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L��:K�LNR:¡PLc¡ J:KªV�Q&�:O:W q�� Z V*W:¡Pl ��H �`V�QIMPO

XcW`RPR:LcXcK�Lc¡>Q�R:¡mR:W`R��~XNV*W�l�lFb R:� [ u8O:L+¡PbA:#LNV*LNR:XcL�G LcKre/LcLNR¢KªO:L V@Lc�`U
��Q�V
Q�R:¡¢KfO:L+L��`KFLNR:¡PLc¡
J:KfV�Q��`O:Wkq�� Z V@W`¡Pl �IHs�`V�QIMPO:l
b l
KªOPQkK � � �� Q�R:¡ � � �	 lfOPQIV*L+XcW`_�_+W`RhLc¡P��Lcl [ J:bd�`R:bA�"XNQ�RIK �dH�v
e/L+XNQ�R nrW�b�R¢K*e/W lfU:XYO�L��:K�LNR:¡PLc¡ J:KfVFQ&�`O:Wkq�� Z V*W`¡Pl;��H��`V�Q�MPO:l
K�WI��LcKfO:LNV�G�H � b�R��Ib�R:� KªO:Lcb V
XcW`_�_ W`R Lc¡P��LclsK�W>XNV*LNQkK�LmQ¨�`V�Q�MPO e)O:bdXcO�OPQkl t�W`UPV lFb _ M
� H��~XcW`RPR:LcXcK�Lc¡#vTR:W`R��~XNV*W�l�lFb R:�
l�W&��U:K�bdW`R:l \ l�LcL$�"�:UPV*L 9"[ w�w�o [

G1 G2 Gk

�!b �:UPV*L 9"[ w � � _+U
�dK�b�M
�dL+XcW`RPR:LcXcK�Lc¡ b�R:l�KªQ�R:XcLcl)Wjt�Q�_+G:bd�`U:W`U:l��`V�Q�MPO:l

�
R:L� PU:b X���� H>W`G:l�LNV@q�Lcl�KfOPQjK
eaL _�Q�H�n*W�b�R��¢lfU:XcOmL��:K�LNR:¡PLc¡�J:KfV�Q&�:O:Wkq&� Z V*W:¡Pl �IH
�`V�QIMPO:l
K�W���LcKfO:LNV5K�W t^W`V�_ Q �`V�QIMPO¢e)O:bdXYO¨LN_+GPLc¡Pl � � lFb _ M
� H��~XcW`RPR:LcXcK�Lc¡#v�R:W`R��~XNV*W�l�lFb R:�
l�W&��U:K�bdW`R:l \ l�LcL��"�`UPV*L 9"[ w � o [ u�O`U:lNv KfO:L¬R:UP_+GPLNV�Wkt lFW&��U:K�bdW`R:l _ QNHsGPL+L��PMPW`R:LNRIK�b�Q��Ee8bdKfO
V*LclfM LcXcK)KFW¬KªO:L�l�b ?cL�Wjt KfO:L��:V�Q�MPO [

u8O:LNV*Lªt^W`V*L�v eaL�OPQ�q�L�lfO:Wke)R �

� �.� �B����3 � �(A�� 6 )8���8���.�+� ��� � ��- ���+����� ��- 	 9 ����� ��� 2I+50I&(0 � ��� � $�. # , + , ,�� ' -�. � �
� ' - .1'*&&�*.�-/' > � 2+, � 2�2 0 E 2I& - '*& . # , ; 0I+;. ,/-/' 0I&�� 2+0I& ,�$�, 0
� # � 2I> � 2 - , � 2 4 =�� � 	 9 )*, +;.1'��;,/- $
-/< � # . # 0�. 0�2 2 � � � 2&2=0 E?2I& - # 0I)/,A' � ,,& .1''� 0&2�>32I>�, & .�- ,*.*- 3

9 (



u8O:U:lNv1t�W`VTQ�RIH � � � � v KªO:LNV*L�L��:bdl�K�l�Q�R¨Lc¡P��L;�rG:bdXcW&�dW`UPV*Lc¡ V*Lc�`U
��Q�VT�`V�Q�MPO � �

\ E �S� o�lfU:XYO KfOPQkK � E � � � � Q�R:¡ ��XcW`RIKfQkb�R:l � � ¡Pbdl�K�b�R:XcK/l�b�_�M
�dH&�~XcW`RPR:LcXcKFLc¡ R:W`R��~XNV*W�l�lFb R:�
�&�dW`GPQ��+�dH��rOPQ�MPM�H � �^t~QkXcK�W`V*l�v�e)O:LNV*L � � =�9C[

�
UPV!qkQ�V*bdW`U:l/L��:K�LNR:l�bdW`R:l�KFW
KfO:L)J:KfV�Q��`O:Wkq�� Z V@W`¡Pl �IH+�`V�Q�MPOT¡PLN_+W:R:l�KfV�QkKFLaKªO:L8L��`bdl�KFLNR:XcL)Wkt
_+U
�dK�b�M
� LTXcW`_�_+W:R+Lc¡P��L
l�W&��U:K�bdW`R:l�K�W¬QTl�b�R:�&�dL
l�LcK/Wkt#b�RPMPU:K8q�LNV*KFb XcLcl [ z=�+�.q�LNV*KFb XcLcl�e8bdKfO:b�R
KfO:Lcl�L
lFW&��U:K�bdW`R:l QIV*L�R:W`R:¡PLc��LNR:LNV�QjK�L�vPe)O:bdXcO XcW:R�KfVFQk¡PbdXcK�l8MPV*W`MPWIl�bdK�bdW`R 9"[ w [

� ��� � D+� � �/�.?

