
����� ���	��
� � �����������	�

• ������� ��!�"$#&%'%(�)�+*-,.��/0*213"4#5"6"47 89�;:<#&���=�)1�86�>86�?"$7�%0�@/�"A� ��*�� � �3��#B*C,.�3/0*21
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• "$#BF<"AIa:SI+*.Ib1 * %0VcD="AI)IP�+*2*2#5"472!9"A�b!41)%'KN72!9"A� s %dDGF�/'* #5"AI3/0!9D=DG!cef#&%'/
:)I�F�/d"$#B*P,.��/0*.�a:S�g,h1S%0�=7M� �3/0�=�@/i/0*MK_7�/'F�/0*P!41)%0K_7�/'F�/0*
• 1)*2j #&%'Kk�l1 *U� #B!4� #&/'*2#B*m#B!$/0K^W5"\/0#5"$1)%'/i/0�)#B*2*2#5:S#&���@� 138`#B*-�9#&/d"\/d"nDG�=!4#B!O[
!\I
• #B!$/d"$#&%'%oI I+*g1)*2j #&%'Kk�3%'%0#p�$�Z"4� �3/0!472�=!4/.qsrut\v&wax�y6z {Lz)|~}��3y�rx��gra8`1 � ��1S%0#5"�[
"A� �C#5"9"JIg� �)���9/',.��/'*21�";1&:S�X"l���Zw�r�x�r�r��crow�r�z
• ��#Bj<�Z"\/'/�:Q/0!9"4#B*M� �)���9/',.��/'*21�8O#B*�"A��,.�+72�=!4#B!6!A��%dDGF�/'K-KYIZ"�,h1S%07Q"�:<1)/�[
H�� �+* �4�Z"$� ��/0!9"A��#B!4/'KMW	��#&%'%'Kk��*G[9�G1)�6H �3%0j 1S�9/�"4KL/'%'%o�Ge�8`1 � �b�=7�/d"$#B*G[
�@/0*P!$/d:G727Q"$#5"A�)�+*P"JI�%i%(I��=7���!4!$/'%'%o�
• �T%'� 1=1)* G = (V, E) !47272*2*.�Z"6"47�:<#&���=�)1s89� s #&�$I+!l:S#&���)1 *�!61S%0K_7
• 1S%0#5"$#5"A� ��*^#5"6"AIT8`1 � ��/'!6#B#B*^�3�)���9#B#B* (u, v) ∈ E 1)*^%'/i/d"$#5"9"nDP,�/�"47272!

w(u, v) 8`1)� �g1)*P#&/�[�*2#Bj<�X"$/i/d:Q/'*2#B*���#Z�)��%i/'%072�@7
• 1S%0#5"$#5"A� ��* %'/'!\I��=!$/T#5"6"AI�8`1 ! (u, v) 6∈ E *�/'/0* w(u, v) = ∞ 86�

w(v, v) = 0 e�#&%i/�8`1)!�!41)%0K_7 89��#&/�DGF�H2/'!�"JI�� � �3�9/�e�*�/'/iHR#B* :SI3%'/0!4#B*
��#&/d"\/0*�,�/d"$7272!�1 *YI I3��#5"4V)*�89��8`1 � �3/0!4#B!�"J��!61S%0K_72!9"A��KY�Z"$�3�T/�"4!4#B#B*2!\I
1 *P*21)%i%(�
• ��/�8O�=!�"\�4��*P�3%0j 1S�9/�"4KL/h,�/d"AI)I�DQ%'%oI?8`1 72�=�)1<� S 8O1 � ��K_721@HR1)!�"$727b!41)%d[
KN7�/'!�"J�;8`1S/'HR#B*^%�DGF�/0*^#5"AI�/'!�D@DG!�!61S%0K_7272* s 1 *�8`1�!4#&%d:Q/�"4#5"6"�D
• 8O1 � ��/'!6#B#B*P!41)%'KN7272* v %'/i/d"9"nD=DM� �+�=!$/��Z"9"\�9/' 2727Q"9"$/o� d[v] 89� p[v]
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� d[v] � #&�O"41=1�KL/0� I_1)*P!61S%0K_72* v � x � row����ZwBz3y��cr��s!41)%'K_72!�"J� s
� p[v] 1)!61S/d"9"J� ��K�/'*2� IT!61S%0K_72*L�3��7Q"9"J� v � F2#B*�!A� �a:G7Q"J� �+*Y%�DGF�/0KC[
KYI�%'%oIg!41)%'K_72!�"J� s %(I+F�"4#5:SI�%�"AI�,h1)%07�%�"A�

• �3%072�=!$/>�3%0j 1S�9/�"4KL/��+!4#5"9"J� �P�3�3/0�=�G/0#B* !61S%0K_7 8`#B* �,.��/�"4!$/�!41)%'KN72* s �
#5"AI�/'!�D@DG!\�3�`:Q/'1 �=!$/GI)I���#5"6"4V)KkI�* eB!4#B� Il�X"9"$�6/0 2727Q"\/0* p[v] ���O:S1 �@!4/Q�
	��
• �3%0j)1)�9/�"4KL/<:S��%i/d"$!6#B#��6/d:Q/i%'%(I��"41S/0!9"47Q:S�+!9"$/G!41)%0K_72* u ∈ V −S e$8O1 *2� �
#5"AI�/'!�D@DG!O[O�3�`:Q/'1k!61S%0K_7272* s 1)*P,�/0#B*�/0*
� :S��%i/d"9"$7^!41)%'KN7 u %i/0!AIZ"AI)I+*L8`1 72�=�)1=1 * S e389�
� � ��/'�=�@/0#B*L!41)%'KN72* u :Q/'#&��72!4!61S%0K_7 8`#B*L#5"AI3/0!9D=DG!A���O:Q/01N!61S%0K_7272* s

!4#B�3I-�Z"6"$�9/' 2727Q"9"\/ p[u] ,.I3/d:Q/�"4#5"JI I+*
• #B*2!$/0K�KYI�/0!4#B!4!\I�"$1)/'!�"$1<�+!4� #&%'#B#B!6!A�Y"47�%'#B#U:)�3%'/�"472�=!$/��3%01S/d"472!4!41)%0K_7 s

!4/i%'%(I d[s] = 0

� !41)%0K_7 s !4/i/0!�%'/'!\IX"AI I�*�8`1)72�=� 1@1 * S
� � ��/'�@/'%i%0# s �~*]:Q/'#&��72!4!61S%0K_7�/'%i%0# v �+!4#5"4#5"J� ��*M7272!4/ #5"AI3/0!9D=DG!A���O:Q/01�e
8`1)�3�s1 *L*<D=" d[s]+w(s, v) = 0+w(s, v) = w(s, v) eS#&%'/2!A�+KY�
�=7�/'*P#5"AI�/'!�D@DG!�!61S%0K_7 8`#B* s 86� v :)I3%'/i%'%(I

� �Z"6"$�6/0 2727Q"9"\/0#B* p[v] ���`:<1 �=!$/�"47�%0#B# s eS!4/i%'%(Im%dDQF�/0*L,h1)%0�@7�!41)%'K_72!O[
"A� s !41)%'KN7272* v !\�)�+,2727M!41)%'K_72* s � �+7Q"9"J�

• "$1)/'!6#B!4!\��"$1)/'!�"$1<�+!4� #&%'#B#B!6!A�U"$7�%0#B#�:S�3%'/d"$72�=!$/h!6#;!41)%'K_7 u 8`1)*2� ��#5"JI�/�[
!�D=DQ!�!41)%'KN7272* s 1 *M%dDQF�/0*
� !41)%0K_7 u !$/'/0!;%i/0!AIZ"JI I+*L8`1 72�@� 1=1)* S
� � ��/'�@/'%i%0# u � *�:Q/0#&�972!6!41)%'K_7�/'%'%'# v 8`1S/'HR#B* #B*<"\/0*2#B* #5"JI�/'!�D=DQ!\�3�`:Q/'1
!41)%0K_7272* s 1)*M!4727���#BK�,�/ �=7�/0* d[u] + w(u, v) �
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!41)%0K_72!9"A� s !41)%'KN7272* v !\�)�+,2727P!41)%'KN72* u � ��7Q"9"A�

• !A�+KY�;86�Z"4�@727M� 1S%0KY�+*2*2#B!4!\�_"41S/0!9"41<��!6�)#&%0#B#B!4!\��W5WaW
• �3%0j)1)�9/�"4KL/ �3IaD="6"AI IL��,27Q"$/0#5"$1)�$�+� #B*�"4#B#B*.�-KL/0*�/0KL/0�)#B� 1�� H

� !41)%0K_7Q" v ∈ V − S ,�/iHR#5"AI)I+*^�)#B1 !4!\�
� !41)%0K_72* v �5:S��/'K-#B*.�C!4#B*P#5"AI�/'!�D@DG!\�3�`:Q/'1<�X"9"$�6/0 2727Q"\/0* d[v] ���O:S1
� !41)%0K_72* #5"AI�/'!�D@DG!\�3�`:Q/'1 * ,.I3/d:Q/�"�DG�@!6#B* DGF<"$#5DQHR#B!4!\I �=7Q"$!67Q"J� ��*
F2#Z�+,G[nHR#��B�9#Z�+!4#�[�� #5D�[�1),h#&�4� �X"$/'1�"A� 8`1 � ���+!4#5"9"J� ��!41)%'KN72*�"A� ��! 1)/d[
� #Z�3%'%'#m� #B�)1 ,.�3/0� ��%i%0#

��/~8`�=!9"$�4� � � e��me ! �� � ��� � �3/0�@/i%'%0#m!61S%0K_7�/'%i%0#�: ∈ 	 
 �� H�u:�� ←∞� ,��u:�� ← �
	��� H��!�� ← �� � ←∅� � ��� � �3/0�@/i%'%0#m!61S%0K_7�/'%i%0#�: ∈ 	 
 �� F2#Z�+,G[n/0*2!4#&�`" ����e�:�e H� :�� �� � ��
��� ��*213"?#BK�,Q"�D ��� � � 
 �
 7 ← F2#Z�+,G[nHR#&%d[�K�/'* ��� �� � � ← � ∪ !c7#"�$� � ��� 8O1 � ��/'!6#&%i%0#m!41)%'K_7�%'%0#�: ∈ %�H38&��7'�(
 ���� 
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• �@7Q:)��!6!A� �Z"6"$�6/0 2727Q"9"\/0#B* p[v] �3�`:<1 1 * �=7Q:S�Z"6"47 ,.�+�@!672*2*2#5"6"47�/0*.�
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• �3%0j)1)�9/�"4KL/0* !6721S�9/�"472�=!4#B* 86I�%0�)#B#B* %�DGF�/0* ,h1)%0�@7 s ; v !A� ��H��)�+*
!6#&%�:Q/'%i%0#�!4#B7��4�)�5:S�+!9"$/ �
� p[v] � #&�O"41=1�KL/0*2� Il!61S%0K_72*m� ��7Q"9"A��%�DGF�/0*N,h1)%0�@7 s ; v !A� ��,2727
!41)%0K_7272* v

� !41)%0K_7272* p[v] %dDGF�/'*g,h1)%0�@7C!\�)�+,2727g!41)%'KN72* p[p[v]] � �+7Q"9"J�Ge�8`*2#
� %(�3/d"$#5"A� ��*-,�/'*21=1 * p[v], p[p[v]], p[p[p[v]]] 89�?"$7�%01)!�"$#5"A� ��*-,�/'*21 *
!$/0!AI�%d"$V

� *.I�/'*�!\�)��H�� ��*]"47�%'1 !9"4#5"9"$7.�g,h1S%07�%'%o�_�)1 � 1�, 1S%0�=7 s ; v ��%'72!�"J�
%01),2,27272*
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• �3%0j)1)�9/�"4KL/0*.� �
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��� 7 6= !.
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��� *21�"�#BK-,Q"nD � � �� 7 ← ,h1 , � � �� ,��9/0*�" �7 �
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• ��/�8O�=!�"\�4��*G[O��%0j)1)�6/d"4KL/0*�:S� �X"$/�:G7272!
� �9/�:Q/0#B* � [ � ��%072!9"472!9"41S/0K�#5"�:Q/0#5:SIZ"T��/'� � �C!6#&%�:)I�!�"\/ O(|V |)
� � I5D@"4V !4!AI�!$/'/'!-KL/0*�/'K�/'� #B� 1�e 89���=7Q"4!47Q"A�)�+* � #B�)1+[�1), #&�$� �X"$/01S/d"J�
F2#Z�+,G[n/'*2!6#&�O"ce�F2#Z�+,G[nHR#&%d[�K�/'*C89�gF2#Z��,G[nHR#��B��#Z��!6#�[��)#5D

