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JLK/M�N�O�PRQTS�U�VWO�XZY\[]O�^_VW`\Va^bM�N�O�V
cedbfhgaO�^jiFS�kml

SjXZnon4fZdW^�poO(dWO<qrKoO�drqrKoOts4u�vZwhxzy{QT|_U<q�O�NB}odbO(yZwZw�~(Q�P<��n&Xh�ZO<V

�]�*�������o�Z�Z���*� X�^�XZp�Kof\q�XZdbqrKo��^WO<q�^bYodWO<VBXZdWO�sofh^�Vbq�X � XZ} � O�����s�f�dbp\O�d�^bf�f��ZO�drq�f�N�O"^WKo��V�N"X�gafZd
podbX1��}/X�qr�
��Ko��O�dbXZdbqrK/� q�X � dbfZY\^b��so�(��V2� sH^WdbfzpoY/q�O<p"V¡� s/q�O���^¢��V2£¤f�Yos/p�^Wf�}&OjN�f�dWO�O�¥4O<q�^W� �ZO��*JLK/OjN"Xh� s
qrK&X � � O�so�ZOF��s�Ko� O�drXhdrqrKo� q�X � dWf�Y\^W� so��� V�^bfB��dWf�Yon]s/fzpoO�V���sH^bf�q � Y&Va^bO�drV���k¢X�qrK�q � Y/V¡^WO�d�� V�dbO�nodbO�VWO�sH^WO<p
}z`�fZsoOBq � Y/Va^bO�dRKoO�X�p¦�F§mfZsz��O�sH^W� fZs/X � N�O�^bKof\poV_Y&V¡O�O��¨^bKoO�dF^WK/OBq�f�sosoO<q�^W� �z�¨^a`�©ªpoO��ZdbO�O1«LfZd_^WKoO�^WKoO
s/fzpoO��ap�^bf(n&O�d¡£¤f�dWN'^WKoOFq � Y/Va^bO�d2KoO<XZp�O � O�q�^W� fZs¬�2lzY/qrK"n&XhdrXhN�O�^bO�drV*XZdWOLsofZ^edWO<X � � `�dWf�}oY/V¡^e��s�^WO�dWN"V
fZ£�VW��p\O�O�¥
O�q�^rV��¢��s�^bKo��Vjn/XZn&O�d��mO(� sH^WdbfzpoY/q�O(X�sof��ZO � N�O�XZVWYodbOR^WK/Xh^_X � � f��jV�^bfB£¤f�dWNq � Y/V¡^WO�drV�Xhs&p
� s®^WKoO¯VbXhN�O]^b��N�O°n4O�dW£¤fZdbN�VB^bKoO¯q � Y/Va^bO�d�KoO<XZp±O � O<q�^b��f�s¬�®i_s/X � `H^W��q�X � N�f\p\O � V�Xhs/p²VW��NBY � Xh^W� fZs/V
dbO�VWY � ^bVjVWKof��³^WK/Xh^j^WK/� V_sof��ZO � N�O�XZVWYodbO(nodbfZn4f�VWO�p�£¤fZd_q � Y&Va^bO�d_K/O�XZp�O � O<q�^W� fZs¯� s/p\Y&q�O�V � O<VWV_q � Y/Va^bO�d
K/O�XZp�qrK/XZso�ZO<V�X�V�q�f�N�n&XhdbO�p"^bf�q � XZVbV¡��q�X � N�O�^WKof\poV��
´¯µH¶
·b¸�¹ ��º*�Z� X�p�Kof\qh�\��� dWO � O<VWV��oV¡O � £¼»½fZdb��XZso� ¾�X�^b��f�s¬�zVa^bfzqrK&XZV¡^W��q_��O�fZN�O�^Wdb`Z�oVbq�X � Xh}/� � �¨^a`
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 ��� O<V�XhdrqrKo��^WO�q�^WYodbO�V��Bn � Xh^�s�� fZ¥4dbO�sH^�p\O�VLn4f�VbVW��}o� � �¨^bU�VLp�� Y\^W� � ��VbX�^W� fZs��HYoO�V¡YodjpoOFn4O�^b�¨^bO�V
U<qrKoO � � O�V���|RXhs&V � O"}oYo^�p\O�n&f�YodW��fZ� d���q�O�^�� s/q�f�sz�ZU�s/��O�s�^<� � O"dbfZYo^bXh��OBK/��U�dbXZdbqrKo���HYoOBV� O�V¡^�N�f�sH^WdbU
O���q�XZq�OZ� � O�nodb� s/q�� n/X � p\U��:O<Va^FpofZs/q(p\O�dWO��ZdbfZYon4O�d � O�Vjs��(Y/poV�O�s¯�ZdbfZYon4O�VjXZY/VbV¡�¬s/fZN�N�U�V! �q � Y/Va»
^bO�drV" h�2§mK&X#�HYoO(q � Y/V¡^WO�dLO<Va^�dbO�nodbU�VWO�sH^WUFn/Xhd�VWfZs°qrKoO�£*p\O(q � Y/Va^bO�d<� � O�VLN�U�^WKof\p\O<V�q�fZsz��O�sH^W� fZsos/O � � O<V
Yo^W� � ��V¡O�sH^��\O�sH^bdWO�XhY\^bdWO<V��\n4fZY/dLVWfZs�U � O�q�^W� fZs � O(p\O��ZdbUFf�Y]O�s&q�fZdbO � � � poO�sH^W�$�&XhsH^<�e|_OR^WO � VLn&XhdrXhN�M�^bdWO<V
s/OFVWfZsH^mn/X�Ve^bdWM<V¢dbfZ}/Y/Va^bO�V���%_fZY/V�nodbfZn4f�VWfZs&V2� q��
YosoORsofZYo��O � � O_N�U�^Wdb�&�HYoORn4O�dbN�O�^¡^rXhsH^�p�� fZdb��XZso��V¡O�d
� ORdWU<V¡O<XhY�p\OF£ªX#'�fZs��Bn&f�Yo�Zf���dmY\^W� � � VWO�dLYos�dWU<V¡O<XhY�XZp]Kof\q_VWYodLp\O�V�U�qrK/O � � O<V¢n � Y/V � Xhdb�ZO�V�� � O�VmdbU�VWY � »
^rX�^rVmXZs/X � `H^W����Y/O�V2O�^Lp\ORV¡� N�Y � Xh^W� fZs"N�fZsH^WdbO�sH^(�HYoORq�O�^¡^WOFN�U�^Wdb����Y/O_� s/p\Yo��^�N�f���s/Vmp\OFqrK&Xhso��O�N�O�sH^bV
poOF^bfZn4f � fZ����O��HYoO � O<V�N�U�^bKof\p\O�V�q � X�VWVW�&�HYoO<V��
)'¹ �<� · �#* 
 ��� XZp�Kof\qh�oXZY\^WfZ»8f�dW�HXhso��VbX�^W� fZs ����U�fZN�U�^Wdb��O�Va^bf\qrK/XZV¡^W���HYoOZ�\n/X�VWVbXh��O+� � � U<qrKoO � � O
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- � dbO � O�VbV�X�pz»½Kof\qFs/O�^a��fZdb�zV�q�f�s/VW� V¡^�fh£*X�VWO�^�fh£�N�fZ}o� � OR��� dbO � O�VbVms/fzpoO�VL����^WKof�Y\^L^WKoO�VWYonon4fZdW^�fh£*X
n/dWO�»8O�[z��V¡^W� so� �/[zO<p���s\£¤drXZV¡^WdbY/q�^WYodbOZ�*i�pBK/fzqLs/O�^a��fZdb�zV �/s&p"p\fZN"Xh� s/V�fZ£
XZnon � � q�X�^W� fZs�� s�}&X�^¡^ � O��/O � poV
q�fzfZdrp\��s&X�^W� fZs�fZd_fZs\»�V¡��^WO�po� VbXZV¡^WO�d�dWO � � O�£2N"Xhs/XZ�ZO�N�O�sH^��¢kmXZqrK°Kof�V¡^/.�sof\p\O�XZq�^bVjX�VjX�dbfZY\^bO�d_XZs/p�� V
XZ} � O(^Wf�N�f���O(��s{XZs:Xhdb}o��^WdrXhdb`�N"XhsosoO�d��jJLK/� V_nodWO<V¡O�sH^bV_X]qrK/X � � O�so�Z� so����VWVWYoO(£¤f�d_nodbfh^bfzq�f � poO�VW����s
VW� s/q�OR^WK/O(nodWfZ^Wf\q�f � N�Y/V¡^_XZp/Xhn\^L^Wf�£¤dbO�HYoO�sH^ � `]qrK/Xhs/�Z� so��fh£�s/O�^a��fZdb�"^Wf�n&f � f��Z� O�V��10:fZdbORdbO�q�O�sH^ � `Z�
dbO�VWO�XZdbqrK/O�drV¢XhdbO � fzfZ�z� so����s°Xhnon � ��q�Xh^W� fZs�fh£*X�p]K/fzqRn/XZdbX�p\� �ZN"V¢� s¯V¡O�s/VWfZd�soO�^a��fZdb�\Vm��K/� qrK���s&p\Y/q�O
^bf�}&O�XZ} � OR^bf�V¡O�^LY/n°X���O�db` � XZdW��OFszYoNB}&O�d�fh£�sof\p\O�V��
��s�fZdrp\O�d�^bf�}&OjXZ} � O�^bf(Y/V¡O�X�p�Kof\qLsoO�^a�mf�dW�\V*fZs��ZO�dW` � Xhdb�ZOLVbq�X � OZ��2&X�^2dbfZY\^b��so��nodbfh^bf\q�f � ©ªdWO<XZq�»

