbPi1435/# #"|"&7' &<-03
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 � �$-0(*3K�b(*3K�! #/Q-0/{~KO,": #3'8,-C1435�6"&/# #O,/Q-*8'3K�[TbPi1435/# #"0��14357' ,\"&(�O,(C-�TbP VXO,7^;15<-03,S_3C~KO,"KS
-0+EB.-58'3*-03N+E"&(C-o-07' #"&/#BE35/&S,),/#30A5-|~KO,":-5��1435�6"&/# #O,/Q-5�b(*BE7,BE(C-0B.�^�4<-03>TbP VXO,7^;15<35"0�4R
EK" V -�Q > ��O,(C-:1435�6"&/# #O,/Q-|8'3K� TbPi1435/# #"0�4R�C^/#BE(*"&BE/Q-0(N"&7' #"$A5-0(*3K��(*3K�! #/Q-0/b~KO,"F\"{)63K�#�&\q AK"&+35�, #"&/{O,(�14357 VXO,7' #3C8'" � T � � � 1&-0(*BE7,M,3K�4S,72<-03C7,"014"0�#�#-0/#B.-0(*"&7' #"o8'B.�IVXO,7' #3K�4S214O V -5�{-0/#"0�! Q-5��)6"&/#P

 #"&7614"&(�-HQ^"b Q-0+_~KO,"b3K�^A$\"&/# #B.14"0��~KO,"��4<-03:"&%' #/#"&(*3K��8'3K�$1&-0(*BE7,M,3K���4<-03:3K�^A$\"&/# #B.14"0��8'"[ToR�L$-58,-
A$\"&/# #B.14"{8'"�Tp�!"&/6\-|O,(�8'3K�b"&%' #/#"&(*3K��8'":-0)6"&76-5��O,(�8'3K��1&-0(*BE7,M,3K�4R
�$-0(*3K��143576�! #/#O,BE/�O,(�14357 VXO,7' #3o8'"b1&-0(*BE7,M,3K��14O VX3K��"&%' #/#"&(*3K�2�4<-03{3K��A$\"&/# #B.14"0��,@,�P U �(Q U 1@�-#-#-# �,�P��
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� 	 � 1@1KR EKO,)6357,M6-�~KO," V \-�143576�! #/#O�\q (*3K�:O,(�14357 VXO,7' #3�8'"�1&-0(*BE7,M,3K�|1435( "&%' #/#"&(*3K�,�P�7Z�(Q�7J1N)6-0/Q-@U	8 :�0 R 8 � T � � � R �$-0(*3K��BE7614+EO,BE/�O,(�7,30AK3C1&-0(*BE7,M,3C-*"0�! #"N14357 VXO,7' #3@14O VX3K�

