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W X>Y@Z\[^]\[^_�`Ua>b,a#ced\[�_^[fZfg�hUiUj�c\_^[^d\[Kk5l*mD`*nog�iUprqs[^tN`#uUv iUb>c
w�x v pUa>y v z{n5g�iUp9|^a*g*}�~����Uz(v ��g�y v z�n�`�����y �\`#}(a&~�_Ng�b(a>p5tN`#�Uz,v iUj�mD`#i#~
b,z(}(�Ul>z(v `#iUb(��c����;�A�U���{�&�U�����(�E�M�>�Sm���~�����~;�>��c�m��O]^a>��g*},z(�\a>i�zAc
  i¡v ¢�[E£^v }(j#v iUv g¡c3m�hEg�}(y `#z(z(a>b(¢#v y y a#c��*�#����[

W ¤>Y@¥�[3m�`#iUj�cUd\[E_�[¦Zfg�hUi¡jEc3q\[�tN`#uUv iUb>c3kJ[��Ug�}(};gA�-§*g�pUa>h3cEg�iUp@m�[EZ\[
¨ `#iUj�c w�© }(`*¢*g�uUy n5q^`U`Up © a>}��-`#}(��g�iUl>a&~{]^},v ¢�a>i@q^y `�u�g*y3t�`#�Uz(v iUj#��c
ª,«�«�« ���&�#�E¬>��#�S®°¯^±²�#�*³(¤#´&c�¥#�Ui¡a��*�#��µ¡c#�U�3[3¶*�U�A~�¶#X#µ¡[

W ¶>Y ¨ [¦��[�]^`#iEg�z(h�c¦t�[3¥�[�|^`#}(��g*i�cE_^[�Z\[3d^j#};gA·Ng�y-c3��[���[�_�a>y y `�c���[
¸ [U¹fg�i3cU¥�[UkJ[UZ^�U},z(§>uEa>},jEc © [�º�`�·Nn�g�iUp9t�[U»;[�k5l>k5v y y4g*i�c w�¼ v ��~
v iUj½]^}(v ¢*a>i © y g�l>a>�\a>i#z   b(v iUj�mD`��\�Uy a>z(a © g�z(ho]^a>y4g>n#b(��cf¾��;���*
¯\®°¿5À ª(«�«�« ±��A¬;�4Á#�.¯�ÂU�(�#Ã��M�{���#�@®��#�>Ä*Åc3�*���#Æ¡c#�U�3[EÇ#��~{ÇU�¡[

W Ç*Y@d\[3��[�]^�UiUy `���c�£\[�]\[�d^j#};g>·�g*yQc�]\[�|\[°]^a>�Uz(b(h3c�kJ[ x [G¥#�UÈ#yQc © [
Z^`#§*g�Èeg�iUpÉkJ[ ¨ v a>b,a>y-c w mDhUv �ÉºGg>n�`#�UzN���Uz(v �\v §*g�z(v `#i   b,v iUj�mD}(v z�~
v l*g�y © g�z(h ¨ a>v j#h�z,v iUj#��c¦¾K�;�*���¯e®°¿5À ª(«D«�« ±É�>¬&� Á#�5¯^Â¡���MÃ��#���{�#�
®D�#�>Ä*Åc3�A��Ç#��c��¡�3[��>�#��~;�>�U¤U[

W �>Y ¨ [Nm^[���y �\`#}(a#c w�¼ hUa ¼ }&g*i¡b(v a>i#z9tNa>b,�E`#iUb(aÊ`��f]fg*�\��a>p�º°v i¡a*g*}
|^a>z�·�`#}(ÈÉ·Nv z(h © g�}(z,v l>�Uy4g�}^tNa>jUg�}(p9z(` ¨ v p¡a>uEg�iUp@d^�\�Uy v Ë3a>}(b(��cNÌ#
¯��¡��� ���;Í\¾��UÎ#¬&�{�A¬N�*�\³&�*����ÇU´&c#�U�3[3X#X>~(¤��E[

