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Topology tradeoff 
parameter W

Fairness

Operator Policies:

FP Traffic
Demand

IP Routes

Logical Topology

Physical
Topology

Network  Inputs:

Mapping Solution
Mapping Solution

Compute FP load
per logical link

Preprocessing step:

Working & backup physical path
for each logical link

Outputs:
Amount of BEP carriable
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� k$�Q�����ª���$yzh��Qy�{-|}�Fxz����lb��x�yzhFl8��|1­Y�Q�ª�ª����l�km|A��lä|}���ªw¼{-|}�����M�}x�xz�ª�>�M�1�K�Q�z�dl%�Qkm|}���Ay
|Q­!yzhFl�xz���Q��l�{��Q���}{b�ªy«w1y�|�ßiàÞ�<yz�*�PÓ${>¸ÞuA�ª�F{-l�yzhFl�ß´àÞ�<yz�*�PÓ${���xÞ{-|}k~����lby�lb�ªw~��������|}y�l-{by�l-�
�QyÞyzhFl £×Ö r �K��w·lb��édyzh���x0{-|}�����m����|A�I�F{-l�®·lb�zwo²��}�~��lb�ë­Ë|}�zk$�Q�F{-l>éA�ª�my�lb�zkmx0|Q­TßiàÞ�Ðyz�*�PÓ${
��|>xzy�é}³qhFlb�1x*|}kml0��hawaxz��{��Q�a�ª�ª��ÑIx[­±�Q�ª�±¸�giha�Fx�²aw#­Y|A{b�Fxz�ª���#|}�oyzhFlW�F|�­±�Q�ª�ª����lWkm|A��lq�Q��|}�Fl>é}³´l
³´|}�����$²�l��Q²���l�y�|ä{��Q�z�zw$�8�K�Q�z�dl]�Qkm|}���Ay´|Q­¹ßiàÞ�<yz�*�PÓ${�²���y´lHæa��lb�z��lb�F{-l���|}y�lb�Ayz�K�Q�ª�ªwm®dlb�zw
��|A|}�W��lb�ë­Y|}�zk$�Q�F{-l]�I���z�ª���ä­Y�Q�ª�ª����l-xå¸Ìß´w~{-|}�Fxz����lb�z�ª���oyzhFl�­Y�Q�ª�ª����l�km|A��l-x�éA³´l�{��Q��k~�ªyz�ª�·�Qy�l
yzhFl#��lb�ë­Y|}�zk$�Q�F{-l���lb�>�*�}�F�Qyz��|}�M�QyqyzhFl#yz�ªkml8|Q­�­Y�Q�ª�ª����l-x�¸Þ�ÿk$�Q�����ª���myzh��Qy�{-|}�Fx�����lb��x�|}���ªw
­±�Q�ª�ª����läkm|A��l-x]³´|}�����µlb�F{-|}���*�Q�dloyzhFl%�Fx�l%|Q­0xzk$�Q�ª���Qkm|}���Ay�x#|Q­0ßiàÞ�Byz�*�PÓ${1�}x��ªy�³´|}�F�ª�
|}���ªwÎ��|d�}�µ���©�Q�º�Qkm|}���Ay8|Q­´ß´àÞ� yzh��Qy8{-|}������xz���z®a�ª®dl%yzhFlo���Q�zyz��{b���K�Q�]­±�Q�ª�ª����l>¸ £ l%yzhA�Fx
��lH¶F�FlV�¬Ä±Ã ��Ã}¾ªÃ '}¿ºÄËÂ��dÈAÅzÃëÝ � �}Â�� �$ÅbÄÆÅbÂHéW{��Q�ª��l-�

W
³q�ªyzh

W ∈ [0, 1]
éÞyzh��Qy1²��Q�K�Q�F{-l-xmyzhFl

�Qkm|}���Ay8|Q­0lbk~��h��}xz��x]����y#|}�µyzhFl%�F|}�zk$�Q�6y�|}��|}��|}�>wÎ®·lH�*xz�Fx�y�hF|>x�l¥É ³q�ªyzh©�$�ª�ª��ÑVk~��x�xz�ª���AÍ
yzh��Qy���lb����l-x�lb�Ay�­Y�Q�ª�ª����l8km|A��l-xå¸

p����o|}²��ël-{byz�ª®·lm­ ���F{byz��|}�¤{-|}�Ay*�Q�ª�Fx%y«³´|Îy�lb�zkmx�Ò�yzhFlm¶F��xzy%y�lb�zk xz��l-{b�Ï¶�l-x%yzhFl¥�Qkm|}���Ay
|Q­ÌßiàÞ�¦yz�*�PÓ${�{��Q�z���ªl-�V²Aw�yzhFl#�Flby«³´|}�zÑá�ª�¼yzhFl#�F|}�zk$�Q�[|}��lb�*�Qy��Ï�F�$xzy*�Qy�l$É �±¸èl>¸ªéI�F|Q°Y­±�Q�ª�ª����lH°
km|A��låÍHéT³qh��ª��loyzhFl1x�l-{-|}�F��|}�Fl1�ªx#yzhFl1ß´à0�×��|d�}�©xzyz�ª�ª�Ì{��Q�z�z��l-��²AwÎyzhFlo�Flby«³´|}�zÑ��P­ y�lb�#yzhFl
|A{-{b���z��lb�F{-l1|Q­W�$xz�ª���>��lä­Y�Q�ª�ª����l>é!�Q���µ��®·lb�*�Q�dl-�µ|å®dlb�#�Q�ª��yzhFl%��|>x�xz�ª²���l%x��ª���>��l�­Y�Q�ª�ª����l-xå¸ £ l
xzy*�Qy�l�yzh���x0km|}��lq­Y|}�zk$�Q�ª�ªw$�}x�­Y|}�ª��|å³�x�¸ �¹lby

dkh
S0

(BEP )
�FlH��|}y�l�yzhFl�ßiàÞ�<yz�*�PÓ${�{��Q�z�z��l-�$²Aw

yzhFl´{-|}���Fl-{byz��|}�
(k, h) ∈ C

�ª�oyzhFlW�F|�­±�Q�ª�ª����lWkm|A��l#ÉË��lb�F|}y�l-�o²Aw
S0
ÍHéQ³qhFlb��l

C
��lb�F|}y�l-x6yzhFl

x�lbyÌ|Q­!�Q�ª�I��|}�>�ª{��Q�F{-|}���Fl-{byz��|}�Fx ��|å³q�ª���ä�Qy6yzhFliâã�µ�K��w·lb��¸��¹lby
dkh