^b����OFf�dmn/dWfHXZq�^b����O<«e� V�dbO�X � � `�s/fh^�V¡Yo��^bXZ} � OZ����s/p\O�O�p¦�\}4fh^bK�dbfZY\^b��s/�BXhn/nodWfHXZqrKoO<Ve}4O�q�fZN�OF� soO�¥4O<q�^W� �ZO
£¤f�d � Xhdb�ZO�Vbq�X � O���� dWO � O<VWV_XZp°Kof\q(soO�^a�mf�dW�\V��o}4O�q�XZY/VWO�fh£ � ��so��©�2&fHf\p\� so��fZ£eq�fZsH^bdWf � N�O�VbVWXZ�ZO�Vr«LXhs&p
n/dWf\q�O<VWVW� so�jf��ZO�dWK/O�XZp"©ªdWf�Y\^W� so�_^bXh} � OLq�f�N�n/Y\^bXh^W� fZs&«��13FsoO��mO ��� �zsof���s�VWf � Y\^b��f�s(^WfF^WKo��V�VWq�X � Xh}o� � �¨^a`
n/dWf�} � O�N � V*^bfF� sH^Wdbf\p\Y/q�OLXRKo� O�drXhdrqrKo� q�X � dWf�Y\^W� so�R}H`��ZdbfZYono� so�F�ZO�f��ZdrXhnoK/� q�X � � `�q � f�VWOms/fzpoO�V�^Wf�O�X�qrK
fZ^WKoO�d���s�q � Y/V¡^WO�drV�Xhs/p }z`¯Y/VW��so�°Xhs  �Kz`z}odb� p  (dbfZY\^b��so�°VbqrKoO�N�O�4�q � XZVbVW� q�X � � `°nodbf�X�q�^W� �ZO�Xhnon/dWfHXZqrK
� s/VW� poO�O<XZqrK±q � Y/V¡^WO�d�XZs/p�dbO�X�q�^W� �ZO�Xhnonodbf�X�qrK�}&O�^a�mO�O�s²q � Y/Va^bO�d65�P1yz�LP�x�7½�±lzY/qrK²Xhs±f�dW�HXhso� ¾�Xh^W� fZs
X � VWf�nodWO<V¡O�sH^bVLszYoN�O�dbfZY/VLX�p\��XhsH^bXZ�ZO�V�XZVLN�f�dWOR£ªXZq�� � ��^a`"^Wf"VW`Hs&qrKodWf�so� ¾�O�Va^rX�^W� fZs&VL��s°X��ZdbfZYon�fZd�^Wf
Xh^¡^bdW� }oY\^bORs/O�� V¡O�dW�z��q�O�¾�f�soO�V��
��s¯^bKo��V_n/XZn&O�dF��O�nodbfZn4f�VWO�X�s/f��ZO � N�O�^Wdb� qBV¡Y/�¨^rXh} � O�£¤f�d_fZdb��XZso� ¾�� so�"Xhs{X�p°Kof\q�soO�^a�mf�dW����sH^Wf

q � Y&Va^bO�drV�Xhs/p@��O¯nodbfZn4f�VWO:X�soO�� p\��V¡^Wdb��}oYo^WO�p q � Y&Va^bO�d]K/O�XZp²O � O<q�^W� fZs K/O�Yodb� V¡^W��q°£¤f�d]Xhs XZp@K/fzq
s/O�^a��fZdb�4�83FYodLsoO��;N�O�^bdW��q�p\fzO�V�sofh^�dbO � `"fZs  �V¡^bX�^b� q  jn&XhdrXhN�O�^bO�drVmXZs/p�^bKzY/VLfZYodLsof���O � KoO�Y/dW��Va^b� q
O�[z^WO�s&poV(^bKoO�sofZ^W� fZs�fh£jq � Y/V¡^WO�d�£¤f�dWN"X�^b��f�s¬�¯JLKoO�nodbfZn4f�VWO�p KoO�Yodb� V¡^W��q�X � � f��jV � fHXZp }/X � XZs/q�� so�°^Wf
� s/VWYodbO�XF£ªXh� d2p\��Va^bdW� }oY\^b��f�sBfZ£ � f�XZpBXhN�fZs/�Fq � Y/V¡^WO�d2KoO�X�poV��90¯fZdbO�f���O�d<����OL��N�n � O�N�O�s�^eXRN�O�qrK/XZso��V¡N
£¤f�d�^WKoO�q � Y/Va^bO�d�K/O�XZp O � O<q�^W� fZs ^bK/X�^(^bdW� O�V�^bf°£ªX1�Zf�dF^bKoO�� d�dbO�»½O � O�q�^W� fZs ��s £¤Y\^bYodbO�dWf�Yos/poV��¬^bKoO�dbO�}z`
dbO�poY/q�� so� ^WdrXhs/VW��^W� fZs�f���O�dbKoO�X�poV���KoO�s²f � p@q � Y/V¡^WO�d"K/O�XZp/V��Z� �ZO���X1`�^bf�soO��fZsoO<V��:- O¯O�[\n4O�q�^
£¤dbfZNsoO�^a�mf�dW��fZdb��XZso��¾<X�^b��f�s�^bf]}4O�dbfZ}oY&Va^F^Wf��LXhdrpoV�sof\p\OBN�f�}o� � ��^a`Z�F�½£¢�mO���XZs�^Rf��ZO�dWKoO<XZp�^Wf�}&O
dbO�X�V¡f�s/Xh} � O��hfZYodmfZdb��XZso��¾<X�^b��f�s�NBY/V¡^�qrK/XZso�ZO_X�V � O�VbV¢X�V¢n4f�VbV¡� } � Oj��KoO�s�sof\p\O�VmN�f��ZO_XZs/p�^Wf�n&f � f��Z`
O��Zf � ��O�V��#0¯fZdbO�f���O�d<�
�mO���fZY � p � ����O�^Wf°}&O�XZ} � O�^bf°XZnon � `{VWfZN�O � f\q�X � � ¾�Xh^W� fZs nodWf\q�O�VbVRXZs/p ��sH^WO�d¡»
��dWf�Yon/V�dbfZY\^b��so�"XZ}&f���OFf�Yod�fZdb��XZso��¾<X�^b��f�s¬�
JLKoO(dbO�N"XZ��s/poO�dLfh£�^WKo��V�n/XZn&O�d�� VLf�dW�HXhso� ¾�O<p�XZV�£¤f ��� f��jV��elzO<q�^b��f�s°y�p\O��/soO�V�^bKoO�VW`zV¡^WO�N N�f\p\O �

XZs/p�� s�^bdWf\p\Y&q�O�V�V¡f�N�O]sofh^rX�^W� fZs&V��:lzO<q�^W� fZs±~°dbO��z� O��jVBV¡O��ZO�drX � ^bO�qrKos/�&�HYoO<V�nodbfZn4f�VWO�p £¤fZdBq � Y/Va^bO�d
K/O�XZp V¡O � O<q�^b��f�s¬�BlzO<q�^W� fZs&V�x�XZs/p v���� ��� n/dWO<V¡O�s�^�fZY/dFN"Xh� s�q�fZsH^bdW� }oY\^b��f�s Xhs&p:��� ��� p\O�^bXZ� � O�p{^WKoO
po� V¡^Wdb��}/Y\^WO<p]VWO � O�q�^b��f�s�X � ��fZdb�¨^bKoN°�2l\��NBY � Xh^W� fZs�O�[\n&O�dW� N�O�sH^bV�nodbO�VWO�sH^bO�p"� s�VWO�q�^W� fZs��Bp\O�N�fZs/V¡^WdrX�^bO
^bK/X�^L^bKoO(nodbfZn4f�VWO�p�K/O�Yodb� V¡^W��qR� Vj}&O�^¡^WO�dL^WK/XZs°O�Xhd � ��O�d�K/O�Yodb� V¡^W��q�V�� � ��s/X ��� `Z�\��O�nodbO�VWO�sH^�fZYodjq�fZs/q � Y\»
VW� fZs���s¯VWO�q�^b��f�s<;���KoO�dWO���O(p\� Vbq�Y&VWVLn4f�VbV¡� } � OR£¤Y\^WYodbO�XhdbO�X�V�fh£���sz�ZO<Va^b���HX�^b��f�s¬�

= ��>"+¬���@? ? �"�����

��s Xhs:XZp:Kof\q(soO�^a��fZdb�°X � � sof\p\O<VFXZdWO�X � � �ZO�XZs/p:X ��� XhdbO�N�fZ}o� � O��_JLKoO�dWO�XhdbO(sof]}/X�V¡OBVa^rX�^W� fZs&V�^Wf
q�fzfZdrp\��s&X�^WOB^WK/O�XZq�^b���z��^W� O�V(fZ£�VWYo}/VWO�^rV(fh£�sof\p\O�V���JLKoO�dbO�£¤f�dWO�� X � � ^WK/O"sof\p\O�V(K&X1�ZOB^Wf:q�f ��� O�q�^W� �ZO � `
N"XZ�ZOmpoO�q���VW��f�s/V�XZs/p(^bKoO�Y/V¡O�fh£4p\� V¡^Wdb� }oY\^WO<pBX � ��fZdb�¨^bKoN"V XZnon&O<XhdrV¬^bfF}4O�N�XZs/poXh^WfZdb`Z�90¯fZdbO�f���O�d<��X ���
q�fZN�N�Y/so� q�X�^b��f�s�XhdbOmn4O�dW£¤fZdbN�O�p�f��ZO�d�����dbO � O�VbV � � so�\V���i_V�Y&V¡Y/X � ����O���� � � N�f\p\O � Xhs�XZp�K/fzqmsoO�^a�mf�dW�

ABADC�EGF/H�I�J



x � ���&� �������'����� 
��

}z`�XB�ZdrXhnoK
G = (V, E)

��KoO�dWO
V
��Vm^WKoO(VWO�^�fh£�N�f�}o� � O�sof\p\O<VR© |V | = n

«�XZs/p
e = (u, v) ∈ E

��� ���
N�f\p\O � XB��� dWO � O<VWV � ��so�"}4O�^a��O�O�s�XBn/XZ��dLfh£�sof\p\O�V

u
Xhs/p

v
fZs � `"��£ ^WK/O�`�XhdbOR���¨^bKo��s���� dWO � O<VWVmdbXZso�ZO

fZ£�O<XZqrK�fh^WK/O�d<�
� fZdR^WKoO�VbXh�ZOBfh£mVW� N�n � ��q���^a`Z� � O�^ �/drVa^���sH^bdWf\p\Y/q�O�VWfZN�OBsofh^rX�^W� fZs&V�� - OBs/fh^WO C(u)

^bKoO�q � Y&Va^bO�d
f���s/��so� ^bKoO¯sof\p\O

u
XZs/p H(u)