"&%' #/#"&(*3K�o�4<-03�A$\"&/# #B.14"0�o8'"$T ~KO,"C-0BE768,-F72<-03 GI35/Q-0( O, #BE+EBDC0-58'3K�|1435(*3@"&%' #/#"&(*3K�o8'"*7,"&7,M'O,(
1&-0(*BE7,M,3,S�B.�! #3�\"KS�~KO,"@)6"&/# #"&7614"&( -03�14357 VXO,7' #3 TS+ THL � " 4 U7�� U ,�P�7Z�(Q�7Z1KR EK" V -BP " O,( A$\"&/# #B.14"
~KO6-0+.~KO,"&/�8'" T{R-EK" V -"G > ��3*14357 VXO,7' #3*8'": #3'8'3K��3K��A$\"&/# #B.14"0�$~KO,"o)63'8'"&(��!"&/{-0+.1&-07^;1&-58'3K��-
)6-0/# #BE/$8'"HP " )635/b1&-0(*BE7,M,3K��14O V -5��-0/#"0�! Q-5��"0�! &<-03:"&(-Q4R�EK"{-0+ED5O,(\P�7iS'U"8 :�8 R/F�Y5S')6"&/# #"&7614"�-G�S'"&7' &<-03:3:A$\"&/# #B.14" Q�7_ Q-0(N�b\"&(�)6"&/# #"&7614"KR � �#�!BE(FS8G ( Tp8'"&AK"{14357' #"&/$-0+ED5O,( A$\"&/# #B.14"�8'" T�L8P " S
)635B.�:�!"N72<-03F14357' #BEAK"0�#�!"KS?IADJG�F{�!"&/#B.-*O,(&TbPi1435/# #"|72<-03�1435�6"&/# #3C)635/"Q4R C�3'8'"&(*3K�{/#"&)6"& #BE/{"0�! #"
),/#3'14"0�#�!3*-0 ,\":35�, #"&/#(*3K��3K� � T � � � 1&-0(*BE7,M,3K�4REK" V -0( . U �-#-#-# ��.
� � � 	 � 3K��1&-0(*BE7,M,3K�C35�, #B.8'3K�4R �$-0(*3K�CAK"&/#B = 1&-0/F-0D535/Q- ~KO,"�-p8'B GI"&/#"&7^;1&-
�!BE(}\"& #/#B.1&-HQ 9 +�� �
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"&%,-0 Q-0(*"&7' #"{O,(�8'3K�{1&-0(*BE7,M,3K�4S,)63'8'"&768'3*3'1435/#/#"&/{BE7' #"&/#76-0(*"&7' #"{~KO6-0+.~KO,"&/b7{\O,(*"&/#3*8'":AK"-C&"0�4R
C�35/:35O, #/#3@+.-58'3,S^�!"N3@A$\"&/# #B.14"|72<-03@)6"&/# #"&7614"N-$T�"&7' &<-03C"&+E"N72<-03 \"N"&%' #/#"&(*3*"&(�7,"&7,M'O,(�8'3K�
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��(C-:),/#35),/#BE"08,-58'"oBE7' #"&/#"0�#�#-07' #":8,->TbP VXO,7^;15<-03N35�, #B.8,-|76-N8'"&(*3576�! #/Q-6;15<-03*8'"0�! #":+E"&(C-F\"|~KO,"
"&+.-�\" GI35/#(C-58,-:)635/{1&-0(*BE7,M,3K�$~KO,":1&-5�#-0(r3K�bA$\"&/# #B.14"0�$8'"%Tp8'35B.�b-N8'35B.�b-0+&\"&(�8'"{)63K�#�&\q AK"&B.�b14BE/#P14O,BE #3K�4Ro���! Q-N),/#35),/#BE"08,-58'"�\"|1435(*)6-0/# #BE+EM6-58,-|)635/o #3'8,-5�o-5��TbP VXO,7^;15<35"0�4R[)�3C1&-5�!3C8,-XTbP VXO,7^;15<-03
14357' #"&/$14BE/Q14O,BE #3K�4S5)63'8'"&(*3K��/#"& #BE/6\-0Pe+E3K���!"&( -0+E #"&/Q-0/$-o)6-0/#B.8,-58'"o8'3:7{\O,(*"&/#3:8'"{-0/#"0�! Q-5�$-58 V -514"&7,P
 #"0�{-C1&-58,-*A$\"&/# #B.14"KR�C�35/# Q-07' #3,S�-5��TbP VXO,7^;15<35"0��(*BE7,BE(C-0B.�$�4<-03 GI35/#(C-58,-5�{-0)6"&76-5�o)635/:1&-0(*BE7,M,3K�
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Jp),/#35�,+E"&(C-o8'"{8'"& #"&/#(*BE76-0/#(*3K��O,(C-�TbP VXO,7^;15<-03|8'"o1&-0/Q8'BE76-0+EB.8,-58'"�(�\q 7,BE(C-b)63'8'":�!"&/$/#"08'O,P
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(p\-0%'BE(*3N8'"*14O6�! #3C(�\q 7,BE(N3N143576�!B.�! #"N"&(�8'"& #"&/#(*BE76-0/�O,(�"&(*)6-0/#"&+EM6-0(*"&7' #3N8'"N1&-0/Q8'BE76-0+EB.8,-58'"
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),/#35�,+E"&(C-o)63'8'"|�!"&/b/#"08'O	C&B.8'3N-03*1&-5�!3N"&(�~KO,"o #3'8'3K�b3K��14O6�! #3K���4<-03N72<-03N7,"&DK-0 #BEAK3K�4R
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-0 #/#BE�,O,BE/#(*3K��O,(�14O6�! #3NBED5O6-0+�-|P#Y:-| #3'8,-5�{-5��-0/#"0�! Q-5��8'3ND5/Q- GI3,R0C�35/,\"&( B.�#�!3*�!"&/#B.-:BE76143K"&/#"&7' #"KS
35O@�!O,/#),/#"&"&768'"&7' #"KS V \-:~KO,"o�#-0�6"&(*3K�$~KO,"�3|),/#35�,+E"&(C-o8'3N1&-0(*BE7,M,3o(C-0B.�^+E357,D53�\"�)�C^Pi1435(*),+E"& #3
#U!{J�Z0Z&%iR � �!O, #BE+E"-C0-�~KO,"�8'B GI"&/#"&7614B.-�-5�$8'O6-5���!BE #O6-6;15<35"0�:\"{~KO,"�-03o)6"&/#(*BE #BE/#(*3K�214O6�! #3K�^7,"&DK-0 #BEAK3K�4S
)63'8'"o-514357' #"014"&/^~KO,"� #3'8,-5�$-5� TbP VXO,7^;15<35"0�^8'"{14O6�! #3o(�\q 7,BE(N3�14357' #"&7,M6-0(�14BE/Q14O,BE #3K�4SK14O VX3K��14O6�! #3K�
�!"&/#B.-0(r7,"&DK-0 #BEAK3K�4R���" V -:3N�!"&D5O,BE7' #"o"&%'"&(*),+E3"@

