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Link
Tree from node 1
 (shortest path node 1 - 5)
Second shortest path1

 (node 1 to node 5)

G = (V, E)
V = {1,2,3,4,5,6,7}
E = {e1, e2, e3, e4, e5, e6, e7, e8, e9}

e9 - self-loop
e4 & e5 - parallel edges

Node 6 - degree 1
Node 1 - degree 2
Node 7 - Unconnected Node
where V = {1,2,3,4,5,6} is a

connected graph
1Given that lengths e6 + e7 > e6 + e3 + e2 + e4

                                                                                                                                                      

1Given that lengths e6 + e7 ≥ e6 + e3 + e2 + e4
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æ�^VUVUTQ�P�UVUjP�æ wAK_Z[JXnd^jP-åkc�î�aNv2lré_åNM�æ�^ÆM\u
M\u_JÄw�èkèN^ÆM\^jP-] PRQ�w�UVPdP�K0fgwRxd^j]ki
M[ukJ�Kkw�M\u&ceUV^ji-u,M[UVbÂUVP�]_i-JLZ9O5äÀu_J�^jf�K;P�Z[M\w�]kWYJ�^`cÀM[u�w�M¼JXUjJXf7JX],M\wRZ\bÄKkwRM[ukchf�w�bÂJLn�P-Ujn-J
Q�Z\P�f M[u_J�UjPdP�Kk^j]_i�ceJ9W�M[^VP�]�l�wRi,wR^V]&édbÂM\u_J¨w�èkèN^ÆM\^jP-]ÍPRQTP-]_J�JXè_i�J�OhäÀukJ�æ}w�b�UjPdP-K_^j]ki
KkwRM[ukc{wRZ\J}i-JL]_JXZ\wRM[J9è�^`c5èNJLM[JXZ[f�^V]_JXè�édb�M\u_Jhi-JLP�f�JLM[Z\b¨PRQ;M[ukJh]_JYMpæ}P�Z\x¨w�]kè�æ�u_JYM\u_JLZ
^jM{P�é;JLbNc2M\u_J¼Z\å_UVJXcTP�Q�S5åkWLUj^`èNJXw�]gi�JXP�f�JYM\Z[b-ODäÀu_Jhi-JL]_JXZ\wRM[^VP�]�PRQrUVPdP�K_^V]_i�KkwRM[ukc{w�è_è_c
wR]
JYqdM[ZowÄP�n-JLZ\u_JXw-èAM[P�M[u_^`c#wRUVi�P-Z[^jM[u_fËlyæ�u_^`Wou
^`c$]_PRM$JXw�c[^VUjb9�,åkw�]-M\^Æð;wRé_UVJ�lyé_åNM�æ�^VUjU
èNJXK�JX]kèËP�]�M[u_J�]kJYMpæ}P�Z\x�Q�JXw�M\å_Z\JXcXO

/þQ�å_Z[M[u_JXZ�ceK;JLJ9è
^Vf�K_Z[P�n-JLf�JL],M#^Vc#w�n�wR^VU`wRé_UVJ�æ�^jM[u
M[uk^Vc�w�Uji-P�Z\^ÆM\u_fËlrw�c#^jM#^`c#]_P�M
]_J9WYJXc\c\wRZ\bÍM[P
WLwRU`WYåkUVwRM[JgM\u_JÄQ�å_UVU}Kkw�M\u èNJYMowR^VUVc�í,+.-  -TWYZ\JXwRM[^V]_i&M\u_JÄZ\P�åNM\J�ï$å_],M\^jU{M[u_JKkwRM[u ^`c¨ðk]kwRUVUVb c[JLUVJXWYM[J9è�w�c�w
î�aNv w�]kè Z\JLf�P�n�J9è0Q�Z[P-f M[u_J�u_JXw�K�O /'è_èN^jM[^VP�]kw�UjUVb�l
M[ukJ�c\wRf�JÂc[u_P�Z[M[J9cpM[ìÈKkwRM[u0M[Z\JLJÄM[PÍM\u_JÄM\JLZ\f�^j]kw�U@]_PNèNJ�WLwR] é;JÂå�ceJ9è0Q�P�Z�w�UjU	�;óÄî�a_v
WLw�UVWLå_U`w�M[^VP�]�cLO