Smn
(BEP )

��lb�F|}y�l´yzhFlißiàÞ�
yz�*�PÓ${ä{��Q�z�z��l-�V²Aw¥yzhFl�{-|}���Fl-{byz��|}�

(k, h) ∈ C
³qhFlb�¼¶F²�lb�

(m,n)
h��}xq²�l-lb�Î�ª�A®d|}�ª®·l-�¼�ª�M�

­±�Q�ª�ª����l>¸ÞgihFl#�F|}y*�Qyz��|}�
Smn

��lH­Ëlb��xqy�|1yzhFl]­±�Q�Ï�ª���*l#km|A��l]­Y|}�i�ª�ª��Ñ
(m,n)

éI�±¸èl>¸ªéI�ªyq�ª�F�I��{��Qy�l-x
���Flby«³´|}�zÑ$xzy*�Qy�l��ª��³qh���{*h¥yzhFl��FhAwaxz��{��Q��y�|}��|}��|}�>w$��x0k~��x�x��ª���%�ª�ª��Ñ

(m,n)
¸ �[lby

E0 ��lb�F|}y�l
yzhFl�x�lbyo|Q­�l-�I�dl-x%�ª�<yzhFl�|}��yz��{��Q�´�K��w·lb�%y�|}��|}��|}�>w�É �>�*�Q��h�Í%�Q�F�ÐyzhA�Fx

(m,n) ∈ E0 ¸µp����
|}²I�zl-{byz�ª®dl#­Ë���F{byz��|}�

F
é�yzh��Qy�³´l#³i�Q�Ay�y�|~k$�PæI�ªk~�
��l>é���xq�F|å³ÿ�>�ª®·lb�V²Aw

F = (1−W )
∑

(k,h)∈C

dkh
S0

(BEP )+
W

|Smn|

∑

(k,h)∈C,(m,n)∈E0

dkh
Smn

(BEP ).
ÉëÔåÍ

� |}y�l�yzh��Qy¹²aw]km|A�I�Ï­ËwA�ª����yzhFlÞ³´lb�ª�>hAy
W
éP³´l0�Q��lW�Q²���lÞy�|q�*l-�}{*hox�|}�ª��yz��|}�Fx[³q�ªyzh%�I�Ï¯!lb��lb�Ay

{*h��Q�*�}{by�lb�z��xzyz��{-xå¸ £ hFlb�ákm|}�*l]�ªk~��|}�zy
�Q�F{-l8��xi�>�ª®dlb�¼y�|oyzhFl]¶F��xzyqy�lb�zk ÉËxzk$�Q�ª��lb�
W
ÍHéIkm|}��l

ßiàÞ����x�{��Q�z�z��l-�V�ª�VyzhFl8�F|1­±�Q�ª�ª����l8km|A��l�²���y�yzhFl%��®dlb�*�Q�dl%�Qkm|}���Ay�|Q­�ßiàÞ����|>xzy���xq�K�Q�z�dlb�
³qhFlb�µ­Y�Q�ª�ª����l-x8|·{-{b����¸äp��µyzhFl1|}yzhFlb�]h��Q�F�Té!�Ï­0km|}��l%�ªk~��|}�zy*�Q�F{-l1��x]�>�ª®dlb�µy�|�yzhFl1x�l-{-|}�F�
y�lb�zk É �K�Q�z�dlb�

W
ÍHé¹��l-x�x�ßiàÞ�ÿyz�*�PÓ${m��x8��|>xzy��I���z�ª���ÎyzhFl1­Y�Q�ª�ª����l-x�²���y���l-x�x�ßiàÞ�ÿyz�*�PÓ${m��x

{��Q�z�z��l-�M²aw¼yzhFlä�Flby«³´|}��ÑÎ�I���z�ª���¥�F|}�zk$�Q�Ì{-|}�F�I�ªyz��|}�Fxå¸]gihFläy�|}��|}��|}�>wÎyz�*�}��l-|Q¯Ð���Q�*�Qkmlby�lb�
W

{-|}�����¦²�lÎ{*hF|>x�lb�×�}x���­ ���F{byz��|}�B|Q­8yzhFlV����|}²��Q²��ª�ª�ªy«w�|Q­��©�ª�ª��Ñ¬­±�Q�ª�ª����l>¸×â±­8yzhFlV�ª�ª��Ñ
­±�Q�ª�ª����l#����|}²��Q²��ª�ª�ªy«wá��xq®·lb�zw���|å³�éIy�hFlb�V{b��l��Q�z�ªw¥³´l8³i�Q�Ay��1x�k$�Q�ª�

W
x�|1yzh��QyqyzhFl8y�|}��|}��|}�>w

���F��lb�o�F|}�zk$�Q�i|}��lb�*�Qyz�ª���©{-|}�F�I�ªyz��|}�Fxo��x%�>�ª®dlb�¤�V®·lb�zw©�K�Q�z�dl$³´lb�ª�>hAy�¸�ni|}�A®dlb��x�lb�ªwº�Ï­�yzhFl
����|}²��Q²��ª�ª�ªy«wá|Q­[­Y�Q�ª�ª����l]��xih��ª�>h¹éakm|}��l#�ªk~��|}�zy*�Q�F{-l8x�hF|}�����¥²�l]�>�ª®dlb�áy�|oyzhFl�­Y�Q�ª�ª����l#km|A��l-x�¸
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gih�lH�*l~�Q��l~��k%���ªyz�ªyz�F��l~|Q­W³i��wIx]�ª��³qh���{*h©ßiàÞ�ÿ{��Q��²�l~�}����l-�µy�|¥yzhFl1xz���Q��l1{��Q���}{H°
�ªy«wº²�l-{��Q�Fx�l¥yzhFlb��lá�Q��l�k$�Q�AwÐ{-|}k%²F�Ï���Qyz��|}�Fx~|Q­�²��Q�F�I³q���Iyzh¤yzh��Qy~{��Q�¬²�l$�>�ª®·lb�¬y�|µl��}{*h
{-|}���Fl-{byz��|}�¹é¹�Q�F�µl��}{*h�{-|}����lb{byz��|}�º{��Q�µ��|}��y�l%�ªy�x]ßiàÞ�×yz�*�PÓ${o|}��lb�ªyzhFlb�]y�hFlä³´|}�zÑa�ª���á|}�
²��}{*Ña���¥���QyzhFx�¸�â«yW��x´�ª�Ayz���ªyz�ª®·l�yzh��Qyi�Ï­[yzhFl��d|d�Q����x´y�|1�}����yzhFl]k$�Pæa�ªk%��k �Qkm|}���Ayq|Q­�ßiàÞ�
��|>x�x��ª²���läÉ �ª�$�dlb�Flb�*�Q�fÍÞ|}�0�ª�$���Q�zyz��{b���K�Q��éI�}{-{-|}���I�ª���oy�|�yzhFl�|}²I�ël-{byz�ª®·lq­ ����{Hy��ª|}�

F
é·yzhFlb�$yzhFl

��l-xz���ªy8��x#�ª�ªÑdlb�ªwMy�|¥²�lm��®·lH��wÎ���A²��Q�K�Q�F{-l-�º�I��xzyz�z�ª²���yz��|}�Ð|Q­WyzhFl~ßiàÞ� ��|d�}�µ°q�>�ª®a�ª���¼�K�Q�z�dl
�Qkm|}���Ay�x~|Q­�yz�*�PÓ${¥y�|µx�|}kml¥{-|}���Fl-{byz��|}�Fx$�Q�F�¬{b��|>x�l�y�| ��lb��|µy�|µ|}yzhFlb��x�¸�â«�<���Q�zy��ª{b���K�Q��é
xz�ª���>��l�hF|}�¬{-|}���Fl-{byz��|}�Fx1³´|}�����<y�lb�F�<y�|Î��l-{-lb�ª®dlá�V�K�Q�z�dlá�Qkm|}���Ay1|Q­�ßiàÞ� ³�h��ª�ªl���|}���dlb�
k%���ªyz�ªhF|}�¤{-|}���Fl-{byz��|}�Fxo³´|}�F�ª�<��l-{-lb�ª®dl$��|}yzh��ª���µ|}�%®dlb�zw©�ª�ªyzyz��l>¸Vâ«yä��xä�ª�Ayz���ªyz�ª®·l$yzh��Qy%yzh���x
³´|}�����V�ªl��}�Vy�|1yzhFl8�K�Q�z�dl-xzy�y�|}y*�Q���Qkm|}���Ay�|Q­Þ�Q�ª��|·{��Qy�l-�Mß´à0�¦²��Q�F�I³q���IyzhM�Flby«³´|}�zÑ·°±³q����l>¸

£ l1²�lb�ª��lb®dl~yzh��Qy�{��Q�z�z��lb��x�³´|}������¶F�F��yzh���x8�����Q����l��Q�ª�ª���Î²�l-{��Q�Fx�lm|Q­´yzhFl1���I­±�Q�ª�z�Fl-x�x�¸
Ê�|}��yzh���x���l��}x�|}�V³´l8�ª�F{b�ª�F��l��ª�Î|}��������|}²���lbk yzhFl�{-|}�F{-lb��y�|Q­Þ���  �� ��� � ��� � ' . �f¡ !Þ¸�â«�V|}���
x�{*hFlbkmlq­Y|}�W�Q�ª��|A{��Qyz�ª���oßiàÞ�<²��Q�F�I³q���Iyzhá�Qkm|}���o�Q�ª��yzhFl���|}�>��{��Q��{-|}���Fl-{byz��|}�FxåéA³´l�{-|}�Fx��ª�FlH�
y«³´|©�I�Ï¯!lb��lb�Ay1­±�Q�ª�z�Fl-x�x1��|}�ª��{b��l-x�¸<gihFl¥¶F��xzy1��|}�ª��{bw<��x~{��Q�ª��l-��- ��� � � 
 � � 
� ��P ���� ��� )
�  ��f��� � ����� ' . � ¡ ! � - � ��� 
å¸Ì��{-{-|}���I�ª���ºy�|µyzh���x1��|}�ª��{bw·é0l��}{*h§��|}�>��{��Q��{-|}���Fl-{byz��|}�¦k%�Fxzy
��l-{-lb�ª®·l¥�Vk~�ª���ªk%��k ²��Q�F�I³q���Iyzh¬­Ë|}�%�ªy�xoßiàÞ� yz�*�PÓ${>é���lb�F|}y�l-�¤�}x

Zmin

¸Î��­Ëy�lb�äh���®a�ª���
kmlby�yzh���x�lb®dlb�Î�I��xzyz�z�ª²���yz��|}�¹é�yzhFlb��l���xq�F|~­ ���zyzhFlb��­Y�Q�ª�z�Fl-x�x�kml-{*h��Q����xzkì�ªk~����lbkmlH�ay�l-�µ�Q�F�
l��}{*hÐ��|}�>��{��Q�W{-|}���Fl-{byz��|}�<��x8­ ��l-l~y�|¼�dlbyo�}x8k%��{*h<�}x��ªyä{��Q�¹¸�gih���x���|}�ª��{bw���x%�¥¶F��xzyäxzy�lb�
y�|å³i�Q����x�yzhFlqx�l-{-|}�F�1��|}�ª��{bwo����l-x�lb�Ay�l-�Té·{��Q�ª��l-��-  �� � � 
 � # - � � � � 
�� �  �� ��� � ��� � ' .�� ¡ !
� -  �� - � � 
å¸]gih���x���|}�ª��{bw¼­Y|}��{-l-x]l��}{*hM��|}�>��{��Q�Ì{-|}���Fl-{byz��|}�©x�h��Q�z�ª���á�m²�|}yzyz��lb�Fl-{*ÑÎ��|}�>��{��Q�
�ª�ª��ÑÐy�|µ��l-{-lb�ª®·l¥yzhFláx*�Qkmláxzh��Q��lá|Q­�yzhFl¥²��Q�F�I³q���Iyzh¦��lH­ yo­Ë|}�~ßiàÞ� y��*�PÓ${>¸ºgqhFláx�l-{-|}�F�
��|}�ª��{bw~�ª�Ayz��|A�I�F{-l-x´km|}��l�­Y�Q�ª�z�Fl-x*x´�Qkm|}���1�Q�ª��yzhFl���|}�>��{��Q��{-|}���Fl-{byz��|}�Fx�¸ £ l�³q�ª�ª��xzhF|å³�yzh��Qy
yzhFlmkm|}��lm­Y�Q�ª�z�ªw�yzh�l$ß´à0��²��Q�F��³q���Iyzh<��x%�I��xzyz�z�ª²���y�l-�Té6yzhFlm��l-x�x%ß´àÞ�)��|d�}�ÐyzhFlm�Flby«³´|}�zÑ
³q�ª�ª�¹²�lä�Q²���l8y�|~{��Q�z�zw·¸