#mL�OPQ�q�L�L�� QI_+b�R:Lc¡sq�LNV*K�L��sMPV*W`M LNV*K�bdLcl8e)O:bdXcOsQ��+� Wke t^W`V�KfO:L�MPV*W:MPQk�`QkK�bdW`R Wkt XcW�� W:UPV/XcW`R��
l�KfVFQkb�R�K�l [ #mL¢U:l�L¢KfO:bdl MPV@W`MPQk�`QkKFb W:R�Qkl Q>_+LNQ�R:l Wkt¬V*Lc¡"U:Xcb�R:��Qm�:V�Q�MPO�� K�Wke8Q�V*¡Pl�Q
l�W&��U:K�bdW`RilfUPG:�`V�Q�MPO � � [ J:W`_+L+�`V�QIMPO:l
LN_¬G Lc¡¢l�Lcq�LNV�Q��!R:W`R��rUPR:bd PU:L�l�W�� U:KFb W:R:l
�#KfO:L�R:UP_ �
GPLNV Wjt�lfU:XYO l�W&��U:K�bdW`R:l¢_�Q�H G L L��PMPW:R:LNR�K�b�Q��
e�b KªO;V@LclfMPLcXcKsK�W¨KfO:L¢l�b ?cL Wjt�KfO:L¢�`V�Q�MPO [
# bdKfO:b�R Qs_+U
�dK�b�M
�dL�l�W�� U:KFb W:R¢�`V�Q�MPO.v.XcW:R:l�KfV�Qkb�RIK�MPV*W`MPQk�:QkK�bdW`R¢Q��dW`R:L�XNQ�RPR:WIK�GPLsU:l�Lc¡mK�W
V*Lc¡"U:XcL�Q5�`V�Q�MPO K�W¬Q5l�W&��U:K�bdW`R [ }�R ] OPQ�M:K�LNV %Pv:e/L8¡Pbdl�XNU:l�l8qkQ�V*bdW`U:l8_+LcKfO:W:¡Pl/e)O:bdXYOsQ��+�dWke
t^W`V/KfO:L�V*Lc¡"U:XcKFb W:RsWkt�GPW�KªOsUPR:b  PU:L;�~l�W&��U:K�bdW`R¨Q�R:¡ R:W`R��rUPR:bd  U:L;�~lFW&��U:K�bdW`R¢�`V�QIMPO:l [
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 �

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

#mL�OPQ�q�L+L��PQ�_+b�R:Lc¡mKfO:L q Q�V*bdW`U:l+MPV*W`M LNV*K�bdLcl�Wkt8b�RPMPU:K��:V�Q�MPO:l�Q�R:¡mKªO:Lcb V5LN_+GPLc¡P¡PLc¡>l�W��
��U:K�bdW`R:l [ #mL R:Wke ¡Pbdl�XNU:lFl�Q��d��W`V*bdKfOP_ l�KfOPQkKTl�W&�dq�LsKfO:LsMPV*W`G
�dLN_ Wkt
V*LcXcW`R:l�KfVFU:XcK�b�R:�mKfO:L
W`V*bd��b�RPQ��EMPW&�dH:��W`R t~V*W`_'e)O:bdXcO Q+lFLcK8Wkt�_+W`_+LNRIK�l8e/LNV*L
_+LNQklfUPV@Lc¡ [

� ��� A-���!�
��,C�"�ED��E�����5� < �#���!��,., ��¥��!�.¥���� 0

�/LcXNQ��+�EKfO:L
KfOPV*LcL;�rMPOPQjl�L�lfUPG ¡Pbdq`bdl�bdW`R¢Wjt�_+W:_+LNR�K6�rGPQkl�Lc¡ MPW�� H:��W`RsV@LcXcW`R:l�KfV�U:XcKFb W:R �
w [ �
bdq�LNR XcW`_�M
�dL���_+W`_ LNR�K�¡"QkKfQ�Qjl�b�RPMPU:KNv"Q�MPMPV@W �:b�_�QkK�L�KfO:L ] Q�V@K�Lcl�b�Q�R XcW`W`V@¡Pb RPQjK�Lcl
Wkt KfO:L�q�LNV*K�bdXcLcl)QIR:¡�KfO:L�QIR:�&�dLcl/t�W:V!K*e/W¬Q��:Lcl8Wkt M W�K�LNRIK�b�Q��.b�R��~Lc¡P��Lcl)Q�R:¡sW`U:K6�~Lc¡P��Lcl
QkK/LNQkXYO qILNV*K�L�� [

� [ giQIM�q�LNV@K�L���MPWIl�bdK�bdW`R:b�R:� Q�R:¡ M W�K�LNRIK�b�Q��.Lc¡P��L
b�RIt�W:V�_�QkK�bdW`R K�W�Q�R LN_+GPLc¡P¡PLc¡sLc¡P�IL;�
XcW&�dW`UPV*Lc¡ ¡Pb�V*LcXcKFLc¡ �`V�QIMPO � [