� � × �Éá���� �

ê¢]�è_JYM[JXZ[f�^V]_^V]_i
M\u_JËK�JXZeQ�P-Z[fgw�]kWYJÄP�QhM[ukJËw�Uji-P�Z\^ÆM\u_fgcLl2^jMg^Vc7åkc[JYQ�å_U}M\P0c[å_f�fgwRZ\^Vc[J
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PNWLWLå_Z\c�^V]õM[u_JÍWXwRUVUÀM[P w c[u_P�Z[M[J9cpM[ìÈKkwRM[uõwRUVi�P�Z\^jM[u_fËOtäÀu_^`cgwRUVi�P�Z\^jM[u_f3^`c�åkc[JXèõ]_P�M
P�]kUjb0M[P
ðk]kè�M[u_JÂðkZocpMgî�aNvÛí +.-  -5M[u_JËc[u_P�Z[M[J9cpM¨K�w�M[uyïol5é_å_M�w�UVc[P
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;fgwR]�OÀî�wRM[P-u&i�JL]kJLZow�M[J9c�wgfgw�qN^Vf¨å_f
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]då_f¨é;JLZ�PRQu_P-Kkcoï�OF��w�æ�UVJLZ�i-JL]_JXZ\wRM[JXcÀc[P�f�J�cefgw�UjUVJLZ�]då_f�é�JXZ�íEwRKkK_Z[P�qN^Vfgw�M[JXUjbÂø�| � ï5M[ukw�] �5JL]�l
èNJXK�JX]kèN^V]_i�æ�ukJLZ\JhM[ukJ'KkwRM[u�é_Z\w�]kWou_J9è7Q�Z[P-f ^jM\c}Kkw�Z[JX],MXO
;_P�ZÀwR]db�Z\JXwRUV^`cpM\^VWXwRUVUjb�ce^��LJ9è
]_JLMpæ{P-Z[x7M[ukJLZ\JYQ�P�Z\J�lNî�wRM[P�uÂæ�^jUVUr]_P�Z\fgwRUVUjb�i-JL]_JXZ\wRM[J'c[^Vi�]_^jð�WLw�],M[UVb�Q�JLæ}JLZ}Kkw�M\ukc}M[ukw�]
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;fgwR]tP-]_UVb�i�JX]_JLZow�M\JXc�P�]kJ
c[u_P�Z[M[J9cpM[ìÈKkwRM[u�M[Z\JLJ$Q�P�Zhw�UjU�î�a_v2O

äÀu_J&]då_f�é�JXZÄPRQ#Kkw�M\ukcÄWXwRU`WYå_U`w�M\JXèõ^VcÄ]_PRMgM\u_JÍP�]kUjbõWYP�]�WYJLZ\] �ÀM\u_JÍf�JYM\u_PNè�PRQ



WXwRU`WYå_U`w�M\^jP-] wR]kè�^jM\c�ceK;JLJ9è ^`c�wRU`ceP0^Vf7K;P�Z[M\w�],MXO �}PRM\u �5JX]õw�]kè �Dw�æ�UjJXZ7WXwRU`WYå_U`w�M\J
M\u_J�ceu_P-ZeM\JXceM�Kkw�M\u�lNæ�u_^VUjJ�î�wRM[P�uAWLw�UVWLå_UVwRM[J9c}c[u_P-ZeM\JXceMeìºKkw�M\uÂM\Z[JXJXcXOÉêºMhWXwR]Aé�J�c[u_P�æ�]
M\ukw�MÀP�]Âw�n-JLZowRi-Jhw¨c[u_P�Z[M[J9cpM[ìÈKkwRM[u�M\Z[JXJ¼MowRx�J9cTMpæ�^`WYJ#w�c@UjP-]_i�M\P7WXwRU`WYå_U`w�M\J'w�c}w¨c[^V]_i�UVJ
c[u_P�Z[M[J9cpM�Kkw�M\u�OÍê¢]�P-Z\èNJXZ�Q�P�Z7î�w�M\P�u M[P
é�JÂQEw�ceM[JXZ�M[u�wR] w�]_PRM\u_JLZ7wRUVi�P�Z\^jM[u_fËlDM[ukwRM
w�Uji-P�Z\^ÆM\u_f�f�åkceM�fgwRx-J
w�MAUjJ9w�ceMÂMpæ}JLUVn�J í � � � � �,ïgWXwRUVUVcÂM[P M[u_J0ceukP�Z[M[JXceMeìºKkwRM[u
w�Uji-P�Z\^ÆM\u_f Q�P�ZÀJXw-Wou�î�aNvõWLw�UVWLå_UVwRM[J9è
í2wRUjM[u_P-å_i�uAî�w�M\P�uÂfgw�bg]_P�MÀw�UjæÀw�bNc{WXwRU`WYå_U`w�M\J