£ l¼�F|å³ �>�ª®·láyzh�lá­Ë|}�zk$�Q������|}²���lbk xzy*�Qy�lbkmlb�Ay�é´�ª�F{-|}�z��|}�
�Qyz�ª���¤�Q�ª��|Q­#yzhFlVlb��lbkmlb�Ay�x
�Q²�|å®·l>¸

�#â��]à � Õ

�fÍ0����hAwIxz��{��Q��y�|}��|}��|}�>wMÉ ³qh���{*h¥ko�FxzyW²�l]�Qy´��l��}xzyW²���{-|}���Fl-{by�l-��ÍHéI³qhF|>x*l��F|A��l-xq�Q��l�|}��yz��{��Q�
{b��|>x�x�{-|}���Fl-{by�xiÉ±p���n´xHÍ��ª�Ay�lb��{-|}���Fl-{by�l��%²Aw8|}��yz��{��Q�d¶F²�lb��x�yzh��Qy�xz������|}�zyÌ�i�ª�ªk~�ªy�l-�ä�A��k%²�lb�
|Q­Ì³i��®dlb��lb���>yzhFx]�Q�F�¼h���®·l#�ª�ªk~�ªy�l-�Î{��Q���}{b�ªy«w�Ò
�ª�fÍ��#��|}�>��{��Q��y�|}��|}��|}�>w~³qhF|>x�lq�F|A��l-x´�Q��l�âã�Ð�6|>�Þx0�ª�Ay�lb��{-|}���Fl-{by�l-��²Awo��|}�>��{��Q���ª�ª��Ñax�¸ÌgihFl-x�l
�ª�ª��ÑIxWh���®dl]��¶F���ªy�l��ª�ªk~�ªyi|}��yzhFl�y�|}y*�Q�T�Qkm|}���Ayq|Q­¹yz�*�PÓ${�yzhFlbw${��Q�á{��Q�z�zwMÉ �ª�F{b�ª�F�I�ª���1²�|}yzh
ÊÌ���Q�F�VßiàÞ�WÍH¸�gihFl8�ª�ªk~�ªy�{-|}kml-xq­ ��|}k yzhFl�{��Q���}{b�ªy«w¼|Q­6yzhFlb�ª���ª�ª�Fl�{��Q����xåÒ
�ª�ª�fÍ��Q�ÎÊÌ��yz�*�PÓ${�k$�Qyz�z�ÏæTé���lb�F|}y�l-�

DFP = [dkh(FP )] ≥ 0
éFyzh��Qy���lH¶F�Fl-x�yzhFl�ÊÌ��yz�*�PÓ${

��lbk$�Q�F��­Y|}�ál��}{*hB���Q�Ï�¼|Q­%�Ì|>�Þx
(k, h)

�Qy¥yzhFlµâã���K��wdlb��¸ £ lM{��Q�ª�#yzhFl-x�lM���Q�ª�¼|}�z�ª�>�ª�I°
��l-xzyz�ª���Qyz��|}�¬É±p Ö Í´���Q�ª��x�Ò
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�ª®FÍ´yzhFl���|}��yz�ª�������QyzhFx�x�lb��l-{by�l-�M�Qy�yzhFläâã�¦�K��w·lb�q­Y|}��l��}{*h�p Ö ���Q�ª��|Q­Þ�6|>�Þx�¸igih���x�x�lby�|Q­
��|}��y�l-x���x���lb�F|}y�l-�V²Aw

R
Ò

®FÍi�áÔ>ÕªÔ�ÊÌ�¦����|}y�l-{byz��|}�Mxzyz�*�Qy�lb�>w¼�Qy�yzhFl £BÖ rØ�K��wdlb��Ò
®a�fÍi�%­±�Q�ª�z�Fl-x�xq��|}�ª��{bwáy�|m�Q�ª��|A{��Qy�läßiàÞ��yz�*�PÓ${ä�Qkm|}���¥�Q�ª�TyzhFl8��|}�>��{��Q��{-|}���Fl-{byz��|}�Fx�Ò
®a�ª�fÍWyzhFl�|}²I�ël-{byz�ª®·l#­ �F�F{byz��|}�

F
��lH¶F�Fl-�M�Q²�|å®·l>Ò

ÊÌâ ��Ö
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£ l��F|å³){-|}k~kmlb�Ay#|}�Mx�|}kmlä|Q­�yzhFl-x�läxzy�lb�Fx��ª�Îkm|}��l%��lby*�Q�ª�Y¸qgihFläkm|å®dl�³´l%�Q�����ªw¼y�|
{b��l��Qy�l]yzhFl]�Flb�ª�>hA²�|}�zhF|A|A�áh��}x´y«³´|o����{-l�����|}��lb�zyz��l-xå¸ÞgihFl�¶F��xzyi|}�Fl]��x´yzhFl��>���Q�*�Q�Ay�l-l#yzh��Qy
�Q�ª�Tx�|}�ª��yz��|}�Fxi�ª�áyzh���xi�Flb�ª�>hA²�|}�zhF|A|A�Î�Q��l8�}�Ik~��x�x��ª²���l���¸�gihFl#x�l-{-|}�F�á����|}��lb�zy«w���x´yzh��Qyiyzh���x
Ña�ª�F�¬|Q­�km|å®·l�k$�QÑ·l-xo�ªy~l��}xzwºy*|M�ªk~����lbkmlb�Ay$�¤È�� �QÅHÂ
Ú � �WÇ �>Ä �ËÃ �©xzy�lb�¹¸ºÊ�|}�1lHæF�Qk~����l>éÞ³´l
{��Q�Ðx�lb��l-{byä�á�I�Ï¯Tlb��lb�Ay��A��k%²�lb�ä|Q­´��|}�>��{��Q�Þ�ª�ª��ÑIxä�Qy�l��}{*hº�ªy�lb�*�Qyz��|}�¹é[³qh���{*hº³q�ª�ª��km|å®·l1���
�*�Q�����I�ªw~y�|ä�Q�F|}yzhFlb�0��lb�>��|}�¥|Q­!yzhFl�x*|}�ª��yz��|}��xz���}{-l>¸ £ l��Q�����ªwVÈ�� �}ÅHÂ*Ú � �´Ç&�dÄ �ËÃ��o|}���ªwo³qhFlb�¥�
{-lb�zy*�Q�ª�á�A��k%²�lb�i|Q­�xz�F{-{-l-x�x��ª®dl��ªy�lb�*�Qyz��|}�Fx´­Y�Q�ª��y�|äwa��lb�����ªk~����|å®dlbkmlb�Ay�¸0âÆ�¥|}���ixz�ªk%���K�Qyz��|}�Fx
yzh���x��A��k%²�lb�ä��xäx�lby�y�|Î�>�IÒ6³qhFlb�ºy�h���x��A��k%²�lb�ä��x8��l��}{*hFl-�Ð³´l~²����ª���<�á�Flb³ x�|}�ª��yz��|}�Ð²Aw
x�lb��l-{byz�ª���Ð�M�*�Q�F��|}k��A��k%²�lb�m|Q­���|}�>��{��Q���ª�ª��Ñax1²�lby«³´l-lb� �©�Q�F�§�I¸ � |}y�l¥yzh��Qy$�P­Ëy�lb�1yzhFl
�I�ª®·lb��xz�Ï¶�{��Qyz��|}�§km|å®·l�h��}x1²�l-lb�§��|}�Flá|}�F{-l>éÞ³´l¥��lbyz���z�¤y�|µyzhFl¥��lb�>���K�Q�~km|å®dl¥²��}x�l-�¤|}�
��lb�zyz���z²��ª���á�1xz�ª���>��l8��|}�>��{��Q�¹�ª�ª��Ñ!¸
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£ l8{*hFl-{*Ñ¥yzhFl#­Ël��}x��ª²��ª�Ï�ªyãw¥|Q­Þ�1x�|}�ª��yz��|}�<ÉËx�y�lb�¼�·�dÍ´²Aw���|}��yz�ª���¥�Q�ª�TyzhFl8��|}�>��{��Q�[{-|}���Fl-{H°
yz��|}�Fx�|}�Ay�|1yzhFl8��|}�>��{��Q�¹y�|}��|}��|}�>wá�Fxz�ª���~yzh�l8xzy*�Q�F�F�Q���Mp8ua�ÞÊ§âã�§��|}��yz�ª���$����|}y�|A{-|}�±¸0gihFlb�
l��}{*hµ��|}�>��{��Q�6�ª�ª��Ñ

(s, t)
��x���|}��y�l-�µ|å®·lb��yzh�lä��hAwax���{��Q��y�|}��|}��|}�>wV�Fxz�ª����yzhFl%��hAwax���{��Q�����QyzhFx

x�lb��l-{by�l-�Î²Aw¥yzhFläg�uákmlby*�QhFlb���z��xzyz��{>¸qâÆ­�xz�IÓ${b��lb�Ay���l-x*|}����{-l-x]�Q��l8��|}y���®>�Q�ª�K�Q²���l�y�|m����|}y�l-{by
yzhFl%lb�Ayz�ª��l1�Q�>�>��lb�·�Qy�l-�µÊÌ��yz�*�PÓ${o|}�Ml��}{*hµ�ª|}�>��{��Q�6�ª�ª��Ñ!é�yzhFlb�MyzhFl%x�|}�ª��yz��|}�µ��x��I��x�{��Q����l-�T¸
gihFl��FlHæayox�|}�ª��yz��|}�¬��x%yzhFlb�§�Q���Q�ªw ��l-�T¸�p��F{-l�³´lm¶F���¬�¼­Yl��}xz�ª²���l�x�|}�ª��yz��|}�¹éÌ³´l$km|å®·l$y�|
xzy�lb�V�>²¹¸

��­Ëy�lb�~�Mx*|}�ª��yz��|}�¤��x1{b�K�Q�ªkml-��î·ú��~÷����z÷Æï��Ëò~­Ë|}�1yzhFl¥ÊÌ� yz�*�PÓ${>é0yzhFlb�¤yzhFláß´à0� yz�*�PÓ${
�Fl-l-��xÌy�|]²�li�}x*xz�ª�>�Fl-�%y�|#l��}{*h1��|}�>��{��Q�F{-|}���Fl-{byz��|}�¹¸Ì�]x6³´lWkmlb�Ayz��|}�Fl-�~²�lH­Ë|}��l>é>y«³´|�­Y�Q�ª�z�Fl-x*x
��|}�ª��{b��l-x��Q��l¼�ªk~����lbkmlb�Ay�l-�T¸�gihFl��Î÷ªþ
	 ��|}�ª��{Hw¤��l��·�F�Ï�*lbxmyzh��Qy��µk~�ª���ªk%�Fk�²��Q���I³q���Iyzh
Zmin ≥ 0