= [ �!b R:¡¢QTlfMPQ�RPR:b�R:�slfUPG:�`V�QIMPO 
  ��'KfOPQkK/bdl Q �&�dW`GPQ��+�dH&�rOPQ�MPMIH � �^t QkXcKFW`V [
{8LNV@L�e/L
¡PLcl�XNV*b�GPL�Q��d��W:V*bdKfOP_+l�KfOPQkK8e/LNV*L
¡PLcq�L��dW`M Lc¡ � K�W�b�_�M
�dLN_+LNRIK�MPOPQkl�Lcl�Kre/W

Q�R:¡�KªOPV*LcL8Wkt.KfO:L)V*LcXcW`R:lFKfV�U:XcK�bdW`R�MPV@W`XcLcl�l [ u8O:L)Q��d��W:V*bdKfOP_-_+W:¡"U
� Lcl�t^W`V�_-QTM:b M L��db R:L+Q�R:¡
%�� 69I7,]29F�*�,D(��16N8�;>25X-4�6N03.1258�;3*�,-J J<2 CDX-03('4
@D8�('4�('=)*�('C ,-('8�(��
(V8�(/;3JK@-03('J<('=)*�('C_;3=�� ? 
�� ?
	LR?A030
8�('4�XD0>*�4 69=-C ('E-6NJ<@-03('4/C-;34�I'XD4�4�(VC �M('8�(K@-8�2 CDX-I'('C ^ : 8�XD=-=-;3=-.�*�,-(��]? 
�� ?�	#I'2)C-(1R�&)25JK(OQ.5X-8�('4
�M('8�(Y8�('C-8P6 ��= FH8�21J��]? 
�� ?�	 @-0325*�4/FH258 IV0>(S6N8�(V8_@-8�('4�('=)*769*�;321=[R 
�,-(
�����������KJK2)C-X-03(;34/^Q6N4�('C�25=�IV2 CD(
��8�;3*�*�('=�^): �BR��
69876N, *�2];3JK@-03('J_('=)*�*�,-( ;3=-;3*�; 690[@-,B6N4�(_29F
8�(VI'21=-4�*�8�X-I'*�;325= C-( �
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_�Q�H�G L¬GPV*W �jLNR ¡PW e�RsQkl/t^W&�+� Wke8l��
w [ �����$�����aKfQ��kLcl �T_+W`_+LNRIK!_+LNQklfUPV*LN_ LNR�K�l!Q�R:¡�MPV*W:¡"U:XcLcl�Q8lFLcK Wkt � q�LNV*KFL���MPW�l�bdK�bdW`R:l
Q�R:¡
K*eaW�l�LcK�l#Wkt ��Q�R:��� LclELNQkXcO.vct^W`VC�dW:XNQ��PV*Lc¡¬Q�R:¡+G
��U:LaLc¡P�ILaQ��:Lcl QkK#LNQjXYOTV*LclfMPLcXcKFb qIL
q�LNV*K�L�� [!p lfUPQ�� �dH�v�� � � � [

� [ ����
������������� �KfQ��kLcl �¢q�LNV*K�L��sMPWIl�bdK�bdW`R:l 	 Q�� W:R:��e8bdKfO G
��U:L+Q�R:¡ V*Lc¡ Q��`bdl
Q�R:�&�dLcl8t^W`V
LNQkXYO>Q�R:¡�GPU:b+�d¡Pl Q�¡PLNR:l�LsLc¡P�IL;�rG:b XcW�� W:UPV*Lc¡ �`V�Q�MPO � � e)O:bdXYO>b�R:X���U:¡PLclsLc¡P��Lcl+t^W`V
Q�R�H _�QkK�XcO:b�R:��XcW`_+G:b�RPQkK�bdW`RhWkt b�R��~Lc¡P��L�Q�R:¡sW`U:K6�~Lc¡P��L¬Q�R:��� Lcl \ J:LcXcK�bdW`R % [ � o [

= [ �$� �	����� 
 ��KfQ&�jLcl ���
Qkl8b�RPMPU:K�Q�R:¡ MPV@W`¡"U:XcLcl�Q�_ W`_+LNRIK �~¡PLNV*bdq�Lc¡¢Lc¡P��L;�rG:bdXcW&�dW`UPV*Lc¡
lfMPQ�RPR:b�R:�+lfUPG:�`V�Q�MPO � 	/lfU:XcO KfOPQkK�LcqILNV*H+q�LNV*K�L���OPQkl/QkKa_+WIl�K!K*eaW
Lc¡P�ILclaWjt�lFb _ b ��Q�V
XcW&�dW`UPV/Q�R:¡�W`V*bdLNRIKfQkK�bdW`R Q�R:¡ KfO:Lcl�L
Q�V*L)QjKaQ�R�QIR:�&�dL ��K�WTLNQkXYO W�KfO:LNV \ J:LcXcK�bdW`RD% [G= o [

9C[ �$�$����
��8e/W`V �Il V*LcXNUPV*l�bdq�L��dHTW`R � 	!U:l�b�R:��XcW&�dW`UPV1XcW`R:l�KfV�Qjb RIK MPV*W:MPQk�`QkK�bdW`R�KFW)MPV*W:¡"U:XcL
Q�l�W&��U:K�bdW`R lfUPG:�`V�Q�MPO � ��t�W:V!e)O:bdXcO�R:W
t~UPV*KfO:LNV�XcW`R:l�KfV�Qjb RIK�MPV*W`MPQj�`QkK�bdW`R+bdl/MPW�l�lFb G
�dL
\ J:LcXcK�bdW`RD% [ 9 o [
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edgeElimbuildGraphrecons