 � P�Z 
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KkwRM[utUVJL]_i�M[ukcÂf¨åkceMÂé;J
w�]!w�n�JLZowRi-JËPRQ¨w�MAUjJ9w�ceM
óX��]_PNèNJXc�UjP-]_i íeó�� u_P-Kkc�ïolhé_å_M�Q�P-Z ��w�æ�UVJLZ9û cÄwRUVi�P-Z[^jM[u_f
M\u_JAc[K_å_Zgc[JXWYM[^VP�] P�QhM[ukJ�KkwRM[ukc7f�åkcpM�é;JAwRM7UVJXw-cpMËóX�
]_PNèNJXc7UVP�]_i�l@wR]kè�u_JL]kWLJ�P-]
w�n-JLZowRi�J$M\u_J¨KkwRM[uÍf�åkceM¼é�J7wRé;P�åNM���ø�]kPdè_JXchUVP�]kikO ;kP�Z¼]kJYMpæ}P�Z\xdc�M[PÂu�w�n�J�w�n�JXZ\w�i�J
KkwRM[uõUjJX]_iRM\ukc�M\u_^Vc�UVP�]kikl}^ÆMg^`cg]_JXWLJXc\c[w�Z[b0Q�P-Z�M[u_J&]_JLMpæ{P-Z[x M\P é�J&n-JLZ\b UVw�Z[i-JAw�]kè
ukw�n-Jgw&UjP�æÖWYP-]_]_J9W�M[^Vnd^ÆMpb-O&vTw�M[u u_P-Kkc#M\u_^Vc¨UjP-]_iÍwRZ\Jgå_]_UV^Vx�JLUVb
M[PÍJLqd^`ceM�^j]�i-JL]_JXZ\w�U
M\JLUVJXWYP-f�f¨å_]_^`WLwRM[^VP�]kc�]_JYMpæ}P�Z\xNc�wR]�è�ceP'î�w�M[P-u�èNPdJXcD]_PRMÉK_Z\JXc[JL],MDwhnd^`wRé_UVJ@w�Uji-P�Z\^ÆM\u_fËO
/�MpbdK_^`WLw�U�WYP�f�Kkw�Z[^`c[P�]ÂP�QDKkwRM[u íEw�]kè�M[Z\JLJ�ï@WXwRU`WYå_U`w�M\^jP-]kcÀ^`c�ceu_P�æ�]A^V]�;É^Vi�å_Z\J �NO
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äÀu_^`c$ðki�åkZ[J�èNJLf�P-]kcpM\Z\wRM[J9c$wËceM\w�i�i�JXZ[^V]_iÄ^Vf�K_Z\P�n�JLf�JX]-M#^V]
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;É^Vi�å_Z\J��ID5äÀ^Vf7J9c}Q�P�ZÀM\u_J�S5å_Z\P�K;JXw�] � K_M[^`WLwRU E¼JYMpæ}P�Z\x�Q�Z[P-f ��P-]kèNP-]ÂM\PÄwRUVUr]_PNèNJXc

� �Öà�âËÜ �Xá�� 	Là�â�� Ú�âËã��ËáËß �TÕË×hß�� à�ßTÝ

��w�æ�UVJLZ9û c}w�Uji-P�Z\^ÆM\u_f � � ��ukw�c}é;JLJX]Ac[u_P�æ�]�M[P7K_Z[P�nd^`èNJ'M[u_J#JYqNK;JXWYM[JXèAc[K�JXJXè�^jf�K_Z\P�n�JLì
f�JL],MhP�n�JXZ �5JL]�û chwRUVi�P-Z[^jM[ukf �Æó �ÈO

�hP�æ}JLn-JLZ9l_M\u_J¨é;JXceM'P�n-JLZowRUVU�ceK;JLJ9èËQ�P�Z'M[ukJ¨]_JLMpæ{P-Z[x�M[J9cpM\JXè&æÀw�c'w�Wou_^VJLn-JXèËåkc[^j]ki
�hP 
;fgw�]�û c'wRUVi�P-Z[^jM[u_f � ø �ÈO}äÀu_J�Z\JXc[å_UÆMoc�^V]kèN^`WLw�M\J#M[ukwRMhM[ukJ�K�JXZeQ�P-Z[fgw�]kWYJ�w�è_n�w�],M\wRi-J
PRQ��hP�
yfgwR]�û cËwRUVi�P-Z[^jM[u_f fgw�btèNJXWXw�bõæ�^jM[u K_Z\P�é_UVJLf c[^ �XJ�lhékåNMËM[u_^`cAæ�^jUVU#Z[J��-åk^jZ\J
Q�å_Z[M[u_JXZh^V],n-JXceM[^Vi-wRM[^VP�]�O