WÅ�*Æ>Y © [f��[f¹fg��Uj#a#c^tf[^|fg�v }�g�iUpo��[f¥�[ ¸ `�ÏGg¡c w m�v }(l>�Uv z © y4g*l>a>�\a>i#z
�-`#} © }(a>pUv l>z;g�uUy a © a>}��-`#}(��g�iUl>a>��c.¾��&�*�* ª,«�«�«Ðª �E�(� �®D�#�>Ä*@�M�
®D�#Ãf��ÂU�(�>�>Ñ-¯^��ÍU�&Íf±��A¬;�4Á#��c3�A��ÇU¶¡c��¡�3[EÇ#Ç�~��¡�#[

WÅ�#�;Y@kJ[#d\[U_^[U¥Ug�l;È#b(`#i�g�iUp9��[E��[UZ^�Uh3c w �Gb,z(v ��g�z(v iUj�g�iUp����¡z(v �\v §>v i¡j
t�m½»{i#z(a>},l>`�i¡iUa>l>zN]^a>y4g>n9]^�U}(v iUj © h#n#b(v l*g�y�]^a>b(v j#iU��c¦¾��;���* ª,«�«�«
ª �E�(� N®��M�HÄ���#�S®Ò�-�&�>ÂU�Q�{¬\�#�3Í�Ó�Î#¬;�(�>ÃÉ¬;c3�*�#�#ÆUc#�U�3[�ÇU¤��A~�ÇM¶¡�#[

WÅ�*µ>Y@d\[�_^[UZfg�hUiUjeg�iUp9q\[#tN`#uUv iUb>c w d½|^a>·�m�y4g�b(b�`���»{z,a>};g�z(v ¢�af�#z(a>v iUa>}
¼ }(a>a^¹^a>�U}(v b(z(v l>b�·Nv z(h@q^`¡`Up © a>}��-`#}(��g�iUl>a>��c ª(«�«�« �¦�;�#��¬H�¡�>���{�#��¬
�M�S®°¯^± �#�*³(¶#´&c#¥#�Uy nJ�*�#�#µ¡c*�U�3[3ÇU���*~(�#Æ�µ¡[

WÅ�>�*Y��¦[¦Z^h#�Uy y a>}>cG_�[¦t^g�j#hEg>¢*g�l&hEg�}(v�g�iUp@|\[ ¸ `#�Ui¡jEc w _Ng�y4g*i¡l>v iUj9k5v iUv ~
���U�Ô�#�Eg�iUiUv iUj@g�iUp@�#hU`#}(z,a>b(z © g�z(h ¼ }(a>a>b(��c¦¾��&�*�*°¯e®°¿5À�Ó ª ¯^¿
Ó�Î#Ãf����#�5±\�-¬>�>�&�>�(�^¯f� ÁU�#�>�Q���UÃ�¬&c*¥Ug*i#�Eg�}(nÊ�*�#�*��[

WÅ�>�*Y@��[�Z^�Uh3cEkJ[�d\[U_^[E¥Ug�l&È�b,`�i5g�iUp9kJ[Ek@g�}(a>È�~��Ug�pU`�·Nb,È*gUc w�¼ v �\v iUj�~
]^},v ¢�a>iet�`#�Uz(v iUj��-`#}3_��Uv y p¡v iUj\_�y `Ul&È^ºGgAn*`#�Uz(��c*¾��;���* ª(«�«D«�ª �E�(�>�>Ñ
�3�#���{�M�¦�U�°Ó�Î#Ãf�E�#¬&�-Â¡ÃÕ�M�Ö®Ò�-�;�AÂU�-��¬��M�¦ÍÊÓ�Î�¬&�(�>Ã�¬&c��U��[ÒX¡�>Ç�~�X¡�*�Uc
�*��ÇU¶¡[

b) Node 3 (or 7) critical
    (also 1-Steiner tree)

c) Node 5
×

 critical d) Node 6
Ø

 critical

e) Node 8 critical
   (also Steiner ERT)

f) Node 9
Ù

 critical

a) Node 2 (oÚ r 4) critical
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WÅ�*X>Y5»&[Nº°v iog�iUpo]\[�¹\[Km�[�]^�3c w�© a>}��-`#}(��g�iUl>a&~{]^},v ¢�a>iÞm�`#iUb(z,}(�Ul>z(v ¢*a
© y g�l>a>�\a>i#z(��cs¾K�;�*��e¯\®�¿5À ª(«�«�« ±É�>¬&� ÁM�Ö¯�ÂU�(�#Ã��M�{���#��®D�#�>Ä*Åc
�*�#��Æ¡c#�U�3[°�AÆ���~;�*Æ#¤¡[