ts t

-1 -1

s

-1 -1

-1

-1
-1

(a) (b)
M�BED5O,/Q-NT'R TA@fbf[ eko�[4i-V+b � `�i�[4V+W�|+`Kb"�K`=X�bcZ�Y�X���X�� ~\b }8e���� � � � � � g�b"\]_^[4`0dcX ] g�W�Z�`-i jn b�V+i0`G~

EK"*-0)6"0�#-0/:8'"*14O6�! #3K�{7,"&DK-0 #BEAK3K��72<-03@M,35O,AK"&/#"&(�14BE/Q14O,BE #3K��1435(�14O6�! #3K�{7,"&DK-0 #BEAK3K�4S2"&7' &<-03*3
),/#35�,+E"&(C-@\"{"0~KO,BEA5-0+E"&7' #"�-03N1&-5�!3N1435( 14O6�! #3K�$72<-03:7,"&DK-0 #BEAK3K��"o-o/#"08'O^;15<-03:)6-0/Q-:3|),/#35�,+E"&(C-{8'3
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EK" V - � + D�������FbO,(rD5/Q- GI3C"�T > � 1435(�O,(�7{\O,(*"&/#3N)6-0/{8'":A$\"&/# #B.14"0�$"&(�1&-58,-*1435(*)635P
7,"&7' #"N14357,"&%'3@8'" � RkEK" V -*O,(C- GIO,7^;15<-03�� @/� - $oR �$-0(*3K�{143576�! #/#O,BE/:O,(C-NBE76�! 5s-07614B.-*)6-0/Q-
3@),/#35�,+E"&(C-*8,-$TbP VXO,7^;15<-03@(�\q 7,BE(*-N1435(�14O6�! #3K�o72<-03F7,"&DK-0 #BEAK3K�{"N(*3K�! #/Q-0/:1435(*3C3@),/#35�,+E"&(C-
35/#BED5BE76-0+2)63'8'"|�!"&/b/#"0�!35+EA'B.8'3N-|)6-0/# #BE/�8'"&+.-'R
EK" V -R� 9 +\,8) 3]� @ ��D�)�FA0�U=1KR EK" V -*� 9 +\,�0F3C�:@ � IADZ0"F ( � 9 � \"*\q (*)6-0/ 1KS235O��!" V -'S23K�A$\"&/# #B.14"0��~KO,"{)63K�#�!O,"&(�O,( 7{\O,(*"&/#3C\q (*)6-0/b8'"o-0/#"0�! Q-5��-58 V -514"&7' #"0�$14O VX3K�b14O6�! #3K�b�4<-03N7,"&DK-0 #BEAK3K�4REK" V -[T 9 +BT"[R� 9 R�J{�^8'35B.��+E"&(C-5��-0�6-0BE%'3{(*3K�! #/Q-0/&<-03o~KO,"bO,(C-ST 9 P VXO,7^;15<-03:8'"b14O6�! #3o(�\q 7,BE(N3$"&(/#"&+.-6;15<-03F9- GIO,7^;15<-03 � 9 S6 Q-0+^~KO,"�� 9 D�)�F$+ � ��D�)�F � )6-0/Q-N #3'8'3*)�3B�NS_1435/#/#"0�!)635768'"N-|O,(C-1TbP VXO,7^;15<-03