^WKoO{q � Y&Va^bO�d�KoO<XZp®fh£�^WK/� V�q � Y&Va^bO�d<� � dbfZN �ZdrXhnoK®^WKoO�fZdb`�^WO�[z^¡»
}4fzfZ�:}4fzfZ� 5 	�7e��O���� � � X � V¡f°sofZ^WO

Γk(u)
^bKoO

k
� � � � �"��
���
)� �"�"� fh£�X�sof\p\O

u
� ������ �

Γk(u) = {v ∈
V |d(u, v) ≤ k} Xhs&p]��� ��� sofh^bO δk(u) = |Γk(u)| �- OB��� � � sofZ^WO

e(u/C) = maxv∈C(u)(d(u, v))
^WKoO � !�!�� �G�&
/��!������ fZ£¢X"sof\p\O

u
� s/V¡��p\OB�¨^rVFq � Y/V¡^WO�d

XZs/p]^WKzY/VL^bKoO ������� � � � 
 fZ£�X�q � Y/V¡^WO�d���� � � }4O
D(C(u)) = maxv∈C(u)(e(u/C))

�

� � ����������� % �(��)

SjO�VWO�XhdrqrKoO�dbV�K&X1�ZO�nodbfZn4f�VWO�p{V¡O��ZO�drX � ^WO<qrKoso����Y/O�V_£¤fZd�q � Y/Va^bO�dF£¤fZdbN"X�^W� fZs Xhs/p:q � Y&Va^bO�dRKoO�X�p{VWO � O�q�»
^b��f�s¬�®i ��� VWf � Y\^b��f�s/VBXZ��N ^Wf � p\O�sH^W��£¤`�X VWYo}/VWO�^"fZ£_sof\p\O�V�����^WK/��s®^WKoO°soO�^a�mf�dW��XZs/p±}o� s/p�^WKoO�N
X � O<XZp\O�d���JLK/O�q � Y/V¡^WO�dWK/O�XZp/VFXZdWOBdWO<V¡n4fZs/VW� } � O�£¤fZd�N"Xhs/XZ�Z� so��q�fZN�N�Y/so� q�X�^b��f�s:}&O�^a�mO�O�s sof\p\O�VR� s
^bKoO�� d�f���s]soO�����KH}4fZdbKofzf\p"XZVm�mO ��� X�V¢dbfZY\^b��s/��� s\£¤fZdbN"X�^W� fZs�^Wf�fZ^WKoO�d�q � Y/Va^bO�dbKoO�X�poVe� s]fZ^WKoO�dLsoO�� �ZK\»
}4fZdbKofzf\poV���Jm`zno��q�X � � `Z�z}/XZqr�z}4fZsoO<V�XhdbORq�fZs/V¡^WdbY/q�^WO�p]^Wf�q�fZsos/O�q�^�soO�����Kz}&f�dWKofzf\poV�� s�^bKoO(soO�^a�mf�dW�
�
c2XZV¡^�V¡f � Y\^b��f�s/V¢^Wdb`�^Wf���X�^bKoO�dmsof\p\O�V�� sH^Wf�KofZN�fZ��O�soO�fZY/Vmq � Y/V¡^WO�drVm}H`"Y&V¡� so��O��¨^bKoO�d�XZs]��p\O�sH^W��^a`

q�dW��^WO�dW��X@© ��� ��� �_^WKoO � f���O�V¡^��ap 5 �/�m~ 7¤«"f�d]X �o[\O�p q�fZsosoO<q�^b���z��^a`®q�db��^WO�db��X ©¤N"X�[\� N�YoN p\O���dWO�O�5 x�78�
N"Xh[H»½N���s°|_»½q � Y/V¡^WO�d 5�P 78�¦P�»8K/fZn°q � Y/Va^bO�drV 5 y\�&v\�¦P�P/78�

k
»8K/fZn°q � Y/Va^bO�drV 5 ��7¼«��

lzY&qrK�n/XZV¡^mVWf � Y\^W� fZs&Ve}/X�V¡O<p�fZs�X��o[\O<p�q � Y/V¡^WO�d�p\��XhN�O�^bO�d 5 ;z�Hxo�4P/7½� �/[zO<p"q � Y/V¡^WO�dmdbX�p\� Y/V@5 P�~ 7
fZd
X�q�f�s/Va^rXhsH^FszYoNB}&O�dFfZ£esof\p\O�V 5 P<v"7eXhdbO�s/fh^RX�poXhno^WO�p¯^Wf � Xhdb�ZOBXZp:K/fzq�soO�^a��fZdb�\V_VW��s&q�O�^bKoO�`¯N"X1`
��O�soO�dbXh^WO�X � Xhdb�ZO(szYoNB}&O�d_fh£eq � Y/V¡^WO�dWK/O�XZp/V��LJLKoO�dbO�£¤f�dWO��o��^F��V_p\O<V¡� dbXZ} � O�^Wf�K/X1��O�q�f�s�^bdWf � f��ZO�d�^WKoO
q � Y&Va^bO�dbKoO�X�p�p\O�s/VW�¨^a`�� s�^WKoO(s/O�^a��fZdb�4� %_fh^WOR^bK/X�^jnodbO��z� fZY/V�q � Y&Va^bO�db��so�"VWf � Y\^W� fZs&VmK&X1�ZO(X � V¡f�dbO � ��O<p
f�s]VW`Hs&qrKodWf�sofZY&V¢q � f\qr�\V2£¤fZd�O�[oqrK/XZso�ZO_fh£�poXh^bX�}&O�^a�mO�O�s�sof\p\O<V����½^L� Vm^bKoORq�XZVWOj£¤f�dmO�[\XZN�n � OF��s]^WKoO
� ��s/�ZO�p]§ � Y/V¡^WO�d�i � ��fZdb�¨^bKoN 5 y"7½�z}oY\^�VWY/qrK]XZs"KoO�Y/dW��Va^b� qj� V�p\O���O � fZn4O�p�£¤f�dmdbO � X�^b����O � `BVWN�X ��� szYoN�}4O�d
fZ£¦sof\p\O�VF© � O�VbV�^WK/XZs:P�w�w�«��*lzf � Y\^b��f�s/Ve}&XZVWO�p�fZs�^bKoO_p\O��ZdbO�O�fZde^WKoO � f���O�V¡^e�apoV¢q�Xhs�dbO�VWY � ^m��s�X(K/����K
^bYodbsof��ZO�d(fh£_q � Y/V¡^WO�dWKoO<XZpoV���KoO�s�^bfZn4f � fZ�Z` qrK/Xhs/�ZO�V 5�P<w\�1; 78�{lzf � Yo^W� fZs/V��mO�dWO�X � VWf¯O�sz�z� VbXh��O�p ^Wf
}&XZVWOL^WKoOFO � O�q�^b��f�s�fZs�X(noY/dWOjN�f�}o� � ��^a`�q�dW��^WO�dW��X�5 x�7&}oY\^��¨£¦N�fZ}/� � �¨^a`�VWKofZY � p�}4Oj^bXZ�ZO�s�� sH^Wf�X�q�q�fZYosH^��
O � O<q�^b��so��f�s � `]sofZs°N�fZ}o� � ORs/fzpoO�VLN"X1`�dbO�VWY � ^j� s�� VWf � X�^bO�p�q � Y/Va^bO�d�KoO<XZpoV��\��Ko��qrK°N�X1`]}&O(Y/VWO � O�VbV��
��s{X ��� nodbO��z��f�Y/V���fZdb�\V��/^WKoO�poO�VW����s¯fh£2^WK/OBq � Y/V¡^WO�dFVWO � O�q�^b��f�s:Xhnon4O�XZdbV�^Wf�}4OBVW��N�� � XZd_����^WK¯£¤O��

��XZdW��XhsH^bV��_kmXZqrK:sof\p\O�q�f�N�noY\^WO<V � f\q�X ��� `���^bVRf���s:��X � YoOBfh£¢X]�Z� �ZO�s q�db�¨^bO�db� X:©6p\O���dWO�OZ�
N�fZ}o� � �¨^a`���� � «
XZs/p � f\q�X � � `"}odWfHXZpoq�XZV¡^bV�^bKo��VL�1X � Y/O_� s�f�dbp\O�de^bf�q�fZN�n&O�^WOR���¨^bK]��^bV�soO�����KH}4fZdrV��*i ��� sof\p\O<V�XZdWO_^WKzY/V
XZ} � O�^bf�p\O<q���p\O�}z`°^WKoO���d�f���s{��£¢^bKoO�`¯��� s ^WKoO�^Wf�Yodbs/XhN�O�sH^(Xhs/p q�XZs{}4O�poO�q � XhdbO�p{q � Y/Va^bO�d�KoO<XZp¦�
��s¯q�XZVWOFfZ£*NBY � ^b��n � O(��� sosoO�dbV��oX�V¡O<q�fZs&p�q�dW��^WO�dW��X�© ��� ��� �4�ap/«�� VLY&V¡O<p¦�

� � �����������¬��!e�*������+

JLK/O]N"Xh� s��ZfHX � ��V�^Wf{p\O<V¡� �Zs®X¯KoO�Y/dW��Va^b� q�^WK/Xh^B��fZY � p�VWO � O�q�^�V¡f�N�O�sof\p\O�V�XZVBq � Y/V¡^WO�d�KoO<XZp�Xhs&p
q�fZN�noY\^bO�Vjq � Y&Va^bO�drV���s:X � Xhdb�ZO(X�p�K/fzq�s/O�^a��fZdb�4�mi_Vj��O(N�O�sH^W� fZs/O�p���s°^bKoO�nodbO��z� fZY/V�VWO�q�^W� fZs¬�/^WKoO
poO��/so��^W� fZs°fZ£2X"q � Y&Va^bO�djVWKofZY � p�sofh^F}&O�p\O��/soO<p¯X�nodW� fZdb�¦}z`�VWfZN�O��o[\O�p°q�dW��^WO�dW��X�}oY\^_NBY/Va^jdbO�2&O�q�^