WÅ�*¤>Y5kJ[3k@g�}(a>È�~��Ug�pU`�·Nb(È*g9g�iUp@��[3º�v i3c w�¼ v �\v i¡j�]^}(v ¢*a>i © y g�l>a>�\a>i#z(��c
¾��;���* ª(«�«�«0ª �E�(� �®��#�>Ä*°�#�@®��#Ã��3ÂU�(�>�>Ñ-¯��{ÍU�&Í�±��A¬;�4Á#��cU�*�*ÇU�¡c>�U�3[
����~��#¶¡[

WÅ�*¶>Y@��[ © }&g*b,v z4ß(�¡z(};g�È#�UyGg�iUp ¨ [E¥�[UZ^�Uu¡v z(§#c w d ¼ v �\v iUj�~�]^}(v ¢�a>i@q^y `#uEg�y
t�`��¡z(a>}��-`#}KmD�Ub(z(`#�Ôm�h¡v �5]^a>b(v j#iU��c¦¾��&�*�* ª(«�«�«<ª �E�(� K®D�#�>Ä*��M�
®D�#Ãf�3ÂU�(�A�>ÑÅ¯��{Í¡�;Í\±��A¬;�4Á#��c3�A�#�#Æ¡c��¡�3[E�#Ç�~�X¡�#[

WÅ�>Ç*Y5¥�[Et��UuUv iUb(z(a>v i3c © [ © a>iMË¦a>y p3c¦g�iUp9kJ[Ud\[#¹^`�},`*·�v z(§#c w �#v j�i�g*y3]^a>y4g>n
v i�tNm ¼ },a>aN|^a>z�·�`#}(È#b(��c ª(«D«�« ���;�M�E¬>��#��®�¯^±<µ#³��U´�³&�*��Ç#�M´Hc*�U�3[
µ#Æ#µ>~(µ¡���#[

WÅ�*�>Y5d\[N�#}(v iUv ¢*g�b;g�i3ceZ\[NmDhEg��UpUh�g*},nàg�iUp½��[K��[�Z^�Uh3c w tN» ¼�  d^º�á�d
© a>}��-`�},�sg�iUl>a^]^},v ¢�a>i © y g�l>a>�\a>i#z�d^y j#`#}(v z(hU�<�-`#}��#��g*y y ~�mDa>y y3»(mDb(��c
¾��;���* ª(«�«�«0ª �E�(� �®��#�>Ä*°�#�@®��#Ã��3ÂU�(�>�>Ñ-¯��{ÍU�&Í�±��A¬;�4Á#��cU�*���¡�#c>�U�3[
�#Ç�~�X¡�#[

W µ#Æ>Y@��[ ¼ a>v jEcUt�[Uº�[U�#�\v z(h@g�iUp�¥�[E�#a*g�z(`#i3c w�¼ v �\v iUj\]^}(v ¢*a>i5ºGgAn*`#�Uz�`��
mDa>y y ~{_Ng�b(a>p5»(mDb(��cÒâ3ãÒÓ ª ÓEÎ#¬&�(�>Ã�¬N±É�>¬&� Á#��cUk@g>n9�*��ÇU¤Uc#�U�3[E¤���~�¶���[

W µ¡�;Y5]\[�ä�hU`#�3cK��[��#�3c x [ ¼ b,�Uv-c�]\[���[�qfg�`�g�iUpå¥E[�mD`�i¡jEc w d^iEg�y n#b(v b
`�� ¼ }(a>a>bf`�� ¼ };g�iUb,�ev b(b(v `#i0º�v iUa>b(��cf�3�&�>�U���{�&�U�����(�E�M�>�Òm��#] ¼ tD~
�#µ#Æ�Æ¡�*Æ¡c*mN��]^a>�Eg�}(z(�\a>i#z>c   iUv ¢*a>}(b(v z�n�`���m�g�y v �-`#}(iUv4g¡c�º°`�b°d^iUj#a>y a>bAc
�*�#��µ¡[