8'":14O6�! #3N(�\q 7,BE(N3o"&( /#"&+.-6;15<-03*- GIO,7^;15<-03 �0R
�J� � 
 6��DG�� O %QkKf L :'f'gik Q > � #d�: O h T:� L :'f=7%(NhKkCj'd���'0d:dH'&k O d4f'g!dH'0d Q 9 @ +VQ/[4� 9 #d�: O h
T 9 � L :'f=7%(NhKk@j'd�� �
��� 
���
 � L�3576�!B.8'"&/#"oO,(rA$\"&/# #B.14"o~KO6-0+.~KO,"&/ 0 3B�|R��^7' &<-03,S

� IADZ0"F ( Q 9 � + � IADZ0"F ( Q � � � IADZ0"F ( � 9 � F � # � IADZ0"F ( Q ( � 9 � #
EKO,)6357,M6-�~KO,"FQ�\"@O,(C-:TbP VXO,7^;15<-03,R EK"F0E3=T 9 "&7' &<-03,Sb)635/C8'"H=?7,B#;15<-03,Sb35O � IADZ0"F ( Q � 35O

� IADZ0"F ( � 9 � \"�\q (*)6-0/&S�(C-5�o72<-03�-0(N�63K�4R�C�35/# Q-07' #3,S � IADZ0"F ( Q 9 � \"�\q (*)6-0/&R6C�35/:35O, #/#3F+.-58'3,S$�!"0 �3 T 9 "&7' &<-03|-0(N�63K�^3K��A5-0+E35/#"0���4<-03|)6-0/#"0�^35OC-0(N�63K���4<-03C\q (*)6-0/#"0��"�)635/# Q-07' #3 � IADZ0"F ( Q 9 � \"{)6-0/&RC�35/# Q-07' #3�Q 9 \"oO,(C-�T 9 P VXO,7^;15<-03,R
EKO,)6357,M6-@-0D535/Q-@~KO,""Q 9 \"|O,(C->T 9 P VXO,7^;15<-03,RNJ��6�!"&/#AK"|~KO,"1TK+'T 9 [C� 9 R � �#�!BE(FS_�!"�0F3 T

"&7' &<-03 � IADZ0"F ( Q 9 � 35O � IADZ0"F ( � 9 � \"|\q (*)6-0/&SK(C-5�^72<-03N-0(N�63K�4R�)�3K�$8'35B.�$1&-5�!3K� � IADZ0"F ( T � \"|\q (*)6-0/&REK"�0��3 T�"&7' &<-03 � IADZ0"F ( Q 9 � " � IADZ0"F ( � 9 � �4<-03@-0(N�63K�|\q (*)6-0/#"0��35O�-0(N�63K��)6-0/#"0�4R�C^-0/Q-C~KO,"N-BED5O6-0+.8,-58'":�!" V -|Ab\-0+EB.8,- � IADZ0"F ( Q � 8'"&AK"&/6\-:�!"&/b)6-0/&R	�
� D535/Q-|(*3K�! #/Q-0/#"&(*3K�$-|/#"&+.-6;15<-03|"&7' #/#"{3K��14O6�! #3K��8'"oO,(C-%TbP VXO,7^;15<-03N":8'"oO,(C-%T 9 P VXO,7^;15<-03,R