�! 9A"�$#
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^bKoO ��� � */����� fZ£F^bKoO:soO�^a�mf�dW�
� ��s fZdrp\O�d�^Wf�}4O{VWq�X � Xh} � OZ�m^WK/O¯KoO�Yodb��Va^b� q¯VWKofZY � p²}4O{q�f�N�n � O�^WO � `
po� V¡^Wdb��}/Y\^WO<p Xhs/p²sof\p\O<V�V¡K/fZY � p@XZVW`Hs&qrKodWf�sofZY&V � `�dWY/s®^bKoO{X � ��fZdb�¨^bKoN ^WKzY/V�X1�Zf�� p\� so��Xhsz`®q � f\qr�
VW`zs/qrKodbfZso� ¾�Xh^W� fZs¬� JLKoO{szYoNB}&O�d]fZ£�N�O<VWVbXh��O�V�O�[oqrK/XZso�ZO<V�VWKofZY � p@}4O:N���so� N���¾�O�p¦�'��s@£ªXZq�^<���mO
��� � � Y/VWO�f�s � ` � fzq�X � � ` }odbf�X�poq�X�Va^�N�O�VbVbXh�ZO<V � ����O����������
	���������¯Y&V¡O<p���s±f�dbpoO�d(^bf p\��VWq�f��ZO�d(^WKoO
y�»8s/O�� �ZKz}&f�dWK/fHf\p�fh£¬X�sof\p\OZ� � ��s&X � � `���� s]f�dbp\O�d2^WfBO�s/VWYodbO_V¡^bXh}/� � �¨^a`�����^L�mf�Y � p�}4O_n/dWO�£¤O�drXh} � OjsofZ^¢^Wf
dbO�»½O � O�q�^_q � Y/V¡^WO�d_KoO�X�p°��KoO�s¯n4f�VbV¡� } � O�Xhs&p�s/fzpoO�V�^bK/X�^RXhdbO� r^Wfzf  RN�f�}o� � O(��� ��� sofZ^jn/XhdW^W��q�� n/X�^bO�� s
^bKoO(}/X ��� fh^�noK/X�V¡O��
JLKoO�q�db�¨^bO�db� X�N�O�^Wdb� qBV¡K/fZY � p°��Xh^WKoO�dFXhs&p¯Xh�Z��dWO���Xh^WO�sof\p\O�VF� s�^bf�q � Y/V¡^WO�dbV_sofh^RfZs:XZs{Xh}/VWf � Y\^bO

q�dW��^WO�dW��X�© � ����ORp\O��ZdbO�ORfZdjp\��XhN�O�^WO�d�«mXhs/p]^WKzY/V�VWKofZY � p�}&O(X�poXhn\^b����OF� s°fZdrp\O�dm^Wf�dbO�2/O<q�^L^WK/O�X�p]K/fzq
s/O�^a��fZdb�4�*J f�O � O�q�^LX�q � Y/V¡^WO�deKoO�X�p¦�H�mOj��� � � soO�O�p�^bf�nodbfZN�fh^bO�sof\p\O_V¡^bXZ}o� � ��^a`B� s]X(�LX1`�fZ£ � � N��¨^b��so�
^bdbX ��q]f���O�dbKoO�X�p���KoO�s²}oYo� � p\��s/��XZs/p±N"XZ��sH^bXZ��s/��so� ^WK/O�s/O�^a��fZdb��fZdb��Xhs/��¾<X�^W� fZs ��lzO�q�fZs/p � `Z�¢^WKoO
q�dW��^WO�dW��X"VWKofZY � p¯}4O�dbfZ}oY&Va^<� ������ sofh^R}&O�p\��Va^bYodW}4O�p:}H`¯X�V � ����K�^ � `�^Wf�n&f � f��Z`°qrK/Xhs/�ZOZ� � � s/X � � `Z�4^WKoO
q�dW��^WO�dW��X(VWKofZY � p"}4OFq�fZN�noY\^bO�p � f\q�X � � `�}z`�Y/VW��so�BfZs � ` � f\q�X � ^bdbX ��q�©¤� sH^WdrX�»�q � Y/Va^bO�dedbfZYo^W� so�H«¢V¡� s/q�OF�¨^
��V�qrKoO<Xhn4O�dL^WK&X�^j� s�^bO�dW»½q � Y&Va^bO�d�^WdrX ��qh�

�LXZVWO�p®fZs²^bKoO�VWO¯�ZO�soO�drX � dbO�HYo� dWO�N�O�sH^bV���O�n/dWf�n&fHV¡O¯X sof��ZO � KoO�Y/dW��Va^b� q°}&XZVWO�p®fZs X N�O�^Wdb� q
q�dW��^WO�dW��X���Ko��qrK ��Xh^WKoO�dbV�^bKoO p\O�s/VW�¨^a`²fh£�^WK/O:soO�� �ZKz}4fZdbKofzf\p®fZ£�X�sof\p\OZ� JLKo��V]poO�s/VW�¨^a`@q�db��^WO�db��X
dbO���O�X � VF^Wf°}4O]V¡^bXh} � O���KoO�s ^bKoO�^Wf�n&f � f��Z`:O��Zf � ��O�V�V � � �ZKH^ � `Z��iFVR^WKoO�s/O�^a��fZdb�°^WfZn4f � fZ��`:qrK/Xhs/�ZO�V
V � ����K�^ � `�^WKoO_sof\p\O#� Vep\O��ZdbO�O�fh£¦q�f�sosoO<q�^W� �z�¨^a`B� V¢N�Y/qrK�N�fZdbO � ����O � `�^Wf�qrK&Xhso��OL^WK/XZs"�¨^rVep\O�s&V¡��^a`�^bK/X�^
VWN�fzfh^WK/O�V�^WK/O(dWO � Xh^W� �ZOF^WfZn4f � fZ��`�qrK/Xhs/�ZO�VLp\f���s�� s/V¡��p\O(��^bV�f���s�soO�����KH}4fZdbKofzf\p¦�

� 	 �]�!m���B� ���������*������+

����� ������������ �!#"%$'&(�)"+*�!�,-,.*�!/"+�0*�!/1
��s³^WK/� V¯VWO�q�^W� fZs¬����O � sH^WdbfzpoY/q�O�fZY/d°q�dW��^WO�dW��X²q�X � � O�p ��� � */��� � � JLKoO�sofZ^W� fZs³fh£�poO�s/VW�¨^a`³V¡Kof�Y � p
qrK&XhdrXZq�^bO�db��¾�O�^WKoO  �dbO � X�^W� �ZO  ���N�n4fZdW^bXZs/q�O:fZ£�X±sof\p\O:� s ^bKoO X�p Kof\q¯soO�^a�mf�dW�²Xhs/p � s���^bV�f���s
k
»8soO�����Kz}&f�dWKofzf\p¦�"i_V�N�O�sH^W� fZsoO<p O<Xhd � � O�d<�
^WK/O�sof\p\O�p\O��ZdbO�O�� V(s/fh^�XZpoO�HY/X�^bOZ��JLKoO�p\O�s/VW�¨^a` sofh»
^b��f�s;VWKofZY � p;XZ}/VWfZdb}�V¡N"X � � ^WfZn4f � fZ��`²qrK&Xhso��O�V�� JLKoO Yos/poO�d � `z� so�±��p\O�X®� V]^WK&X�^°�¨£BVWfZN�O sof\p\O�V
N�f���O���s

Γ1(u)
© ������ � X]VWN"X � � O���f � Y\^W� fZs{��s¯^bKoO�^bfZn4f � fZ��`\«��4qrK&Xhso��O�Vj��� � � Xh¥4O<q�^_^bKoO�N���q�dbf�Vbq�f�no��q

�z� O�� fh£2sof\p\O
u
©¤��^bV_f���s¯p\O���dWO�O

δ1(u)
��� � � qrK/XZso�ZO1«�}oY\^R�¨^rVjN"XZq�dWfHVWq�fZno��qR�H� O�� ��� ��� ��s:£ªXZq�^Fsofh^

qrK&Xhso��OLVW� s/q�O�� � f�}/X � � `�^WKoOjs/O�^a��fZdb��p\fzO�V2s/fh^mp\drXZV¡^W��q�X ��� `�qrK/XZso�ZO�XZs/p��¨^rV
Γ1(u)

dWO�N"Xh� s/V�� � fZ}/X ��� `
^bKoO�VbXhN�O��{JLKoO]p\O�s/VW�¨^a`���VBp\� dbO�q�^ � ` dbO � X�^WO<p ^Wf }&fZ^WK�^bKoO]szYoNB}&O�dBfZ£Ls/fzpoO�V�Xhs/p � ��s/�zVB� s�X

k
»

s/O�� �ZKz}&f�dWK/fHf\p¦�2��s&p\O�O<p¦�o^bKoO�p\O�s&V¡��^a`]��� ��� V¡N�fzfh^bK � f\q�X � qrK/Xhs/�ZO�VLp\f���s°� s
Γk(u)

}z`]q�fZs/VW� poO�db��so�
^bKoO(drX�^W� f�}&O�^a�mO�O�s�^WKoO(szYoNB}&O�d�fh£ � � so�\VjXhs&p�^bKoO(szYoN�}4O�d�fZ£*sof\p\O<VL��s

Γk(u)
�

2�µ�35456 � 6ª¹7498;: º µ�4 � 6 � ¶=<9> �G�
k
�	� ���G*/��� � �	�#� �$��� �

u ∈ V
� *

ρk(u) =
|e = (v, w) ∈ E |w ∈ δk(u) and v ∈ δk(u)|

δk(u)

©aP<«

> �G�
1
�	� ���G*/��� �@? ��� * � � ��� ���

ρ(u) A � * ��� � * � � � 
)������ 
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���
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����&%'�����
u
���$�

���*
1
� �$��� � � 
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 � ���DC8�G���&������� � � � �&��
)��� � �

u AFE � � ��� � � 
�� 
#� � ��� ���/* 
�� �%'��� �
u G * 1
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���
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u G * 1
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��s]^WKoO_£¤f � � f���� so�/�H��Oj��� � � V¡O�Oj^WK&X�^�^WKoOFN�fHVa^�dWf�}oY/V¡^¢N�O�^bdW��q_XZN�f�so�(^bKoO�VWOFp\��¥
O�dbO�sH^mf�soO�Vm� Vm� s
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 � � ?
i − 1 A � � � � �"��
 ��
�*#��� � i