3G

commit

2G1G

moment data

2-factor solution

4321

�!b �:UPV*L % [ w �!M:b M L��db R:Lc¡>V*LcXcW`R:l�KfVFU:XcK�bdW`R _+W:¡"U
�dLcl

u8O:Lcl�L+t^W`UPVTMPOPQkl�Lcl
t^W`V�_�KªO:L GPQklFb X Qkl�l�LN_+G
�dH � b�R:LsK�W�KfV�Q�R:l@t�W`VF_ _+W:_+LNR�KT¡"QkKfQ
b�R�KFW V*LcXcW`R:lFKfV�U:XcK�Lc¡�MPW&�dH:��W`R:l \ �"�`UPV@L % [ wNo [ z�l�e/L�e�b �+�8¡Pbdl�XNU:lFlNv!KfO:bdl�lFW&��U:K�bdW`R�MPV*W:XcLcl�l
4�IV8�;3^Q(VCY;3=<,-;34
J]6N=)X-4�IV8�;3@-* ��
 �
� � ��
�R ?A030 21*�,-('8MJK2)C-X-03('4 �M('8�(���8�;3*�*�('=K^):K& R���X-8�2)I7,D('8A6N=-C�� R
� ;38 %)@Q6N*�8�;3I % RT �D218
('E-69JK@-03('4�*�,B6N*
;3=-I'03X-CD(�4�;3.1=-; OQIS6N=)*
=)X-JK(V8�;3I�6N0D('8�8�218�6N=-C_I�69X-4�(�;3=Q6NI'IVX-8769*�(/@Q254�;3*�;325= 69=-C6N=D.103(�;3=-@-X-*�CQ69*76/*�2������������ ������ Z �
(MOQE *�,D(A21XD*�@-X-* 2NF � ��� ������*�2\@D8�2��);3C-(�@Q(V8 FH('IV*�;>=�FH218�JY6N*�;321=
! 4�('( &)(VI'*�;321=#"-R%$'&VR
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_�Q�H V@Lc  U:b�V*L�L��:KfV�Q _�Q�R:b�MPU
��QkK�bdW`R>Q�R:¡ �"Wke��~XcW:R�KfV@W&�^v�Q�R:¡¨KfO`U:l�v.eaL+e8b+�+��¡PLclFXNV*b�GPL KfOPV*LcL
Qk¡P¡PbdK�bdW`RPQ��!_+W:¡"U
�dLcl �

% [ � � ����� �$������ �e/W`V �Il7V@LcXNUPV*l�bdq�L��dHs¡PWke)R�Q l�LNQ�V*XcO�KªV*LcL
K�Wke8Q�V*¡Pl�lFW&��U:K�bdW`R:l)e�O:LNR:Lcq�LNV
XcW`R:l�KfV�Qjb RIK�MPV*W`MPQk�:QkK�bdW`R>Q��dW`R:Lse8bdKfO:b�R�_+W:¡"U
� L �$�$����
��¢t~Qkb+� l K�WmV*Lc¡"U:XcL � � K�WmQ
��RPQ��#l�W&��U:K�bdW`R \ J:LcXcK�bdW`RD% [ %�o [

( [�� ����� � � ����� ����� �  �bdl)U:l�Lc¡�e)O:LNR:Lcq�LNV�KfO:L
b�RPMPU:K)¡PW:_�Qkb�Rsb�R:X���U:¡PLcl
b�_�MPLNV�t^LcXcK�¡"QkKfQ [
�!Q�V*K�b�Q��.t~V�Qk�:_+LNR�KFLc¡ l�W&��U:K�bdW`R:l�QIV*L¬V*LclFLNQ�V*XcO:Lc¡ Qkl�W`MPMPWIl�Lc¡¢K�W�XcW:_�M
�dLcK�L � �^t QjXcK�W`V*l
\ J:LcXcK�bdW`RD% [�( o [

y [ � �$� ������� 
 ��� Q��+�dWke8l t�W:V L��`KfV@LN_+L��dH;R:W�bdl�H ¡"QkKfQ>KFW�GPLmV*LcXcW`R:l�KªV�U:XcK�Lc¡ M:bdLcXcLce8bdl�L
KfOPV*W`U:�`O>V*L;�~bdK�LNV�QjK�bdW`R�Wkt
KfO:L�� ������� � _ W`¡"U
�dL¢W`R>¡PbA:#LNV*LNR:XcLcl�Wjt5_+W:_+LNR�KFl \ J:LcX;�
K�bdW`RD% [ y�o [

� ��� 9�D���&F�����������	� 9�D���&��+�ª��( �1����
C���*�.���8&��-�#�8� �

z�t�K�LNVTOPQ�q`b�R:�mMPQkl�l�Lc¡>KfOPV*W:U:�`O¢KfO:L b�R:b KFb Q��7MPOPQjl�L�Wjt V*LcXcW`R:l�KªV�U:XcK�bdW`R.vEe/L�Q�V*L�MPV@Lcl�LNR�KFLc¡
e8bdKfO Qml�LcK Wkt qILNV*K�bdXcLclNv=E [ |�QkXcO>q�LNV*KFL�� � � E OPQkl QIR>LN_¬G Lc¡P¡PLc¡�MPW�l�bdK�bdW`R b�R KfO:L
K*e/W��~¡Pb�_+LNR:l�bdW`RPQ�� ] Q�V*K�LclFb QIR¬M
��Q�R:L
Q�R:¡�K*e/W
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�!b �:UPV*L % [ w ' � V@LcXNUPV*l�bdq�L�lFLNQ�V*XcO KfV*LcL
¡PLcl�XcLNRIK