�J� � 
 6�� W � d LHh � 9 @$� - / gih 6 � :,d � 9 D�)�F"+ � ��D�)�F � 5 hKa#h@gik0jKk )F3E� � � f'g�NhKk"! 5 hKa#hCgik0jKkQ > � ! ��DJQ4F$+�� 9 DJQ?[]� 9 F � ��DZ� 9 F �
��� 
���
 � ��DJQ4F$+���DJQ�L8� 9 F � ��DJQ ( � 9 F$+�� 9 DJQ�L8� 9 F � ��DJQ ( � 9 F$+�� 9 DJQ�L8� 9 F � � 9 DZ� 9 L�Q4F � ��DZ� 9 F$+
� 9 DJQ/[]� 9 F � ��DZ� 9 F�# �

L�35(*3:3: #"&/#(*3���DZ� 9 F|\"o143576�! Q-07' #"KS,-%T 9 P VXO,7^;15<-03"Q 9 14O VX3:A5-0+E35/
� 9 DJQ 9 F|\"{(�\q 7,BE(*3{1435/#/#"0�!)635768'"9-%TbP VXO,7^;15<-03�Q 9 [B� 9 ~KO,"�(*BE7,BE(NBDC0-���DJQ4FQR�L�35(*3�� 9 \"{O,(C->GIO,7^;15<-03:72<-03|7,"&DK-0 #BEA5-'S,-o/#"08'O^;15<-03:"0�! 6\-
14357614+EO�\q 8,-'R
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EK"&/6\-*(*3K�! #/Q-58,-*7,"0�! Q-C�!",;15<-03CO,(C-N ,\"0147,B.1&-*~KO,"�\"N(NO,BE #3NO, #BE+EBDC0-58,-*~KO6-0768'3@ #/Q-0�6-0+EM6-0(*3K�o1435(
G -0(�\q +EB.-5�b8'"|1435/# #"0�4R��^+.-N)6"&/#(*BE #"{ #/Q-076�XGI35/#(C-0/{O,(C-|8,-58,- G -0(�\q +EB.-|8'"|1435/# #"0�b"&(�35O, #/Q-*1435(�-
(*"0�!(C-{1&-0/Q8'BE76-0+EB.8,-58'"KS,~KO,"{O, #BE+EBDC0-o1&-58,-N-0/#"0�! Q-:O,( 7{\O,(*"&/#3|(*"&7,35/�35OCBED5O6-0+�8'"{AK"-C&"0�^"o-0+&\"&(
8'B.�#�!3{)63K�#�!O,BE768'3:-b),/#35),/#BE"08,-58'"�8'"b�!"&/�+.-0(*BE76-0/&R����! Q-�),/#35),/#BE"08,-58'"KSK~KO,"$�!"&/6\-{8'"H=?7,B.8,-�-58'B.-07' #"KS
14357614"08'"F9-@1435+E",;15<-03F8'"*1435/# #"0�oO,(C-*"0�! #/#O, #O,/Q-@~KO,"C�!"&/6\-CBE(*)635/# Q-07' #"|76-5�|8'"&(*3576�! #/Q-6;15<35"0�o~KO,"
-0),/#"0�!"&7' Q-0/#"&(*3K�$-58'B.-07' #"KR