� � � � �"��
 ��
�* E ��� � * � ∀i
*��G! � � *

0 ≤ i ≤ k
�

�B��
 � �$��� �
u E ���* i

� � � � �"��
 ��
�*���
 ��� �"����* */��� �G��� ��� 
����&%'����� � !���
)! ��� �	�#
 �����$� *
(i − 1)R

���$�
� !���
)! ��� � � 
)�����$� *

R E 
���� �<!������ � 
)��� ���
u
� > � � * E � � v ∈ δi(u)

� � � �
duv = r((i− 1)R ≤ r ≤ iR)��� � � � � ��� ��
���
�* �	�@� ��� ( * 
 � �&%'� � �

v
���$�

w ∈ {δi(u)/v} � * � � � ��� ��
���
 � � � �"����* ��� ���G� �G��� ! �G���
��
)���

A1i(r)
��� CB� � 
)���� � E ������� * � �"��� v

? � � � *
λA1i(r)−1

�$��� �/* A ����� � * � � *���� ���G�@����� � 
�* � ! �&�����
�� �%'��� � � ��� *)(
Cr

� � 
 �����$� *
R

! � �G� � 
)��� ���
v
��� � � � � ��� *)( � �#
)�����$� *

iR
! � �G� � 
)��� ���

u
� ��� � *

� � �#���G� � 
�*���! �������� � ��� � * * ��� ����� *)(
Cr

% ��� � � � ����� *)(6� � 
)� ���$� *
(i − 1)R

!�� �G� ��
 � � ���
u
�
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A1i(r) = i2R2 arccos
r2 + R2((i − 1)2 − 1)

2irR
+ R2 arccos

r2 + R2(1 − i2)

2rR

−1

2

√

(R2(i + 1)2 − r2)(r2 − R2(i − 1)2) − (i − 1)2R2 arccos
r2 + iR2(i − 2)

2(i − 1)Rr

−R2 arccos
r2 − iR2(i − 2)

2rR
+

1

2

√

(i2R2 − r2)(r2 − (i − 2)2R2)

� �#� ��� �
λ2πrdr

� �"����* ��� ��� */� ��� !�� 
 � �
u E ��� � * E ��* ����!�� � ��� ( 
����&%'����� �

i
� �$��� � � 
���
�* % �����


���!�� � �G� ��� �&% ��! � E %'� � ����� ��� ��� */� �

L1 =
k
∑

i=1

1

2

∫ iR

(i−1)R

2πλr(λA1i(r) − 1)dr

�B��
 � � ! �
i
� � � � � � 
���


v
�	� � �"���

u E ��� ��
���
�� � � ��� (�*'��
)� �
(i − 1)

� � � � �"��
 ��
�*#� �
v
� *���� �G��� � �

� � � � � � 
�� 
#� � �$��� �/* ����� ��
)( ��
 � �
A2i(r)

��� CB� � 
)� ��� � E ��� � *#� � * � � ���G�#����� � 
�* ��!��&����� 
����&%'�����
� ��� *)(6� � 
)� ���$� *

R
!������ � 
)��� ���

v
��� � � ��� *)(6� � 
)� ���$� *

(i − 1)R
! � �G� � 
)��� ��� � �"���

u
�

A2i(r) = (i − 1)2R2 arccos
r2 + iR2(i − 2)

2(i− 1)Rr
+ R2 arccos

r2 − iR2(i − 2)

2rR

− 1

2

√

(i2R2 − r2)(r2 − (i − 2)2R2)

� � �G�����
λ2πrdr

�$��� �/*#��� ��� *�� ���$!�� 
#�	�
u E � � � * E %'� � ����� ��� ��� */� �

L2 =

k
∑

i=1

1

2

∫ iR

(i−1)R

2πλ2rA2i(r)dr

� � ��
�� ����� �

L1 + L2 = λ2πR4

(

k2 arccos
1

2k
+

k4

2
arccos

2k2 − 1

2k2
− 2k2 + 1

8

√

4k2 − 1

)

− k2 − 1

2
λπR2 − 1

�

�����z� 8 ��� � �	��* µ
J�f"� ��� Y/V¡^WdrX�^WO�^bKo��V�KoO�Y/dW��Va^b� qZ� � O�^"� VL^rXh��O�^WKoO(£¤f ��� f���� so��O�[oXhN�n � O�© � � �]yZ«�� � O�^� VjVWYonon4f�VWO�^WK/Xh^j^WKoO
s/fzpoO

E
��VL^Wfzf�N�fZ}o� � OF^bf"}&O(O � � �Z� } � OZ�

ABADC�EGF/H�I�J



P<w � ���&� �������'����� 
��

��������������

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

�������
�������
�������
�������

	�	
�


node v

node u’s i−neighbors area

circle of radius iR centered on node u

node U

�����
�����
�����

�����
�����
�����A1(i)

A2(i)A2

� � �ZY/dWO�P�4ei_s/X � `H^W��q(Xhs/X � `\VWO

%_fzpoO�V
A B C D E F G H I J%_O�� �ZKz}&f�dbV y x P x y P y ~ y

� ��so�\V y v P v ~ P ~ ~ ~
1
»½p\O�s/VW�¨^a` P PZ� yZv P PZ� yZv PZ� v P PZ� v P PZ� v

J*Xh} � O�P�42S�O<V¡Y � ^bVjfh£�fZYodLKoO�YodW��V¡^W��q�VLfZs�^bKoO(� � � Y/Va^bdbXh^W� �ZORO�[oXhN�n � OZ�

�! 9A"�$#
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F

A

I

G

H

B

C

E

J

D

F

A

I

G

H

B

C

E

J

D

� � �ZYodbO�y 4m§ � Y/V¡^WO�db� so��O�[oXhN�n � OZ�

��s:��^bVBP�»½soO�����KH}4fZdbKofzf\p�^WfZn4f � fZ��`Z�&sof\p\O
A
K/XZV_^a�mf{P�»½soO�� �ZKz}4fZdrV(©

Γ1(
i

) = {D, I} «�Xhs/p¯^a�mf� � so�\V�© {(A, D), (A, I)} «�� %jf\p\O B
K/XZV�x²P�»½soO�� �ZKz}4fZdrV�©

Γ1(
�

) = {C, D, H, I} «�XZs/p �/��O � � so�\V© {(B, C), (B, D), (B, H), (A, I), (H, I) � «��mJ*Xh} � O�P�V¡K/f��jV¢^bKoO��/s/X � dWO<V¡Y � ^rV����s®^WKoO¯� � � Y/V¡^WdrX�^b����O�O�[oXhN�n � OZ�¢s/fzpoO
C
gafZ� s/V��¨^rV¯P�»½soO�����KH}4fZd���Ko��qrK®p\O�s/VW�¨^a`±��V�^WK/O�K/����KoO�V¡^�4

s/fzpoO
B
© H(C) = H(B)

«����eO�^��o^bKoO(sof\p\O(����^WK°^bKoO(Ko� �ZKoO<Va^_p\O�s/VW�¨^a`���s°sof\p\O
B
� V�s/O�� �ZKz}&f�dWK/fHf\p

��V
H
��JLKHY&V�� H(B) = H(H)

XZs/p�VWf H(C) = H(H)
�±i_VBsof\p\O

H
K/X�V�^bKoO�K/����KoO�V¡^�p\O�s/VW�¨^a`

� s@�¨^rV"f���s²soO�� �ZKz}4fZdbKofzfzp¬�¢��^�}&O<q�fZN�O<V"�¨^rV"f���s@q � Y/Va^bO�d"KoO<XZp�4 H(H) = H
�;J f�VWYoN Y/n¬�

Cgaf���s&V
B
��Ko��qrK:gaf���s/V

H
Xhs/p®X � � ^bKodbO�O�fh£j^bKoO�N }4O � fZs/�:^Wf ^WK/O°q � Y/V¡^WO�dB��K/� qrK@q � Y/V¡^WO�d�KoO<XZp±��V

�#4 H(C) = H(C) = H(H) = H
� 0:fZdbO�f��ZO�d�����O°K/X1�ZO

ρ1(J) = ρ1(F )
� i_V���^"� V�^bKoO �/drVa^

q�fZs/V¡^WdbY/q�^W� fZs¬��sof�soOLfh£
J
Xhs/p

F
�LXZV�q � Y/V¡^WO�d2KoO�X�p�}4O�£¤f�dWO����½£
�mOLVWYonon4f�VWOm^bK/X�^

J
K&XZV*^WK/OLVWN"X � � O<Va^

�ap�}4O�^a��O�O�s"}&fZ^WK�s/fzpoO�V H(F ) = H(J) = J
�2i�^ � XZV¡^��H�mOjf�}\^bXZ��s�^a��f�q � Y/V¡^WO�dbV¢fZdb��Xhs/��¾�O�p�XhdbfZYos/p

^a��f"q � Y/V¡^WO�d�K/O�XZp/V 4
H
Xhs/p

J
�j©6lzO�O��/�ZY/dWORfZs�^WK/O(dW� �ZKH^�V¡��p\O(fZs��/��YodWO yZ«

� ����? ������������������� ����+ ���r��+

- Ojn4O�dW£¤fZdbN�O�p�V¡� N�Y � X�^b��f�s�O�[\n&O�dW� N�O�sH^bV2^Wf(O���X � Y/Xh^WOL^bKoOjn4O�dW£¤fZdbN�XZs/q�OLfZ£&^bKoOjnodbfZn4f�VWO�pBKoO�Y/dW��Va^b� q
XZs/p±q�fZN�n/XhdbO���^bVB}&O�K/X1�z��f�dBXZ��Xh� s/V¡^�^WK/O��j� �ZK/O�V¡^¡»¡§mfZsosoO<q�^b���z��^a`²©6|_O��ZdbO�O<« 5 x�78��JLKoO��ZO�f�N�O�^Wdb��q
XZnonodbf�X�qrK�Y/VWO�p¯X ��� f��jV�f�soO�^Wf�N�f\p\O � ^bKoO�VWn/X�^b� X � fZdb��XZso� ¾�X�^b��f�s�fZ£2soO�^a��fZdb�\V���i_VF��s:VWO�q�^W� fZs{v\� x/�
s/fzpoO�V�XhdbOjdbXZs/p\f�N � `�p\O�n � f�`ZO<p"Y/VW��s/��X�c�fZ��VbV¡f�s�nodbfzq�O�VbVe� s]X