äÀu_Jhî�aNv w�Uji-P�Z\^ÆM\u_fgcÉceM[å�èN^jJ9è�wRZ\J}n-JLZ\b¨èNJXK�JX]kèNJL],M5P-]¨M\u_JhJ��ÄWL^jJX]-MT^Vf�K_UjJXf�JL],Meì
w�M\^jP-]ÍPRQTM\u_J�c[u_P-ZeM\JXceMeìºKkw�M\u � M\Z[JXJ �Éw�Uji-P�Z\^ÆM\u_f wR]kèÍw�]db�^Vf�K_Z[P�n-JLf�JL],MocÀM[PÂM[u_^`c¼fgw�b
wRUjM[JXZÀM[u_J�K;JLZ[Q�P�Z\fgwR]kWLJ#ékwRU`wR]kWLJ�O

ê¢]
i-JL]_JXZ\w�U�M\u_J¨M\JLUVJXWLP�f�f¨å_]k^VWXw�M[^VP�]�c¼]_JLMpæ{P-Z[xNc¼PRQ@^V],M[JLZ\JXceM¼M\P�å�c'æ�^VUVUÉé;J � æ}JLUVU �
WYP-]_]_J9W�M[J9èrO �¼P�æ{JXn�JLZ9l;M[u_J�wRUVi�P-Z[^jM[ukf�c'æ�^VUjU5w�UVc[PÂæ}P�Z\xËP�]
åk]kWYP-]_]_JXWYM[J9èÍ]_JLMpæ{P-Z[xNcXl
é_åNMTM\u_JL^VZ5J
�gWL^jJX]kWYb¨æ�^jUVU_é;J�^jf�K_Z\P�n�J9è�^jQ�M\u_Jhceåké_]_JYMpæ}P�Z\xNc2wRZ\JÀw�]kwRUVbNceJ9è¨c[JLKkw�Z\wRM[JXUjb-O

st^jM[uÂw�Uji-P�Z\^ÆM\u_fgc5w�n�wR^VUVw�é_UjJhQ�Z[P-f c[P�fgwR]db�èN^�
yJLZ\JL],M@ékZ\w�]kWou_JXc5PRQ�fgw�M\u_JLfgw�M\^VWXcLl
^jMÄ^VcÄè_^��ÄWYåkUÆMgM\P�WYP�f�Kkw�Z[J�M[ukJLf wRUVU�æ�^ÆM\u_P�åNMÄ^Vf�K_UVJLf�JL],M[^V]_i M\u_JLf wR]kè�w�cgc[åkWou�l
M[ukJ�Q�P�UVUjP�æ�^V]_igKkw�K�JXZ\chK_Z[J9ceJX],M¼wRUjM[JLZ\]kwRM[^Vn�J#M[J9Wou_]_^ �,å_JXcÀQ�Z\P�f PRM\u_JLZhðkJLU`è_cÀM\ukw�M¼fgw�b
b�JLM�K�JXZeQ�P-Z[f QEw-cpM\JLZÀM\ukwR] �hP 
;fgwR]�û c�w�Uji-P�Z\^ÆM\u_f�DTaNu_^jJXZ � � �Èl;z}w�Z[ZowRZ\JXc[^ � ÷ �ºl_wR]�è �}PRQ�ì
Q�JLb �Æó9| �ºO��¼P�æ{JXn�JLZ9l;M[u_J9ceJgèNPA]_P�M�w�UjUTf�JXJYM#M[u_JgZ\JXceM[Z\^`W�M[^VP�]�c¼P�Q{UVP,P-K_UVJXc\c$w�]kè
]_P�]Nì
èN^`c�öpP-^j],MhKkwRM[ukcXl_c[P7JLqdM[Zow�KkZ[J9WLwRå_M[^VP�]kcÀæ�^VUjUru�w�n�J$M[P�é;J#M\wRx-JL]�O
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ê¢]NQ�P-Z[fgwRM[^VP�] adbNceM[JLfgc7w�M�M\u_JËI¼JXKkwRZ[M[f�JL],M7PRQhS5UVJXWYM[Z\P�]_^`WLc7adbNcpM\JLfgc�S@]_i�^V]_JXJLZ\^j]_i�l
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�jó � �5JX]	� �7O?;É^j]kè_^j]_i�M\u_J�xAceu_P-ZeM\JXceM�UjPdP�KkUjJ9c[cÀKkwRM[ukch^j]&w�]_JLMpæ{P-Z[xyO
�&wR]�wRi�JXf�JL],M
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