»(m k@mDk
æ ç@æEèoX æ ç@æEèo� æ ç@æEèÖ�*¶ æ çÊæEèoX æ çÊæEèo� æ çÊæEè<�*¶

k@� ¼ µ¡[ ��µ ��[ �MX ¤¡[ �U¤ �*µ¡[ ��Ç �>Ç�[ ¶#µ µ��¡[ X#¶
d^¢*a d^¹^¹^Z µ¡[ ¤*� ��[ X*� ��[ ¶#¶ �U[ ��� �*µ¡[ �U� �A¤¡[ µ#¤
]^a>y4g>n �Gt ¼ µ¡[ ��� ��[ µ*� ��[ ��� ¶U[ �U� ÇE[ �*¤ �¡[ µ#�
³�i¡b;´ �*�#z(a>v iEé   µ¡[ µ�¤ ��[ �MÆ ��[ �#¶ �U[ �#� �>��[ �#� µ*��[ µ#¶

�#��t ¼ µ¡[ µ�µ µ¡[ ��¶ ��[ �¡� ¶U[ �U� ÇE[ �*¤ �¡[ µ#�
�#��t ¼ ~�m µ¡[ �Aµ µ¡[ ¶�Æ ��[ �#� ¶U[ µ#¤ ¶U[ �U� ¶¡[ ���
k@� ¼ ��[ ¶�X X¡[ ¤�� Ç�[ ¶#X �*¶¡[ µ*Ç µ#¶¡[ ¶#X �MX¡[ Ç#�

k@g�ê d^¹^¹^Z ��[ �MÆ ��[ ��Ç ¤¡[ Æ�� �>��[ Ç�Ç �>Ç�[ ¶#Æ µ*��[ ¶#X
]^a>y4g>n �Gt ¼ ��[ �H� ��[ Æ�¶ X¡[ �UÆ �>��[ Æ�¤ �*¤¡[ �>Ç �HÇ�[ ÇUÆ
³�i¡b;´ �*�#z(a>v iEé   µ¡[ ÇM� ��[ µ*Ç ¤¡[ X�� �>��[ �*� µ#Æ¡[ Ç�� �M¶¡[ �#Ç

�#��t ¼ µ¡[ Ç�� ��[ ¶U� ��[ �#Æ �>��[ Æ�¤ �*¤¡[ �>Ç �HÇ�[ ¶#�
�#��t ¼ ~�m µ¡[ ��µ ��[ µ�µ ¤¡[ �U¶ �>��[ �H� µ#Æ¡[ �#� �MX¡[ ¤#X
k@� ¼ �#[ ¤�� µ¡[ �M¶ ��[ �U� �*¶¡[ Æ�¶ µ���[ �#� ����[ Ç#Ç
d^¹^¹^Z �#[ ÇM� µ¡[ ÇM¶ ��[ �*Æ µ#Æ¡[ Æ�µ µ#�¡[ �#� ����[ µ#µ

d^¢�a ¨ º �Gt ¼ µ¡[ Æ�Æ ��[ Æ*� ��[ ��� µ�Ç�[ µU� X���[ ÇUÆ �*Æ��E[ ¤#¶
³�l>��´ �*�#z(a>v iEé   �#[ XU� µ¡[ µ�µ ��[ �>� �*X¡[ ¤�X µ¡�#[ �¡� �E�#[ µ#�

�#��t ¼ �#[ ¤�¶ µ¡[ ¤U� ��[ ¶#Æ µ�Ç�[ µU� X���[ ÇUÆ �*Æ��E[ ¤#¶
�#��t ¼ ~�m �#[ ¶U� µ¡[ ��Ç ��[ �UX µ#Æ¡[ �MX µ#¶¡[ X#µ �M¶¡[ Æ#¶
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