1× 1
V �HY/XhdbO�©

1km2 «e���¨^bK]��Xhdb`z��s/�
� O���O � V*fh£&� sH^WO�s/V¡��^W� O�V

λ
©6Xhs/p�^WKzY/V�szYoNB}&O�d2fh£4sof\p\O�Vr«��1XZdW`z� so�j£¤dbfZN

750km−2 ^bf 5000km−2 ��Ko��qrK
������O�V�f�s¯X1�ZO�drXh��O#;hvhw/�/~Zw�wZw�Xhs&p:vhwZw�w�sof\p\O�VFXh}4f��ZO(fZY/d_V¡� N�Y � Xh^W� fZs:V ��Y&XhdbORO�sz�H� dbfZsoN�O�sH^<�LJ���f
s/fzpoO�V�XhdbO_VWXZ� p�^bf�K/X1��O_X���� dbO � O�VbV � ��so��}4O�^a��O�O�s"^WKoO�N��¨£ ^WKoO�`�XZdWO_���¨^bKo��s�q�f�N�NBYoso��q�Xh^W� fZs"drXhso��O
fZ£2O�XZqrK°fZ^WKoO�d��LJLKoO�q�fZN�N�Yos/� q�X�^W� fZs°drXhso��O

R
��VjVWO�^j^bf

0.15
�zN ��s:X ��� ^WO�V¡^bV��jlzfZN�O�fZ£�^bKoO�N�f�dWO

s/fh^WO��mf�d¡^bKz`RVW��NBY � X�^W� fZsBVa^rX�^W��V¡^W��q�V*N�O�XZVWYodbO�p���O�dbO�4 %_YoN�}4O�d�fZ£
§ � Y&Va^bO�dbKoO�X�poV��Z§ � Y/V¡^WO�d�|F� XZN�O�^WO�d��
%_f\p\O�VLk¢q�q�O�s�^bdW��q���^a`]� s��¨^rVjq � Y/V¡^WO�djXZs/p:§ � Y&Va^bO�d_lH^rXh}o� � ��^a`Z�eJLK/O�VWO�Va^rX�^W��V¡^W��q�VLnodbf��z� p\O<p]X�}/X�V¡��Vm£¤fZd

ABADC�EGF/H�I�J



P1y � ���&� �������'����� 
��

O���X � Y/X�^b��so� ^WK/O�n4O�dW£¤fZdbN"Xhs/q�O�fZ£j^WK/O�n/dWf�n&fHV¡O<p±KoO�YodW��V¡^W��qh����s²O�X�qrK®q�XZVWOZ�eO<XZqrK®V¡^bXh^W��Va^b� q���V�^WKoO
X1��O�drXh��Ojf��ZO�dRP<wZw�V¡� N�Y � Xh^W� fZs�dWYos&V��
JLKoO�fZdbO�^b� q�X � � `��h���¨^bKo� s�XRc�fZ��VbV¡f�sBnodbf\q�O<VWV����mOjq�Xhs�O�V¡^W� N"X�^WO�^bK/X�^2£¤f�d ;hvhwRsof\p\O<V��Z�mOL��� ��� K&X1�ZOZ�

� s�X1�ZO�drXh��OZ� √
750 = 27.4

sof\p\O<V�}z` � � soO<V���JLKzY/V��¬^WKoO�p\��V¡^bXhs&q�O�}&O�^a�mO�O�s ^a�mf�sof\p\O<V���� � � }&O"� s
X1��O�drXh��O

(27.4)
−1 ≈ 0.04km

����Ko��qrK���VB}&O � f���^bKoO�^WdrXhs/VWN�� VbV¡� fZs�drXhs/�ZOZ��lzf/�¢��s®O�XZqrK � � soOZ�e��O
q�Xhs°O�[\n4O�q�^j£¤dWf�N��^bf6;BKof�n/V

(0.15−1)
�L�½£eX�sof\p\O���Vjn/dWf�N�fZ^WO<p�q � Y&Va^bO�dbKoO�X�p¦�oO���O�db`]sof\p\O���s¯��^bV

^bdbXZs/VWN���VbV¡� fZs�dbXZso�ZOR��� � � gafZ� s��¨^rVjq � Y/V¡^WO�djVWf��mO(q�XZs�O�[\n&O<q�^_X�^�N�f�V¡^j~�p\�¨¥
O�dbO�sH^jq � Y/V¡^WO�dWKoO<XZpoV�}z`
VW��p\O(Xhs/p°VWf/� ��� � ��*/� ����q � Y/V¡^WO�dWK/O�XZp/VL��s�^WK/O(��Kof � O�O�sz�z��dbfZsoN�O�s�^<�1- O��o��s&p\O�O<p]f�}\^bXZ��s � O�VbV�^WK/XZs
��q � Y/V¡^WO�dbVL� s°O�X�qrK�q�X�V¡O"©8lzO�O�J*Xh} � O(~�«��

;ZvhwBsof\p\O�V ~Zw�wZwBsof\p\O�V vhw�wZw�sof\p\O�V
JLKoO�fZdb` lz� N�Y � X�^b��f�s JLKoO�fZdb` lz� N�Y � X�^b��f�s JLKoO�f�dW` lz� N�Y � X�^b��f�s

N�O�XZs¯p\O���dWO�O vZy v�y\� ~oP y\PZP y\P�PZ� � ~�vZy ~�v�y\� 	�;
N�O�XZs

1
»�p\O�s/VW��^a` P�� P1v\� wZ� ��y ��y P�whx P�w�~o� P<v

N�O�XZs
2
»�p\O�s/VW��^a` P��o� ��; yZwo� �Zw 	Hy\� P�w 	Z~/� xHw P�~��o� yhw P<~ 	

J*Xh} � O�y 4ei��ZO�drXh��OFp\O��ZdbO�O(Xhs&p�p\O�s/VW�¨^a`�fZ£*s/fzpoO�V��

S�O<V¡Y � ^rV]� s ^bXZ} � O y�q�f�N�n/XhdbO¯}&fZ^WK ^bKoO�f�dWO�^W��q�X � Xhs&X � `zVW��V�Xhs/p VW� N�Y � X�^bO�p dbO�VWY � ^bV�XZs/p@^WK/O�`
N"Xh^bqrK�n&O�d¡£¤O<q�^ � `Z�

����� ������ "+�0*� 
,���1 *�1 ,7"+�0*�!  "+! ,) 
;hvZwBs/fzpoO�V ~�wZw�w�sof\p\O<V vZwZwZwBsof\p\O<V

%jY/N�}4O�djfZ£�q � Y/V¡^WO�dbV x/� ��; x/� yh~ x&� xzy
%jY/N�}4O�djfZ£*sof\p\O<VL}z`]q � Y/V¡^WO�d P ;Zy\� v 	Z~/P PZP�;�;\� x
D(C)

;z� P �/� y�v �/� x
ẽ(u/C)

x/� 	Z� �/� yoP �o� w�y

J�XZ} � O(~G4e§ � Y/V¡^WO�d_qrK/XhdrXZq�^WO�dW��Va^b� q�Ve£¤f�d
1
»�p\O�s&V¡��^a`Z�

0:XhgafZd(qrK/XZdbX�q�^WO�dW��V¡^W��q�VjfZ£�q � Y/V¡^WO�dbV(XZs/p{q � Y&Va^bO�d(KoO<XZpoV�XhdbO�nodWO<V¡O�sH^WO�p{��s ^bXZ} � O�~/� %_fh^bOB^bK/X�^
f�Yod�KoO�Yodb� V¡^W��q�}/XZVWO�p�f�s ^WKoO

1
»½poO�s/VW�¨^a` � V��ZO�dW`{Vbq�X � XZ} � O�4���KoO�s�^WKoO]sHY/N�}4O�d�fZ£�sof\p\O�V(� s/q�dWO<XZVWO

VW� �Zso�$�&q�XZsH^ � `�©¼£¤dbfZN ~Zw�wZwR^bfBvhw�wZw�«�XZs/p�^WK/Ojsof\p\O_O<q�q�O�sH^Wdb� q��¨^a`BdWO�N"Xh� s/V�^WK/OFVbXhN�OZ�Z^WKoOFsHY/N�}4O�d¢fZ£
q � Y&Va^bO�drVm��V�V¡^bXh} � O�� � � �ZYodbO(~�n � fZ^bVLfZs/ORO�[oXhN�n � OFfZ£*q � Y/V¡^WO�d�fZdb��Xhs/��¾<X�^W� fZs"dbO�VWY � ^�fZ}\^rXh� soO�p�p\Yodb��so�
X V¡� N�Y � Xh^W� fZs±dbYos¬� - O�q�XZs±sofh^b� q�O]^bK/X�^�q � Y/V¡^WO�drV�XhdbO�KofZN�f��ZO�s/O�fZY&V�Xhs&p±q�f�dWdbO�VWn&f�s/p ^Wf ��K/X�^
��O_O�[\n&O<q�^WO<p�42q � Y/V¡^WO�dbKoO<XZpoVmXhdbOj�mO ��� p\��V¡^Wdb��}oYo^WO�p�f��ZO�d¢^WKoORO�sz�z� dWf�soN�O�sH^¢� s�X�K/fZN�fZ��O�soO�fZY/V2�LX1`Z�
§ � Y/V¡^WO�dbVL�HX�^WK/O�d�q � f�VWO�sof\p\O�VL����^WK°Ko� �ZK¯q�f�sosoO�[z��^a`�� s�f�dbpoO�dL^Wf�£ªX1��fZdL��sH^bdbXh»½q � Y/V¡^WO�d�^WdrX ��qh�
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� ����YodWO(~G42k2[oXhN�n � O�VLfh£2q � Y/V¡^WO�d�fZdb��Xhs/��¾<X�^W� fZs�£¤fZdj~Zw�wZw�©ªXH«mXZs/p�£¤fZd_vZwZwZw�sof\p\O�V�©¤}&«��

����� � ���� �!#"�!��� ;,n� &���1 *�!  G� �
- O�^WK/O�s°n&O�d¡£¤f�dWN�O<p�VW��NBY � X�^W� fZs&VL��s°fZdrp\O�dm^bf"qrKofzf�VWOR��K/� qrK

k
»�p\O�s/VW��^a`�fh¥
O�drVL}&O�^¡^WO�djdbO�VWY � ^rV�Xhs/p

^bKzY/V ��K&X�^��H� s/p�fh£o� s\£¤fZdbN"X�^W� fZs�fZs(^bKoO
k+1
»½soO�����KH}4fZdbKofzf\p�� V*soO�O�p\O<p¦� - OLX � V¡fF��XZs�^�^WfRq�fZN�n/XZdWO

f�Yod�poO�s/VW�¨^a`�N�O�^bdW��q2^bfj^bKoO�poO��ZdbO�Omq�db�¨^bO�db� X/� JLKzY/V ��O �&dbV¡^*q�fZN�n/XhdbO¢q � Y/V¡^WO�d £¤f�dWN"Xh^W� fZs(��KoO�s�Y/VW��so�
1
»½poO�s/VW�¨^a`�XZs/p

2
»�p\O�s/VW��^a`:©ªVWO�O�^bXZ} � O'x&©6X�«W«��

;hvZw�s/fzpoO�V ~Zw�wZwBsof\p\O�V vhw�wZwBsof\p\O�V
k
»½|FO�s&V¡��^a` P y P y P y
%j}¯q � Y/V¡^WO�drV x&� � ; ~o� woP x&� yZ~ y\� vh~ x&� xzy y\� x�~
D(C)

;\��P �o� ;hy �o� yZv P�PZ� ��; �/� x P<y\� P<v
ẽ(u/C)

x/� 	Z� �/� xzv �o� y\P ;\� w�~ �o� w�y 	o� xHy
©6X�«

0¯O<Xhs 0¯� s 0:Xh[
1
»�p\O�s/VW��^a` ;z� v y P�~

2
»�p\O�s/VW��^a` �o� x x P�x
p\O���dWO�O 	o� P � PZP

©¤}4«

J*Xh} � O�xG4¢©6X�«¡|_O�s/V¡��^W� O�V2q�fZN�n/XZdW��V¡f�s(f��ZO�d�q � Y/V¡^WO�dbV�qrK/XZdbX�q�^WO�dW��V¡^W��q�V¢©ª}&«�%jYoNB}&O�d�fh£4q � Y&Va^bO�drV dbO�»½}oYo� � ^
Xh£¼^WO�d(P�w�N�f��ZO�N�O�s�^rV�fh£mP<wZw�sof\p\O<V��

- O¯q�Xhs®sofh^bO�^WK/Xh^�dbO�VWY � ^bV�V¡K/f���^WK/Xh^
2
»�p\O�s/VW��^a` }/Yo� � poV � O�VbV�q � Y/Va^bO�drV�Xhs/p®V¡f ^WK/Xh^�X{sof\p\O

��V"N�fZdbO¯O�q�q�O�s�^bO�dbO�p®��s ��^bV�q � Y/V¡^WO�d�^WK/XZs²����^WK
1
»½poO�s/VW�¨^a`�� lzf&��q�fZN�NBYoso��q�X�^b��f�s/V�� s�^bdbXh»½q � Y&Va^bO�drV
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N"X1`:K&X1�ZO"X � f�so�ZO�d � Xh^WO�s&q�`Z�]��s f�dbpoO�d�^Wf:po� Vbq�db��N�� s/X�^bO�£¤Yod¡^bKoO�d�}&fZ^WK�p\O�s&V¡��^W� O�V�����O"n4O�dW£¤fZdbN�O<p
VW� N�Y � X�^b��f�s/VmXZs/p]q�fZN�n/XZdW��V¡f�s/VeY/s/p\O�dLsof\p\ORN�fZ}o� � �¨^a`��*��s&p\O�O<p¦�z^WKoO�N�f�V¡^m� sH^WO�dWO<Va^b��so��p\O�s/V¡��^a`"��� ���
}4O"^bKoO�fZs/O���Ko��qrK�fh¥
O�d(^bKoO�}4O�V¡^BVa^rXh}o� � �¨^a`�Xhs/p ^bKzY/V � ��N���^bVBq�fZsH^bdWf � ^WdrX ��q"f��ZO�dWK/O�XZp f��ZO�d�^WKoO
s/O�^a��fZdb�j£¤fZd*q�f�s/Va^bdWY&q�^W� fZs�XZs/p�sof\p\O � f\q�X � � ¾�Xh^W� fZs/V�� � fZd¬^bKo��V�����OeN"Xh��OjP�w�wLsof\p\O�V�N�f��ZO2drXhs/p\f�N � `
XZs/p�dWO<q�fZs&Va^bdWY/q�^Lq � Y&Va^bO�drVLf��ZO�dm^WK/O(soO�� p\� V¡^Wdb� }oY\^W� fZs°� s�f�dbpoO�d�^Wf"q�f�N�n/XhdbOF}4O�£¤f�dWO(XZs/p°X�£¼^WO�dL^WKoO
N�f���O�N�O�sH^bV��¢JLKoO<V¡O�P<wZw�sof\p\O�VjdbXZs/p\fZN � `�qrKofHV¡O�s�q�Xhs°N�f��ZO�� s°X�drXhs&p\fZNp\��dbO�q�^W� fZs���s:X�drXZpo��Y/V
£¤dbfZN w�^bf�wo� P<vo�

- O]XhdbO"Xh}4f��ZO"X � � � sH^WO�dbO�V¡^WO<p ��s�q � Y/V¡^WO�dbV�V¡^bXZ}o� � ��^W� O�V��¬^bK/X�^�N�O<Xhs/VR^bK/X�^���O"O�[\n4O�q�^(^WK/Xh^�^WKoO
q � Y&Va^bO�dbKoO�X�poV"dbO�N"Xh� s�q � Y/V¡^WO�dbKoO<XZpoV�XZV � fZso�®XZV�n4f�VbVW��} � OZ� ��s&p\O�O<p�X±q � Y/V¡^WO�d]��V�p\O��/soO<p }z`®��^bV
q � Y&Va^bO�dbKoO�X�p¦�¬fh^bKoO�d(s/fzpoO�V(q�XZs�N�� �ZdrX�^bO�£¤dbfZN fZsoO�q � Y/V¡^WO�d�^Wf¯Xhs/fh^WK/O�d(fZs/OZ�¬^bKo��V(��� � � sofZ^�}odWO<Xh�
^bKoO�q � Y/V¡^WO�d���JLKoO�s¬��^WK/O�N�f�V¡^�sofh^bO���fZdW^WKz`¯£ªXZq�^Wf�d(� V�sHY/N�}4O�d�fZ£LqrK/XZso�ZO<V(XhN�fZs/�°q � Y&Va^bO�dbKoO�X�poV��
JLK/O{��X � YoO�V]��s�^bXh} � O x&©¤}4«]q�fZdbdWO<V¡n4fZs/p®^bf±^WK/O X1�ZO�dbXZ�ZO°szYoN�}4O�d�fh£�q � Y/V¡^WO�d�K/O�XZp/V���Ko��qrK�K/X�p
qrK&Xhso��O�p]X � f�so��^WKoO�VW� N�Y � X�^b��f�s¬�oV¡fB^WK/O(sHY/N�}4O�djfZ£*q � Y/V¡^WO�dbVLdbO�»8£¤fZdbN�O�p¦�

- O�q�Xhs®sofh^b� q�O�^WK&X�^�^WKoO
2
»�p\O�s/V¡��^a` dWO<q�fZs&Va^bdWY/q�^bVBN�fZdbO]fh£¼^bO�s²q � Y/Va^bO�drV�^bK/Xhs�^WKoO

1
»�p\O�s&V¡��^a`Z�

0:fZdbO�f��ZO�d��eX�V"O�q�q�O�s�^bdW��q���^a`�XZs/p®po� XZN�O�^WO�d]XhdbO°}o�����ZO�d�����^WK
2
»½poO�s/VW�¨^a`��mq�fZN�N�Yos/� q�X�^W� fZs&V���sH^WdrX�»

q � Y&Va^bO�drV_N"X1`�}&O�N�fZdbO�O�[\n4O�s/VW� �ZO�^bK/Xhs{���¨^bK
1
»�p\O�s/V¡��^a`Z��JLKzY/V��

1
»½p\O�s/VW�¨^a`�� VFN�fZdbOBV¡^bXZ} � O��
N�f�dWO

dbfZ}/Y/Va^*^WK&Xhs
2
»�p\O�s/VW��^a`�Xhs/p¦�ZN�f�dWO�f��ZO�d��<�¨^e��V�qrKoO�XZn&O�d2XZV���^�s/O�O�p/V�fZs � `(�¨^rV

2
»½soO�� �ZKz}4fZdbKofzfzp��Hs/f�� � »

O<p\�ZO�©¤������O�s�}z` � fzq�X � ����������n/XZqr��O�^r«¢Xhs/p�sofh^�£¤YodW^WKoO�d��2JLKoO�s¬�
1
»�p\O�s/VW��^a`���Vm^WKoORfZs/O_��ORq�fZs/VWO�db�ZO��

����� ��� &���1 *�!� Q� ��� !/"�� "���� ����� *��0�����z��*�!  %"�! ,
��s�^WKoO¯VbXhN�O���X1`��2�mO�K/X1�ZO�����V¡KoO<p�^bf q�fZN�n/XhdbO]f�Yod�N�O�^Wdb��q]}4O�K/X1�z� fZdB^Wf��LXhdrp�sof\p\O�N�fZ}o� � ��^a`
����^WK ^WK/O�f�soOB^WK/Xh^(X�q � Y/V¡^WO�dbVF£¤fZdbN"X�^b��f�s:}/XZVWO�p{fZs sof\p\O"p\O���dWO�O�© � � �ZO���s 5 x�7¼«F��fZY � p:K&X1�ZOZ� � fZd
^bKo��V��4�mO�dWO<X � ��¾�O�p�^WK/OBVbXhN�O�O�[\n4O�db��N�O�s�^F^WK/Xh^_����^WK