��x��}x�x��ª�>�Fl-�µy�|¼l��}{*h©��|}�>��{��Q�0{-|}���Fl-{byz��|}�©­Y|}�#�ªy�x�ß´à0� yz�*�PÓ${>¸1gihFlm�Q�ª�d|}�z�ªyzh�k
xzy*�Q�zy�xÞ²Awo��|}��yz�ª���o�Q�ª�FyzhFlq��|}�>��{��Q��{-|}���Fl-{byz��|}�Fx0�ª�Ay�|8yzhFlq��|}�>��{��Q��y�|}��|}��|}�>w1�Fxz�ª����yzhFl�p8ua�0Ê
âã�¦��|}��yz�ª���¥�Q�ª�d|}�z�ªyzh�kVé��Q�F�¼²Aw¼�}x�xz�ª�>���ª���

Zmin

ß´à0�¦y��*�PÓ${8y�|ml��}{*hM{-|}���Fl-{byz��|}�¹¸WgihFlb�¹é
yzhFl~�Q�ª�d|}�z�ªyzh�kt®dlb�z�Ï¶�l-x#�Ï­WyzhFl~��®>�Q�ª�K�Q²���lo²��Q�F��³q���Iyzh�­Y|}�#l��}{*h���|}�>��{��Q���ª�ª��ÑM��x]�K�Q�z�dlb�8yzh��Q�
yzhFl8�Q�>�>��lb�·�Qy�l-�VÊÌ�¦�Q���áßiàÞ�§yz�*�PÓ${���|å³q�ª���m|}�á�ªy�¸�âÆ­[yzh���xiy�l-xzyi��xi���}x�x�l-�Té��Q�ª�TyzhFl#xz�ª���>��l
hF|}�M��|}�>��{��Q�Ì{-|}���Fl-{byz��|}�Fx]³q�ª�ª���dlby#�}x�k%�F{*h��}x�yzhFlbwV{��Q�¹é��±¸èl}¸��1­Ë���zyzhFlb�#�Qkm|}���Ay#|Q­ÞßiàÞ�
²��Q�F�I³q���IyzhMl��A���Q�¹y�|1yzhFl8��lbk$�Q�ª���ª���¥��®>�Q�ª�K�Q²���l�{��Q���}{b�ªy«w·¸

gih�lmx�l-{-|}�F��­±�Q�ª�z�Fl-x�x8��|}�ª��{bw·é
��î��
�M÷ªþ¹é¹��x8�ªk~����lbkmlb�Ay�l-�Ð²Aw©�á³i�Qy�lb�ë°Y¶F�ª�ª�ª���My«wA��l$�Q�Ï°
�d|}�z�ªyzh�k �}x�­Ë|}�ª��|å³�xå¸�gihFl1�Q�ª�d|}�z�ªyzh�k4xzy*�Q�zy�x�²Aw¼��|}��yz�ª���¼�Q�ª��yzhFlä��|}�>��{��Q�Ì{-|}���Fl-{byz��|}�Fx#�ª�Ay�|
yzhFlá�ª|}�>��{��Q��y�|}��|}��|}�>w<�Fxz�ª���©yzhFlVp8ua�ÞÊ â«� ��|}��yz�ª���Ð�Q�ª�d|}�z�ªyzh�kVé´�Q�F�¤²Aw¬�}x�xz�ª�>���ª��� ��lb��|
ßiàÞ� yz�*�PÓ${1y�|¼l��}{*h©{-|}���Fl-{byz��|}�¹¸1gihFlb�©yzhFl~�Qkm|}���Ay�|Q­iß´à0� yz�*�PÓ${m�Q�ª��|A{��Qy�l-��y�|¼l��}{*h
{-|}���Fl-{byz��|}�m��xÌ�ª�F{b��l��}x�l-�1�ª�~l��A���Q�I�ª�F{b��lbkmlb�Ay�xÞ���Ayz�ª������|}�>��{��Q���ª�ª��Ñä�dlby�xÞx*�Qyz���*�Qy�l-�T¸Ì�qy6yzh���x
��|}�ª�Ay�é>yzhFlißiàÞ�©²��Q�F�I³q���Iyzh$�Q�ª��|A{��Qy�l-�~y�|#�Q�ª�I��|}�>��{��Q�F{-|}���Fl-{byz��|}�FxÞx�h��Q�z�ª���#yzh���x6²�|}y�yz��lH��lb{*Ñ
��xi­Ë��| ��lb�ÐÉY�Qy��Q�Vl��A���Q�T��lb®dlb�T­Ë|}���Q�ª�[|Q­6yzhFlbk�ÍH¸Þ���ª�TyzhFl8|}yzh�lH��{-|}���Fl-{byz��|}�Fxåé�³�h���{*hÎ��|1�F|}y
xzh��Q��l�yzh���x´²�|}yzyz��lb�Fl-{*Ñ!é�{��Q�áxzyz�ª�ª����l-{-lb�ª®·l#�}���I�ªyz��|}���Q�¹ß´à0�¤yz�*�PÓ${>éa³q�ªyzhF|}��yi�ªk~���}{byz�ª���~yzhFl
²��Q�F�I³q���Iyzhá�Q�ª��|A{��Qy�l-�$y�|�yzhFli­Ë��| ��lb��{-|}���Fl-{byz��|}�Fx�¸ £ lqyzhFlb�$����|A{-l-l-�my�|��ª�F{b��l��}x�l��ª�$l��A���Q�
�ª�F{b��lbkmlb�Ay�xqyzhFl�²��Q�F�I³q���Iyzh¼y�|1�Q�ª�!��lbk$�Q�ª���ª���~���I­ ��| ��lb�¼{-|}���Fl-{byz��|}�FxåéI���Ayz�ª�¹�ä�Flb³B��|}�>��{��Q�
�ª�ª��Ñá²�l-{-|}kml-x#�~²�|}yzyz��lb�Fl-{*ÑÐÉ �±¸èl>¸ªé�x*�Qyz���*�Qy�l-��ÍH¸qgihFl�²��Q�F�I³q���Iyzh��}x*xz�ª�>�Fl-�Vy�|${-|}���Fl-{byz��|}�Fx
yz�*��®·lb��xz�ª���Îyzh�lm�Flb³ ²�|}yzyz��lb�Fl-{*Ñ<�Q��lm�F|å³�­Ë��| ��lb�¹¸ágqhFl��Q�ª�d|}�z�ªyzh�kØ��lb��l��Qy�x%���Ayz�ª�i�Q�ª�0yzhFl
��|}�>��{��Q�F{-|}���Fl-{byz��|}�Fx0�Q��l0­Ë��| ��lb�¹¸6�qy6yzh���x6��|}�ª�Ay�yzhFlW²��Q�F�I³q���Iyzh$|Q­�l��}{*h1��|}�>��{��Q��{-|}���Fl-{byz��|}�
��x���lby�lb�zk~�ª�Fl-�Î²Aw��ªy�x�|å³q�V²�|}yzyz��lb�Fl-{*Ñ�¸