� � #B�)1+[�1), #&�$� �X"$/01S/'HR#B*E:S� �X"$/d:Q7272!p1 * O(log n) 8O1 !�� #B1)!6!A� n �3%�[
�@/'1�"A�

� �9/�:Q/'%i%(I � "$#BF�H�I I+* |V | � �+,2,.�3%0#5"6"A�EF2#Z�+,G[n/'*2!6#&�O"�[�1), #&�$� �X"$/01S/d"J�Ge
��/'� � �C!4/i/0!��=7�%0727 O(|V | log |V |)
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� �9/�:Q/0#B* � [ ��� "$1)/0!9"41S%(��72!6#B#B!4!\��1),h#&�4� �X"$/'1�"A��F2#Z��,G[nHR#&%�[�KL/0* �=7Q"9[
!47Q"A� ��*M�=7�%i%0#B�@/'*M!61S%0K_7�%'%'#�� #&�6�4��* e2#&%i/ DQF<"4#B#B*2!AI |V | �)#&�`"J� �

� � 1)!6� �m8`1 � ��/'*2#B*�!61S%0K_7 v %'/'!\IX"AI I�*E8`1)72�=� 1=1)* S :S�3/0*�� #&�O"A� �3%�[
%0#B#B* e2� I5DRH�I I+*^�=72�@/0*]:R/0#&��72!$%'/'!�"J��%(I�,�/ "JI+!4KkI3%'%0#B#B*^� #&�9�$�+*

� 8`1)�3�3/0!9"A� � �)���`"J� !4/i/0!L"$7Q"4�@/�"A�)�+* �9/�:Q/'%i%(I � � � #&�9�$�+* e #&%i/�F2#Z�+,G[
HR#��B��#Z��!6#�[��)#5DN1), #&�$� �X"$/013"A�T�=7Q"$!67Q"J� ��*�KY�+�=!$/0KL/0!4!\�)�+* |E| � #&�n[
"A�)�

� DGF<"$#B#B*2!\I�"41S/0!9"41S%(�+72!4#B#B!4!\�?�@7�%0727U��/'� � � O((|E| + |V |) log |V |) e
8`1)�3�C1 *P!A�+KY��%i%(�C� 1)� 1b��%'j 1)�6/d"$K�/'*���/'� �5:S� �X"$/�:G7272!

� ��%'j 1S�9/d"$K�/'* �3%072!4!\�b� ��/'�=�@/�!61S%0K_7Q"�1c:S�Z"�� #B1 !4!A�m89��"AI�KkI�*E89I�%d[
� #B#B*��)#B� 1 ��%'� � ��,�/0#B*2#B*<"nD=Il!41)%0K_7 8`#B*�!$/'/i�`"nDS#B!4!\I�!A�+KY��%i%(��8`1)72�S[
� 1@1 * S

� "$/i%(�a:S� �Z"\/d:G7272! 1 *M!$/'/'!?!4#&%d:SI�!�"\/ O(|V |)

• ��/�8O�=!�"\�4��*���%'j 1S�9/d"$K�/ *21)7�H��Z"9"J� �-*2!cW z � { � � { z)|~}��3yJr�x��gr�{ �jS��#B#&HGD
��%0j)1)�6/d"4F2K �p!�"\�4�X"4#Bj)/o� � �
� �9/�:Q/'%i%(I L:S��%i/d"A�)�+* ��/'*.�Y� I�!4/�"4#&%d"JI5:SI��=!4/�!6#C!41)%'K_7 KL/0� Ik1)* %(IZ[
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