2
»½poO�s/VW�¨^a`��jJ�XZ} � O�x&©ª}&«�nodbO�VWO�sH^rVL^WKoOBdWO<V¡Y � ^rV��

3Fs&q�O_XZ��Xh� s¬���mO_q�Xhs"sofZ^WO_^WK/Xh^¢fZYodmN�O�^Wdb��qjnodbO�VWO�sH^bV2^WKoOF}&O<Va^�}&O�K/X1�z��f�d¢V¡� s/q�O_��^m��V2^WK/O_fZs/Oj��Ko��qrK
dbO�}/Yo� � poV�^bKoO�V¡N"X ��� O�d�szYoNB}&O�d�fh£*q � Y&Va^bO�drV��

����� � ��&(1 *��� 
J�f"�Zf�£¤Y/d¡^bKoO�d<�&��O�^WO<Va^RfZYodFX � �ZfZdb��^WKoN f��ZO�djX�s/fzpoO�p\��Va^bdW� }oY\^b��f�s¯��KoO�dbO�sof\p\O�q�f��ZO�dW� so��� Vjsofh^FX
po� VW��}oY\^¢XZs�O � � � n/VWOZ�*k ��� � n/V¡O<V2��� ��� K&X1�ZOLXF}/����Xh[z��V�O�HY/X � ^Wf

2R
©6XZV*£¤f�d2^WKoOjpo� VW��nodbO��z� fZY/V*Y/VWO�p/«���X

VWN"X � � Xh[\� V ^Wf
2∗(R

3 )
Xhs&p�XjdrXhs/pofZN fZdb��O�s�^rX�^b��f�s¬��JLKoO�q�f���O�db��so�jXZdWO<X���� ��� }4O

πR×R

3 ≡ π R
2

3

�1^bK/X�^
��V2^bfBVbX1`B~�^b��N�O<V � O�VbV2^bK/Xhs"^bKoOFq���drq � O�Ve^WdrXhs/VWN�� VbVW��f�s�drXhs/�ZOjXhdbO�X/�Z��Ko��qrK"N�O�XZs/V2^bK/X�^<�H� s]X1��O�drXh�ZO��
O<XZqrK±s/fzpoO�K/X�V�~¯^W� N�O�V � O�VbV�s/O�� �ZKz}&f�dbV���JLK/X�^���V�^bf VbX1` ^WK/Xh^���Xhs/X � `H^W��q�X ��� `Z�2��O°V¡Kof�Y � p�}oYo� � p
^bKodbO�O"^b��N�O�V�N�fZdbO]q � Y/V¡^WO�drV��¯l\��NBY � Xh^W� fZs/VBq�f�s �/dbN ^bKo� V�dWO<V¡Y � ^rV�Xhs&p�O��ZO�s����¨^bK±X°^WdrXhs&V¡N���VWVW��f�s
XZdWO<X���K/� qrK�� Vjsofh^jX"p\��V¡�
�oq � Y/V¡^WO�dbV�XZdWOR}oYo� � ^_���¨^bK�^WKoO�VbXhN�O��Zfzf\p�qrK&XhdrXZq�^bO�db� V¡^W��q�V��

� � ����!m����+ �����������
	 �L�*+�	 ��!¢��������+

- O�K/X1��O"nodbfZn4f�VWO�p�X¯p\��Va^bdW� }oY\^bO�p�X � �Zf�dW��^WK/N$£¤fZdBfZdb��XZso��¾���s/��X�p�Kof\q:©¤f�d�V¡O�s/VWfZd�«Rsof\p\O�V���sH^Wf:X
2&O�[\��} � OBKo��O�dbXZdbqrKz`�fh£¢q � Y/V¡^WO�dbV_���¨^bK X�V¡^WdbfZso�]fZ}\gaO<q�^W� �ZO�fh£¢sofZ^FY/VW� so� �o[\O�p{Xhs/p¯s/fZs{X�poXhn\^rX�^b����O
q�dW��^WO�dW��Xo� - O�K/X1��O�V¡K/f���s:}z`°VW� N�Y � X�^b��f�s{Xhs/p{Xhs/X � `H^W��q�XZs/X � `\V¡��V�^bK/X�^�fZY/d_N�O�^bdW��q�}&XZVWO�p°fZs{^WKoO
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� ����YodbORx�4�k ��� � n/V¡O�£¤f�dWN q�f��ZO�dW� so��Xhs/p�dbO�VWY � ^b��s/��q � Y&Va^bO�dL£¤fZdbN"X�^b��f�s¬�

poO�s/VW�¨^a`���Xh^WKoO�dbVe^WKoORp\`zs/XhN���q�Vmfh£¬sof\p\OFsoO�� �ZKz}4fZdbKofzf\p�XZs/p"f�Y\^Wn4O�dW£¤fZdbN"V¢q � XZVbVW� q�X � V¡^bXh^W��q_q�db��^WO�db��X
Y&V¡O<p]� s°n/XZV¡^jV¡f � Y\^b��f�s/V(©¤O�� �&���/N�Xh[�p\O��ZdbO�O<«��
��s�£¤Y\^bYodbOZ� ��O"� s�^bO�s/p ^bf°^WO<Va^�p\O�O�n4O�d�f�Yod(N�O�^bdW��q"Xhs/p ��^bV(}4O�K&X1�H� fZd(f���O�d(p\��¥4O�dWO�sH^�O�sz�z��dbfZso»

N�O�s�^rV�� - O�K&X1�ZO"Va^rXhdW^WO<p:^bf:Va^bY/p\` �¨^(^bK/Xhso�\V�^bf:Va^bf\qrK/XZV¡^W��q��ZO�f�N�O�^Wdb`{XZs/p c�X � N p\��Va^bdW� }oY\^b��f�s
^bKoO�f�dW`�� 3FY/d(�&dbV¡^�dbO�VWY � ^bV¢^WO�s/p�^bf�VWKof��@^bK/X�^L£¤fZdbN�O�p�q � Y&Va^bO�drV�XZdWORq � f�VWO�p�^bf��2f�dWf�sofZ�&^WO<VWVbX � X�^b��f�s
XZs/p"^bKzY/V��mORq�Xhs�O�[\n4O�q�^�^Wf�p\O�dW� �ZOFnodWf�N�� VW��s/��nodbfZn4O�dW^W� O�Vmfh£�VWY/qrK�f�dW�HXhso� ¾�Xh^W� fZs¬�B- O(X � VWf�� sH^WO�s&p
^bf�nodbfZn4f�VWO(X"��X1`�fh£2dbfZY\^b��so��XZs/p�^WKzY/V_n&O�d¡£¤f�dWN sof\p\O � f\q�X�^b��s/�"f��ZO�djVWY/qrK:X"K/��O�dbXZdbqrKz`Z� - OBXhdbO
q�YodbdWO�s�^ � `�� sz�ZO�V¡^W� ��Xh^W� so�(^bKoO�Y/V¡ORfh£�noYodbO � `�p\� V¡^Wdb� }oY\^WO<p�K/X�V¡K]£¤Yos/q�^W� fZs���s�fZdrp\O�dm^Wf�V¡f � ��Oj^bKo� VL��O�`
n/dWf�} � O�N°�

� �����L������!���+

5�P 7(i���ijN�� V��ZS(�1cedrXh��X�V¡K¬��J����2YofZs/�/�hXhs&p�|B� �_Yo`zsoK¬� 0:Xh[H»½N���sBpz»½q � Y&Va^bO�d�£¤fZdbN�Xh^W� fZs(� s���� dWO � O<VWV
X�p�Kof\qFs/O�^a��fZdb�zV��*��s�� 
)��!���������� ��*#� � ���G� � # # # ��� ���
	�� �¯�oN"XhdrqrK°yZwZwZw/�

5 y�7(|B����XZ�ZO�d¢Xhs/p"i���k¢noKodbO�N�� poO�V��
JLK/OFXhdrqrKo��^WO<q�^WY/dbX � fZdb��Xhs/��¾<X�^W� fZs�fh£¬X(N�f�}o� � OjdrXZp\� f(soO�^a�mf�dW�
�z��XFXFp\��Va^bdW� }oY\^bO�p�X � �ZfZdb��^WKoN°� � # # # > 
)��� * ��! ������ *@����	8��� � � �G��!����&�����G* ��y��&©aPZP1«/4 P����hx��
P ;hwoPZ�
P�� 	/PZ�

5 ~�7�c��)�LXZVWY¬��%����K/XZs¬�4XZs/p:J�� � ��^¡^ � O��Ri N�fZ}o� � �¨^a`°}/X�V¡O<p¯N�O�^Wdb��q(£¤fZd�q � Y/V¡^WO�dW� so��� s{N�fZ}/� � OBX�p
K/fzqRsoO�^a�mf�dW�\V�����s�� 
)�"!���� ��������*#� ���#� *��&
/�
�� � ����	8� � ! � �&����� � � */� � � * � ��
)(�*)� � ! ����� � �4yhw�woP��

5 x�7 � �o§mKoO�s�Xhs/p����zlH^WfZgaN�O�sof��z� qZ�¦§ � Y/V¡^WO�dW� so��XZs/p�dWf�Y\^W� so�(� s"N�fZ}o� � O_����dbO � O�VbV2soO�^a�mf�dW�\V��4J�O�qrK\»
s/� q�X � S�O�n&f�d¡^jJ�SL» � �h»½wHv\�\lz�aJLkj����YosoO"P�� ���o�

5 v�7 �R�e|RXZV�Xhs/p���� ��K/XZdW��K/X1��Xhs¬��S�fZYo^W� so� � s@XZpz»½Kof\q�soO�^a�mf�dW�\VBY/VW��so� N���so� N�Y/N q�f�sosoO�q�^WO<p
pofZN���s&X�^W� so�"VWO�^bV��2��s ��	�	 �¬P�����;\�
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��

5 ��7 ��� � O�dbs/XZs/p\O�VbV¢XZs/p�|B��0{X � �HK/�6� R»�q � Y/V¡^WO�dW� so�(� s�����dbO � O�VbV¢X�p"Kof\qjs/O�^a��fZdb�zV��
��s � 
)�"!���� ��������*
�	� ���G� *���!����$���	 � ���G� � 
/� ���&�����$��� %'��
)(�*)� � ! ��� � 
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