� �#�!O,(*BE/#"&(*3K��8,-5~KO,B�"&(�8'B.-07' #"*~KO,"N3K�{D5/Q- GI3K�:"N3K�:82\q D5/Q- GI3K�:�4<-03F14357,"&%'3K�4R � /#BED535/o"0�! Q-
�!BE(*),+EB = 1&-6;15<-03�72<-03�\"�7,"014"0�#�,\-0/#B.- V \-:~KO,"bAb\-0/#BE3K�$8'3K��/#"0�!O,+E Q-58'3K�$-0),/#"0�!"&7' Q-58'3K��A5-0+E"&(�BED5O6-0+E(*"&7' #"
)6-0/Q-{3K��D5/Q- GI3K�$~KO,"b72<-03:�4<-03|14357,"&%'3K�4R��^7' #/#"& Q-07' #3,S = 1&-0/6\-:14+.-0/#3o~KO,"b3:1&-5�!3:D5"&/Q-0+68'3K�� #"&35/#"&(C-5�
G -514BE+E(*"&7' #"�8'"01435/#/#":8'3N1&-5�!3N"&(�~KO,":�!O,)2<35"&(*Pi�!"o~KO,"o3K�bD5/Q- GI3K�{�4<-03*14357,"&%'3K�4R

� �#�!O,(*BE/#"&(*3K�_ Q-0(N�b\"&(�-�)6-0/# #BE/$8'"0�! #"b)6357' #3|~KO,"b3K��1435/# #"0�^�4<-03:72<-03oA5-�C&BE3K�4R � �#�!BE(FS5-03o7,3K�
/#"HGI"&/#BE/#(*3K�b-NO,(�1435/# #"N8'"|1&-0/Q8'BE76-0+EB.8,-58'":(�\q 7,BE(C-'S'"0�! Q-0/#"&(*3K�b7,3K��/#"HGI"&/#BE768'3*-NO,(�1435/# #"|72<-03
7'O,+E3*14O V -|1&-0/Q8'BE76-0+EB.8,-58'"�\":(�\q 7,BE(C-'R^l{-|(*"0�!(C->GI35/#(C-'S6-03 G -0+.-0/#(*3K�b8'":O,( G -0(�\q +EB.-:8'B.�IVXO,7' Q-(p\-0%'BE(C-o8'":1435/# #"0�4S'"0�! Q-0/#"&(*3K�b-5�#�!O,(*BE768'3N~KO,"o72<-03*�4<-03N)6"&/#(*BE #B.8'3K�$1435/# #"0�$A5-�C&BE3K�4R

l�35B.�$1435/# #"0�fIADJG�F�"HIADZY�F^�!" %&a :8A&h O �!"o1&-58,-oO,( 8'3K�b�!"&D5O,BE7' #"0��14357 VXO,7' #3K�$G ( YNS@G ( YNSG ( Y�" G ( Y�72<-03 GI35/#"&(rA5-�C&BE3K�4RJ)�"0�! #"o1&-5�!3,S_8'BE/#"&(*3K�^ Q-0(N�b\"&(r~KO,"HG�"�Y��!" %&a :8A&h O R

(a) (b)

M�BED5O,/Q-NT'R ("@�m � X�i-a�|+`0dcX ] `KY�Z�X�W�{Kg�X�W�X ] Y�g��_[4i�bf[ e�X�{Kg�X�b ^[4`=W�X ] Y�g��_[4i b }8e�~
)�35 #"{~KO,"{-:8'"H=?7,B#;15<-03:8'"o14/#O	C0-0(*"&7' #3�72<-03N8'"&)6"&768'"{8,-o(C-0/#D5"&(�O, #BE+EBDC0-58,-{76-:8'"H=?7,B#;15<-03:8'3