£ lm¶�æºyzh�l�xz�
��l�|Q­�yzhFl 

� #H½<¾ �KÚbÄÞy�|M²�l 
a¸Mgih���x%�A��ko²�lH�1³i�}xo{*hF|>x�lb�¬²��}x�l-�<����|}�
|}���VlHæa��lb�z��lb�F{-l©�z�������ª����xz�ªk%���K�Qyz��|}�Fx¼­Ë|}�¼�I�Ï¯Tlb��lb�Ay¼Ña�ª�F��x¼|Q­%�Flby«³´|}�zÑBy�|}��|}��|}�>��l-xM�Q�F�
ÊÌ� yz�*�PÓ${ák$�Qyz�z��{-l-x�¸ÐgihFláx�l��Q��{*h��ª���©����|A{-l-�I����lá��x1x�y�|}����l-�¬³qhFlb�¦�M�>�ª®·lH�¤�A��ko²�lH�m|Q­
�ªy�lb�*�Qyz��|}�Fx���xq��l��}{*hFl-�T¸WgihFl8�A��k%²�lb��|Q­6�ªy�lb�*�Qyz��|}�Fx�xzh�|}�����¼²�l8{*hF|>x*lb�V��lb�K�Qyz�ª®dl�y�|1yzhFl�xz�
��l
|Q­ÞyzhFlä�Flby«³´|}�zÑÎ�Q�F�Îy�|¥�}{*h���lb®·lo�~�d|A|A�Îyz�*�}��lH°Æ|Q¯Ð²�lby«³´l-lb��{-|}k~����y*�Qyz��|}���Q�Ìyz�ªkmlä�Fl-l-��l-�
�Q�F�ºyzhFl �·���Q�ª�ªy«w¦ÉË�I��xzy
�Q�F{-l~­ ��|}k yzhFl$|}��yz�ªk$�Q�Wx*|}�Ï�Fyz��|}��Í8|Q­iyzhFl$x�|}�ª��yz��|}�Fxä��l��}{*hFl-�T¸ £ l
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x�lbyÞyzh���x����Q�*�Qkmlby�lb�Wy�|
1500

­Y|}��yzhFlqkml-�I�ª��k1°Æxz�
��l-�m�Flby«³i|}�zÑ~�Q�F�
5000

­Y|}��yzhFlq�K�Q�z�dlH°Æxz�
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�Flby«³´|}�zÑ!¸
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£ lV�F|å³ �I��x*{b�Fx�x$yzhFlM{-|}k~����lHæI�ªy«w�|Q­�yzhFlÎ����|}��|>x�l-��hFlb���z��xzyz��{-x�¸�Ê6�ª��xzy�³´lÎ��|A|}Ñ��Qy�yzhFl
ßiàÞ�¤�Q�ª��|·{��Qyz��|}�¼�Q�ª�d|}�z�ªyzh�k5yzh��QyW�I��xzyz�z�ª²���y�l-x0yzhFl�lHæ�{bl-x*x�²��Q���I³q���Iyzh�y�|�ßiàÞ�¬{-|}���Fl-{byz��|}�Fx
�}{-{-|}���I�ª���¼y�|á�$k$�Pæa°±k~�ª�µ­Y�Q�ª�#x�yz�*�Qy�lb�>wd¸ �¹lby

H
²�l%yzhFlo�A��k%²�lb�8|Q­0��|}�>��{��Q��{-|}���Fl-{byz��|}�Fxåé

M
yzhFl1�A��k%²�lb�8|Q­W��hAwIxz��{��Q�6¶F²�lb��x��Q�F�

C
yzhFlb�ª�8{��Q���}{b�ªy«w·¸äÊ�|}�8l��}{*h���|}�>��{��Q�Þ{-|}���Fl-{byz��|}�

O(H)
éI�ªy�x�ßiàÞ����|d�}�¼��x�xz�F{-{-l-x*xz�ª®dlb�ªw¥�ª�F{b��l��}x�l-�¼²Awá|}�Fl8�����ªy�|}�M�Q�ª�¹yzhFl]¶F²�lb��x�²�lb��|}���>�ª���

y�|<�ªy�x¥���Qyzh É
O(M)

Ím���Ayz�ª�#l��}{*hB¶F²�lb�¥h��}x¥��l��}{*hFl-�×{��Q���}{b�ªy«w
O(C)

¸ gih���x¼�Q�ª�d|}�z�ªyzh�k
h��}x�{-|}k~����lHæa�ªy«w

O(HMC)
x��ª�F{-l8�Qyqkm|>xzy

O(C)
�ªy�lb�*�Qyz��|}�Fx��Q��l8lHæIl-{b��y�l-�Té�³qh��ª��l��Qy�l��}{*h

�ªy�lb�*�Qyz��|}�M�Qyikm|>x�y
O(HM)

|}��lb�*�Qyz��|}�Fx��Q��l]��l��A���ª��l-�T¸ £ l]�F|å³B­Y|A{b�Fxq|}�áyzh�l#{-|}k~����lHæI�ªy«w
|Q­�g6�Q²��§ual��Q��{*h§�Q�ª�d|}�z�ªyzh�kV¸ �¹lby