#mL�R:Wke�GPV�Q�R:XcOst^W`V�KfO:L���V*lFK)K�b�_+L [ u7eaWsMPQ�V�Q�� �dL��/V*LcXNUPV*l�bdq�L+XNQ��+�dl�Q�V*L¬_ Qk¡PL�K�W
��������
��.v`W:R:L
W`R b�RPMPU:K
�`V�Q�MPO � � 	 \ lFK�LNM = o8Q�R:¡sKªO:L
W�KfO:LNV/W`R � ���	 \ lFK�LNM 9 o [

# b KªO:b RhKfO:L8�dLªt�K
GPV�Q�R:XcO \ l�KFLNM = o�XcW`R:l�KfV�Qjb RIK)MPV*W:MPQk�`QkK�bdW`RsV@Lc¡"U:XcLcl)KfO:L
�:V�Q�MPO K�W
Q
lFW&��U:K�bdW`R lfUPG:�`V�QIMPO.v 
 �Yv:¡PbdlfM
��Q�H�Lc¡sb�R��"�`UPV@L"% [ wNx�Q [ #;bdKfO:b�R KfO:L
V*bd�`OIKaGPV�QIR:XYO \ l�K�LNM 9 o
O:Wke/Lcq�LNVcv.e/L�V*LNQkXcO QIR:W�KfO:LNV�l�KfQIR:¡Pl�K�b+�+� �TKfO:L�_�Q��:b�_�Q��+�dHmV*Lc¡"U:XcLc¡ lªUPG:�`V�Q�MPO.v � �� � 	�v
¡PbdlfM
��Q�H�Lc¡ b�R@�"�`UPV*L�% [ wNx�G [

� � ��� � �$��� �  +XNV*LNQkK�Lcl�Kre/W�_+W:¡PbA�"XNQkK�bdW`R:l8Wjt �
� � � �� Q�R:¡ � ���� \ l�K�LNM5%�o [ z)�`Qjb R.v:e/L
�dW`W
�
t^W`V!Q5q�LNV*K�L��TWkt � Wke/Lcl�K!¡PLc�`V@LcL8�`V*LNQkKFLNVEKfOPQ�R+K*e/W [ |!qILNV*H+L��`K�LNV@b W:V!q�LNV*KFL��¬OPQkl�¡PLc�`V*LcL
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�!bd�`UPV*L�% [ wNx �El�W&��U:K�bdW`R 
!�8Q�R:¡ _�Q��`b�_�Q��+�dH V*Lc¡"U:XcLc¡�lfUPG:�`V�Q�MPO � �

f f

�!bd�`UPV*L�% [ � � �EK*e/W¬lªUPG:�`V�Q�MPO:l8Wjt �
� � � �� Q�R:¡ � ����

K*e/W Q�R:¡ LcqILNV*Hmb�R�KFLNV*bdW`VTq�LNV*K�L��mOPQkl+¡PLc�`V*LcL t^W`UPV [ u8O:LNV@Lªt�W`V@L�v e/L�lFL�� LcXcK Q�R UPR:¡PLcXcbd¡PLc¡
Lc¡P��L+t~V*W`_¤W`R:L+Wkt/KfO:L�b�R�KFLNV*bdW`V�q�LNV*K�bdXcLclNv1lfQ�H Lc¡P��L(" [ � �� bdl�l�LcK
K�WsGPL � �+L��`XcLNM:KTe8bdKfO
Lc¡P��L "s¡"V*W:MPMPLc¡ \ �"�`UPV@L=% [ � � Q�o!Q�R:¡ � ���� bdl/l�LcK�K�W+GPL �
�8L��`XcLNM:K/e8bdKfO Lc¡P��L "sXcW`_ _+bdK�K�Lc¡
\ �"�`UPV@L % [ � � GPo [ #¨L�R:Wke�GPV�Q�R:XcO�t�W:V
KfO:L+l�LcXcW`R:¡>K�b�_+L [ z)�`Qjb R.v1K*eaW MPQIV�Q��+�dL��aV*LcXNUPV*lFb qIL
XNQ��+�dl QIV*L _�Qk¡PL�K�W �$�$����
���v�W`R:LsW`R>b�RPMPU:Ks�`V�QIMPO�� �� \ l�K�LNM ( o Q�R:¡�KfO:LsWIKfO:LNV+W`R�� ����
\ l�KFLNMsy�o [

z8t^K�LNV/MPV*W`MPQj�`QkK�b�R:�+XcW`R:l�KfVFQkb�R�K�l�v`KªO:Lcl�L
K*eaW+XNQ��+�dl8LN_+LNV@��L
e8bdKfO l�W&��U:K�bdW`R:l 
�	�Q�R:¡