1435/# #"KR����! #"�\"o3N),/#BE7614BE)6-0+_(*35 #BEAK3:)6-0/Q-N-5�#�!O,(*BE/#(*3K��~KO,"o3K�bD5/Q- GI3K�{�4<-03*14357,"&%'3K�4R��(C- G -0(�\q +EB.-o8'":1435/# #"0�*\"�6 h O c.f,hKa ~KO6-0768'3N7,"&7,M'O,( )6-0/{8'":1435/# #"0�b8,- G -0(�\q +EB.-o�!":14/#O	C0-'RC^-0/Q-{BE+EO6�! #/Q-0/^3o),/#3'14"08'BE(*"&7' #3�8'"b+.-0(*BE76-0/#BDC0-6;15<-03,S5-0),/#"0�!"&7' Q-0(*3K�^-0�6-0BE%'3:-o�!O6-{AK"&/Q�4<-03{)6-0/Q-
1435/# #"0��"&(�D5"&/Q-0+�"|76-5��),/6\35%'BE(C-5���!",;15<35"0��(*3K�! #/Q-0/#"&(*3K�b~KO,":"&+E": Q-0(N�b\"&(r)63'8'"&(��!"&/o-0),+EB.1&-58'3
7,3*1&-5�!3*8,-5� G -0(�\q +EB.-5��8'":1435/# #"0�$35/#BE"&7' Q-58'3K�b":8'"%TbPi1435/# #"0�4RJ ),/#3'14"08'BE(*"&7' #3C~KO,"C8'"0�#14/#"&AK"&(*3K��-0�6-0BE%'3F #/Q-076�XGI35/#(C-CO,(C- G -0(�\q +EB.-*8'"*1435/# #"0�o"&(�O,(C-
G -0(�\q +EB.-b8'"�1435/# #"0�^~KO,"*\"b+.-0(*BE76-0/�"b~KO,"b)63K�#�!O,B_-�(*"0�!(C-b1&-0/Q8'BE76-0+EB.8,-58'"�8,-WG -0(�\q +EB.-b8,-58,-'R � +&\"&(
8'B.�#�!3,S6-|O, #BE+EBDC0-6;15<-03|8'"o7,"&7,M'O,(C-:-0/#"0�! Q-�\":-0O,(*"&7' Q-58,-'R
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L$-58,-bBE #"&/Q-6;15<-03{8'3b),/#3'14"08'BE(*"&7' #3b8'"0�#14/#BE #3b-514BE(C-� #35(C-b8'35B.�21435/# #"0�2~KO,"$�!"$14/#O	C0-0(p"�"&+EBE(*BE76-
-5~KO,"&+E"C~KO,"*)63K�#�!O,B{-@(*"&7,35/:(NO,+E #BE),+EB.1QB.8,-58'"KRFL�35( "HGI"&BE #3,S�-03��!"&/#"&( /#"& #BE/Q-58,-5���@12\35),B.-5�|8'"
1&-58,-@O,( 8'3K�N1435/# #"0�4S^O,( 8'"&+E"0� = 1&-0/6\-F1435( -C(NO,+E #BE),+EB.14BE8,-58'"|7'O,+.-@"KS^1435(*3F14357'AK"&7614BE3576-58'3
76-F8'"H=?7,B#;15<-03�8'" G -0(�\q +EB.-5�4S�"&+E"C8'"&BE%,-0/6\-@8'"C)6"&/# #"&7614"&/C9- G -0(�\q +EB.-C8'"@1435/# #"0�4R � +&\"&( 8'B.�#�!3,S$�4<-03
-514/#"0�#14"&7' Q-58,-5�
�|12\35),B.-5�{8'3C1435/# #"|8'"H=?7,B.8'3N)6"&+.-NBE7' #"&/Q�!",;15<-03*8,-5��(C-0/#D5"&76�b"��|12\35),B.-5�{8'3C1435/# #"
8'"H=?7,B.8'3|)6"&+.-|O,7,Bi<-03N8,-5�b(C-0/#D5"&76�4R

�^(�-0+ED5O,(C-5��-0),+EB.1&-6;15<35"0�b)6-0/# #B.14O,+.-0/#"0�b)63'8'"&Pi�!"N8'"&(*3576�! #/Q-0/{~KO,"o3*),/#3'14"08'BE(*"&7' #3: #"&/#(*BE76-
"&(� #"&(*)63{)635+EBE7,35(*B.-0+ #U!{]%E EFE %iR^�^7' #/#"& Q-07' #3,SK72<-03�\"{-o1435(*),+E"&%'B.8,-58'"$8'"0�#�!"{-0+ED535/#BE #(*3o~KO,"b7,3K�
BE7' #"&/#"0�#�#-|-5~KO,B_":�!BE(�-|~KO,"0�! &<-03N"&%'B.�! #"&7614B.-0+_8'":~KO,"o)6-0/Q-|1&-58,- G -0(�\q +EB.-o8'":1435/# #"0�b1435/#/#"0�!)635768'"O,(C- G -0(�\q +EB.-C+.-0(*BE76-0/N8'"F1435/# #"0�*1435( -�(*"0�!(C-@1&-0/Q8'BE76-0+EB.8,-58'"@"F~KO,"@O6�#-�1&-58,-�-0/#"0�! Q-�O,(
7{\O,(*"&/#3|(*"&7,35/$35O@BED5O6-0+�8'"oAK"-C&"0�4R
�J� � 
 6�� 3=A 'H'0d � :'c.f'g!d(' 5 a#k 5 a4ced#jKhKj'd('�'(NhKk ! d4a#jKhKj'd4c.a#h�'�B
c��|` 5 a#k�%4d#jKc O d4f'gik|g!d4a O c.f,hCh 5�#k�'�: O f #: O d4a#kDC f,cEgik@j'docEg!d4a#h87%(Nk'd('�E
c.c�� � � � + � � � E
c.c.c�� 5 hKa#h|gik0jKhNhKaQd('4gih ) ! �4F�D�)�F�8 �?G D�)�F�U �
��� 
���
 � + ;�� � � � �$-0(*3K�|(*3K�! #/Q-0/*~KO,"F-�1&-58,-�BE #"&/Q-6;15<-03�8'3�-0+ED535/#BE #(*3�3�7{\O,(*"&/#3�8'"14/#O	C0-0(*"&7' #3K�{"&7' #/#"*1435/# #"0�|8,- G -0(�\q +EB.-*8'BE(*BE7'O,B^"*)635/# Q-07' #3�3@7{\O,(*"&/#3�8'"*BE #"&/Q-6;15<35"0��\" =?7,BE #3,RL$-58,-CBE #"&/Q-6;15<-03C8'3C),/#3'14"08'BE(*"&7' #3N"&+EBE(*BE76-:)6"&+E3C(*"&7,3K� � � 14/#O	C0-0(*"&7' #3K��8,- G -0(�\q +EB.-'S6~KO,"N1435/#P/#"0�!)635768'"&(�9-5� �:12\35),B.-5�b8'3K��1435/# #"0� IADJG�F^"�IADZY F$�!O,�, #/Q-,\q 8,-5��8,- G -0(�\q +EB.-'R �$-0(*3K��(*3K�! #/Q-0/b~KO,"-0+&\"&(�8'B.�#�!3,S�1&-58,-*7,30AK3C14/#O	C0-0(*"&7' #3|BE7' #/#3'8'O	C&B.8'3*76- G -0(�\q +EB.-|1435/#/#"0�!)635768'"*-*O,(�14/#O	C0-0(*"&7' #3
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EK""QC\"|O,(C-XRKPe�,BEPi1435�6"&/# #O,/Q-C8'" �CS2"&7' &<-03*)6"&+E3 @ "&35/#"&(C-N['REY&[C�#-0�6"&(*3K�{~KO,""Q�)63'8'"*�!"&/
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EKO,)6357,M6-*"&7' &<-03*~KO,"�Qb72<-03�\":O,(C-1RKPe�,BEPi1435�6"&/# #O,/Q-'R)EK"&(r)6"&/Q8,-*8'"oD5"&7,"&/Q-0+EB.8,-58'":A5-0(*3K�
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Z0U

� ��� ��� � ������

���! #"F #/Q-0�6-0+EM,3�O,7,B = 1&-F3K�*),/#BE7614BE)6-0B.�|/#"0�!O,+E Q-58'3K�*8,- @ "&35/#B.-�8'3K�$!�/Q- GI3K�C~KO,"@ #/Q-0 Q-0(�8'"
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"&7'AK35+EAK"&( -5� G -0(�\q +EB.-5��8'B.�IVXO,7' Q-5��8'":1435�6"&/# #O,/Q-5��8'":1435/# #"0�4R
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