��v.V*LclfM LcXcK�bdq�L��dH \ l�LcL �"�`UPV*L-% [ � w�o [ z$�+�!KfOPV*LcL+l�W&��U:K�bdW`R:l�MPV*W:¡"U:XcLc¡ Q�V@L�q Q�� bd¡#vE�&�dW`GPQ��+�dH��
OPQ�MPMIH � �^t~QkXcK�W`V@l�Wkt)KªO:L�W`V@b �Ib RPQ��a�:V�Q�MPO [ �
bdq�LNR>W`UPV5b RPMPU:K b�RIt�W:V�_�QkK�bdW`R.v!Q�RIHmWkt�KfO:Lcl�L

( %



�!b �:UPV*L % [ � w �#K*e/W+l�W&��U:K�bdW`R:l 
�	
Q�R:¡�

�

KfOPV*LcLTbdl Qkl���W:W`¡ Q l�W&��U:K�bdW`R�Qkl�KfO:L�W�KªO:LNV [ #�O:LNRh¡Pb lFXcLNV�R:b�R:� GPLcK*e/LcLNR QI_¬G:bd�`U:W:U:l M W�l �
l�b�G:b+�db KFb Lcl
b�R#���������	��

�#v`Q�� KFLNV�RPQkK�bdq�L
XNQklFLcl7OPQj¡�l�W�� U:KFb W:R:l8e)O:bdXYO ¡PbA:#LNV*Lc¡sb�R QIV*LNQ
W`R
�dHsG�H
l�W`_ L�lf_ Q��+�

�
[ �8W`R��rUPR:bd PU:L l�W�� U:KFb W:R:l�MPV*W:¡"U:XcLc¡;GIH � � ��� � �$��� �  #v O:Wke/Lcq�LNVcv�_ QNH¢¡Pb t �

t^LNV��`V*LNQkK �dH¢b�RmQ�V*LNQ v.XcW`RPR:LcXcK�Lc¡"R:Lcl�l�Q�R:¡mLc¡P�IL;�~XNV*W�l�l�b�R:� [ }~R¢W:UPV�L�� Q�_ M
� L�vEl�W�� U:KFb W:R 
!�
bdl�Q l�b�_�M
�dH&�~XcW:RPR:LcXcK�Lc¡#v!R:W`R��~XNV*W�l�lFb R:� M W&�dH`�IW`R.v#l�W�� U:KFb W:R 
 	
bdl¬Q _+U
� KFb M
�dL;�~XcW`_ MPW`R:LNRIKNv
XNV*W�lFl�b�R:��MPW&�dH:��W`R.v.Q�R:¡sl�W&��U:K�bdW`R 

�
bdl)Q�_+U
�dK�b�M
�dL;�~XcW`_�MPW:R:LNR�KNv#R:W:R��~XNV*W�l�l�b�R:�sMPW&�dH:��W`R [

# O:LNR:LcqILNVEXcW`R:l�KfV�Qjb RIK!MPV*W`MPQk�`QjK�bdW`R�Q��dW`R:L�t~Qkb+�dl�K�W
MPV*Wkq`bd¡PL8Q�l�W&��U:K�bdW`R.v���� �������������� lªU:X;�
XcLcl�l*t~U
�+�dH V*LcXcW`R:lFKfV�U:XcK�l)Q�� �1l�W&��U:K�bdW`R:lNv"V@Lc�`Q�V*¡��dLcl�l8Wjt KfO:L
XcW:_�M
�dL��`bdK*HsWkt!KfO:L
b�RPMPU:K
�`V�Q�MPO [
�"W:V+L�� QI_�M
�dL�v��"�`UPV*L % [ � � ¡Pb lªM
� Q�H:lsKfO:L �:V�Q�MPO:l � � Q�R:¡ � 	 e)O:bdXcO;QIV*L MPV*W:¡"U:XcLc¡�G�H
����
 �$�������$�� mQ�R:¡ �$� �	����� 
 ��vEV*LclfM LcXcK�bdq�L��dH�v!e)O:LNR¨��bdq�LNRmKªO:L�b�RPMPU:K+q�LNV*K�bdXcLclTt^W`V�QhKre/W��
XcW`RPR:LcXcK�Lc¡#v1L��`KFLNR:¡PLc¡ J:KfV�Q&�:O:Wkq&� Z V*W:¡Pl �IH �`VFQ�MPO [ }~RiKfO:bdl�XNQkl�L�v ��� �������������� MPV*W:¡"U:XcLc¡
KfO:L�QkXcKªUPQ��#W`U:KfMPU:K�M
� WIK�l8¡PbdlfM
��Q�H�Lc¡ b�R@�"�`UPV*L 9"[ w�w \ l�LcL�J:LcXcK�bdW`R 9"[ � o [

u8O:U:lNvkKfOPV*W:U:�`O+V*LcXNUPV*l�bdq�L8XNQ�� �dl/K�W �$�$����
���¡PWke)R+Q�l�LNQ�V@XYOTKfV*LcL�vkW:UPV � � ����� �$������ ¬_+W:¡"U
�dL
Q��+�dWke8l8KfO:L+V*LcXcW`R:l�KfVFU:XcK�bdW`R Wkt�Q��+�#l�W&��U:K�bdW`R:l�XcW`RIKfQkb�R:Lc¡ e8bdKfO:b�R�Q+lfUPG:�`V�QIMPO [
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after buildgraph

after edgeelim

�!bd�`UPV*L % [ � � ������
 �$�������$�� �Q�R:¡!�$� ���"��� 
 �¬V*LclfU
�dK�lEt^W`V1K*eaW��~XcW`RPR:LcXcK�Lc¡�J:KfV�Q&�:O:Wkq&� Z V*W:¡Pl �IH
L��:K�LNR:l�bdW`R

� ��� �5����(
� �/�8� � ���/�#�E�	� � �Y�5�+�ª��( �
�#�8(5�6�7�8��,-��§ � ��&ªD
�����5��,

u8O:L8V*LcXcW`R:lFKfV�U:XcK�bdW`R+_+W:¡"U
�dLcl ��������
��
Q�R:¡ � � ����� �$������ ¬V�UPR+UPR:¡PLNVEKfO:L8Qkl�lªUP_�M:K�bdW`RTKfOPQkK
Q��+�#V*Lc PU:b V@Lc¡sb RIt^W`V�_ QkK�bdW`R5�dbdLcl8LN_+GPLc¡P¡PLc¡ e�b KªO:b RhKfO:L�b RPMPU:K��`V�Q�MPO [ u8OPQkK/bdlNv"Q�� �.Lc¡P��Lcl/Wkt
Q l�W&��U:K�bdW`R � �^t~QkXcK�W`V�_+U:l�K�GPL Lc¡P��Lcl�Wkt/KfO:L��`VFQ�MPO � 	 [ }~_�M LNV�t�LcXcK+¡"QkKªQPv#O:WkeaLcqILNVcv#_�Q�H
MPV*Wkq:b ¡PL Q �dLcl�l�KªOPQ�R M LNV�t^LcXcK�b�RPMPU:K��`V�Q�MPOit^W`V � 	 [ z�l�b�R:�&�dL¢_+bdl�l�b�R:�mLc¡P��L XNQ�R>LNQkl�b+�dH
KfV*bd���ILNVsQ�R�LNV�V@W`R:LcW`U:lsXcOPQkb�R Wkt¬XcW:R:l�KfV�Qkb�RIK MPV@W`MPQk�`QkKFb W:R�e�O:b XcO�V*LclªU
� KFlsb R
Q�R b RIq Q�� bd¡
�`V�QIMPO [

�"W`V�¡PW`_�Qkb�R:l/e)O:bdXcO�b�RIq�W&�dq�L�b _ MPLNV�t^LcXcK8b�RPMPU:K8¡"QkKfQ v�e/L)R:LcLc¡ K�W¬V*L���Q�� W`UPV�XcW&�dW`UPV
XcW`R:l�KªV�Qkb�R�K V�U
�dLcl Q�R:¡ _+W:¡Pb t^H�W`UPV l�LNQ�V*XcO>l�KfVFQkK�Lc��H [ #¨L OPQNqIL b�R�qILcl�K�bd�`QkK�Lc¡�K*e/WmlfU:XcO
K�LcXcOPR:bd  U:LclTe)O:bdXYO¢e/LNV*L+b�_�M
�dLN_+LNRIK�Lc¡>b R � ����� � � ����� ����� �  Q�R:¡��	�$� ��� ��� 
 ����[ #mL�G L;�
��b�R GIH ¡Pb lFXNU:l�l�b�R:� _+W:¡"U
� L � ��� ��� � ����������� �� [

}~R:lFK�LNQk¡mWkt��dW`W �Ib�R:�st^W`V
Q �&�dW`GPQ��+�dH��rOPQ�MPM�H � �^t QjXcK�W`VcvCe/L¬lFLNQ�V*XcOst^W`V�t~V�Qk�`_ LNR�K�l�Wkt8OPQ�MPM�H

( y



q�LNV*KFb XcLcl [ u�O`U:lNv�e/L�lFLcL/� M W`V*K�bdW`R:l Wkt Q¢lFW&��U:K�bdW`R>e)O:bdXYO.v/e�O:LNR�M:b LcXcLc¡ K�WI��LcKfO:LNVTe8bdKfO
_+bdl�l�b�R:�mLc¡P�ILclNv1t�W`VF_ MPWIK�LNR�KFb Q��7V@LcXcW`R:l�KfV�U:XcKFb W:Rml�W�� U:KFb W:R:l [ p R
�db4�kLsl�W&��U:K�bdW`R:l+t^W`UPR:¡�G�H
��������
�� QIR:¡ � � ��� � �$��� �  #v"lFW&��U:K�bdW`R:l�XcW`R:lFKfV�U:XcK�Lc¡ GIH � ��� ��� � ����������� �� Q�V*L+Wkt7Qs_ W`V*L
lfUPG:n*LcXcK�bdq�L�RPQkKfUPV@L���������� � ����� �  se8b+�+�aV*LcKªUPV�R�Lcq�LNV*H ��� W:GPQ��+� H��rOPQ�MPMIH � �^t QjXcK�W`V�XcW`R�KªQkb�R:Lc¡
e8bdKfO:b�RmQ �`V�Q�MPO.vCe)O:LNV*LNQjl � ��� � � ��� ��� �$������ _¬U:lFK)O:LNUPV*bdl�K�bdXNQ��+�dHm¡PLcXcbd¡PL�GPLcK*e/LcLNR¢MPW�lFl�bA�
G
�dL)XcW�� �dLcXcK�bdW`R:l�Wkt.t V�Qj�`_+LNRIK�l!XcW`RIKfQkb�R:Lc¡�e�b KªO:b R Q
�:V�Q�MPO.v`QIR:¡ V*LcKªUPV�R+KfO:W�lFL8e)O:bdXYO _+bd�`OIK
t^W`V�_ M:bdLcXcLcl�Wkt Q�l�W&��U:K�bdW`R [ ��UPV*KªO:LNV�_+W`V*L�v�b R � ����� � ������� �$��� �  #v#L��db�_+b�RPQkK�b�R:��Q�R>Lc¡P��L
� _�Q�H XNQ�U:l�L Q q�LNV*K�L�� � K�W G LcXcW`_+L b RIq Q�� bd¡ [ u8O:U:lNv UPR
�db4�kL#�$�$����
�� Q�R:¡ � � ����� �$������ #v
b�Rme�O:b XcO¨W`V*¡PLNV*b�R:�¢Wkt8Lcq�LNRIK�l�¡PW:Lcl¬R:W�K+Q*:#LcXcK�XcW`R:lFKfV�Qkb�RIK¬MPV*W`MPQj�`QkK�bdW`R¢b�R¨KfO:L�l�W�� U:KFb W:R
MPV*W:XcLcl�lNv:l�W&��U:K�bdW`R:l8MPV*W:¡"U:XcLc¡sG�H � ����� � ������� �$��� �  ¬Q�V@L8lfUPG:n*LcXcK/K�W
KfO:L�W`V*¡PLNV*b�R:�+Wkt#L��db _ �
b�RPQkK�bdW`R�Q�R:¡sXcW`_�_+bdKf_ LNR�K)QjXcK�bdW`R:l [

z R b�RPMPU:Ks�`V�Q�MPO>K�W � ��� ��� ��� ������������ _�Q�H>b R:X���U:¡PLmb�RIq Q��dbd¡�q�LNV@K�bdXcLclNv8KfOPQjK�bdlNv
q�LNV*KFb XcLcl�e)O:bdXYO _�Q�H¬GPL�e8bdKfO:W`U:KaQ��Ib qILNR+XcW&�dW`UPVEW`VEW`V@b LNRIKfQkKFb W:R+Wkt�Lc¡P�IL \ l�LcL �"�`UPV*L$% [ � = o [
}~R KfO:bdlaR:Lce Q��d��W`V*bdKfOP_hv�XcW`R:l�KªV�Qkb�R�K/MPV*W`MPQk�:QkK�bdW`R+_+U:l�KaQkXcXcW:UPR�KEt^W`V!lªU:XYO+qILNV*K�bdXcLcl [ u8O:U:lNv

�!bd�`UPV@L�% [ � = �EK*e/W+b RIq Q�� bd¡¢q�LNV*KFb XcLcl

MPV*W`MPQj�`QkK�bdW`RTbdlaQ��dK�LNV@Lc¡�QklEt^W&�+� Wke8l�� e�O:LNR:Lcq�LNV!e/L/q`bdl�bdK/Q
q�LNV*KFL�� � t~V*W`_�KªO:L7QjXcK�bdq�L8l�LcK �Tv
e/L�Q�MPM
�dH XcW`_ _+bdKf_+LNRIK Q�R:¡sL��db�_+b�RPQkK�bdW`R¨V�U
�dLcl�Qkl)GPLªt^W`V*L�v.GPU:K�W`R
�dHsb t � bdl�q Q��dbd¡ [)p MPW:R
q:b lFb KFb R:�mQ�Rib RIq Q�� bd¡�q�LNV@K�L�� �1v#e/L+l�b�_�M
�dH V*LN_+Wkq�L �it V*W:_ �%Q�R:¡mXcW:R�K�b�R:U:L [ #mL V*LcKfQkb�R
W`UPV5l�LNQ�V*XcOmKªV*LcL�Q�MPMPV*W:QkXYO¨Q�R:¡ GPVFQ�R:XYO>V*LcXNUPV*lFb qIL�� H>W`R¢K*e/W XNQ�� �dl+K�W �$�$����
��iUPRIK�b+�/KfO:L
W`U:KfMPU:K��`V�Q�MPO LN_+GPLc¡Pl
Q+XcW&�+�dLcXcK�bdW`R�Wkt OPQIMPM�Hsq�LNV@K�L���t~V�Qk�:_+LNR�KFl [

#�O:LNR XcW:_�MPQ�V*b�R:� K*e/W�l�W�� U:KFb W:R:lNv#e/L�U:l�L�Q l�b�_�M
�dL O:LNUPV@b lFK�bdX Q�R:¡¢XcW`_ MPQ�V*L+KfO:L
�dLNR:��KfO:l��TWkt!KfO:L��dW`R:��LclFK8t~V�Qk�`_ LNR�K/XcW`RIKfQkb�R:Lc¡¢e8bdKfO:b�R�LNQkXYO [ } t�KªO:Lcl�L¬OPQ�q�L
Lc PUPQ�� � LNR:�IKfO.v
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e/L�XcW`_�MPQIV*L�KªO:L�R:L��`K��dW`R:��LclFKNv!Q�R:¡ lFW W`R [ �
GIq:b W:U:l �dH�v�KfO:L l�W&��U:K�bdW`R¨e8bdKfO¨KfO:L5� W:R:��LNV
t~V�Qk�`_+LNRIK!_�Q�H¬R:W�K�Q��de8Q�H`l�G L8KfO:L)G LcK�K�LNVEW`R:L��I��LNR:LNV�Q��+�dH�vPO:WkeaLcqILNVcv�Q�l�W&��U:K�bdW`R XcW`_�M W�l�Lc¡
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