T
²�l$yzhFlmk$�PæI�ªk%��k �A��k%²�lb�1|Q­q®a��xz�ªy�l-�<x�|}�ª��yz��|}�Fx%�ª�

l��}{*h¦�Flb�ª�>hA²�|}�zhF|A|A�T¸�Ê�|}�ml��}{*h¦|Q­#yzhFlbkVé0³´l¼h���®dláy�|���|}�Fy�láyzhFlá¶�æIl-�¦Ê6��yz�*�PÓ${Î�Q�F�
®·lb�z�Ï­ w¤yzhFlM�}�Ik~��x�xz�ª²��ª�ª�ªy«w¦|Q­8yzhFlÎx*|}�ª��yz��|}�¹¸×âÆ­#yzhFlÎx�|}�ª��yz��|}����x��}�Ik~��x*xz�ª²���l>éi³´lV�z����yzhFl
ßiàÞ�B�Q�Ï��|A{��Qyz��|}���Q�ª�d|}�z�ªyzh�kV¸0gihFl#¶F��xzy�x�y�lb�¼��l��·�F�Ï�*lbx

O(HM)
|}��lb�*�Qyz��|}�Fx�xz�ª�F{-l#­Ë|}��l��}{*h

��|}�>��{��Q�q{-|}���Fl-{byz��|}��É
O(H)

Í�³´l�h���®dl�y�|M�*|}��y�l��ªy�x1ÊÌ� ��|å³&|}�¬²�|}yzh¤yzhFl�³´|}�zÑa�ª���º�Q�F�
²��}{*Ña���©���QyzhFxåé[�Q�F�©yzhFl1k$�PæI�ªk%��kt��lb���>yzhÐ|Q­il��}{*hº���Qyzh©�ª�ºyzhFl1³´|}��xzy�{��}x*l1��x8l��A���Q��y�|
O(M)

¸�gihFlb�VyzhFl8{-|}k~����lHæa�ªy«wáy�|~lb®}�Q�ª���Qy�l�l��}{*hV�Flb�ª�>hA²�|}�zhF|A|A�V��x�l��·���Q�Ty�|
O(T (HM +

HMC))
y�h��Qy$��x$������lb��²�|}���F��l-��²Aw

O(THMC)
¸×âÆ­

I
��x$yzhFlV�A��k%²�lb�¥|Q­8�ªy�lb�*�Qyz��|}�Fx

²�lH­Y|}��l$xzy�|}�����ª���ÎyzhFl��Q�ª�d|}�z�ªyzh�kVé6yzhFl${b|}k~�F�ªlHæI�ªy«wº|Q­iyzhFlm����|}��|>x�l-�ÐyzhFl~���*|}��|>x�l-�Ðg�u���x
l��A���Q�iy�|

O(ITHMC)
¸ £ hFlb�¤³´l��*�Q�§|}���1hFlb���z��xzy��ª{-xm|}�¦�µ�>�>�µr � �¥�ª�ª�A�Iæ¬k$�}{*h��ª�Fl

³q�ªyzhºy«³´|¼����|A{-l-x*x�|}��x�é¹yzhFl~�z�������ª���Îyz�ªkml~³q�}xä�Q������|�æI�ªk$�Qy�lb�ªw§Ô��ák~�ª�A��y�l-x�­Ë|}��yzhFl~�K�Q�z�dl
�Flby«³´|}�zÑ¼��l-x�{b�z�ª²�l-�V�ª�Mual-{byz��|}�µ�I¸

� ��	������×"o������
����T+ä��
��%	
(*�%24�i� ��+ä��9 . 	*�
�����

â«�¬yzh���x1x*l-{Hy��ª|}�§³´l�����l-x*lb�Aym�Mx�{*hFl-�I����lb�~yzh��Qy1��x~�Q²���l¥y�|��I�Ï¯Tlb��lb�Ayz�K�Qy�láyzhFl¥y«³´|�x�lb�z®A��{-l
{b�K�}x�x�l-xo�ª�¤yzhFl¥lb®·lb�Ay1|Q­]�V­±�Q�ª�ª����l¼�QyoyzhFlá|}��yz��{��Q�i�K��w·lb��¸©gihFl¥x�{*h�lb������lH�~��x1��lb����{by�l-�¬�ª�
Ê6�ª�>����lä�I¸0gihFl8k$�Q�ª�M�}�I®>�Q�Ay*�Q�dlä|Q­Ìyzh���x�x�{*hFl-�I����lb����xqyzh��Qy��ªy�yz��l��Qy�x�yzhFl8���}{*Ñ·lby�x�|Q­Ì²�|}yzh
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At 500s the bandwidth drops from 10Mbps to 5Mbps
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N1 N3

N2 N4

fiber: (16w,200Mbps) fiber: (16w,50Mbps)

logical link: (150Mbps)fiber: (16w,120Mbps)
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�å�Qyz��|}�
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��yz�ª�ª�
�å�Qyz��|}�¹¸ £ l0��|}�ª�Ay6|}��y�y�h��Qy�³q�ªyzhF|}��yÌßiàÞ�µyz�*�PÓ${>é}yzhFl´��®·lb�*�Q�dl0��|}�>��{��Q�a�ª�ª��Ñ8�Fyz�ª�Ï�
�å�Qyz��|}�
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�Q���dl��Qyá³qh���{*h {��Q�z�z��lb��xá��|d�}�ByzhFlb�ª�
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y«³´|Q°Æx�lb�z®a��{-l]����|}��|>x
�Q�!�ª�F�I��{��Qy�l-xqyzh��Qyq{��Q�z�z��lb��xq{-|}�����¥�z�F�¥yzh�lH�ª�q�Flby«³´|}�zÑax��Qyik%�F{*háh��ª�>hFlb�
��|d�}�¼��lb®·lb��xäÉËl>¸ �F¸ªé�²�lby«³´l-lb�Î�·�P°«�>��� |}�M��®·lb�*�Q�dlåÍ � � Ä��aÃ>½aÄT�Ïk~���}{Hy��Ï�F�$y�|A�F��w�çèx�{b�ª��lb�Ay�x�³qhF|
l-x�x*lH�ayz�K�Q�ª�Ïwá�Fx�l��Q�ÎÊÌ�¦x*lb�z®A��{-l>¸
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â«�áyzh���xqx���²Fx�l-{byz��|}�¼³´l8{-|}k~���Q��l8yzhFl#��lb�ë­Ë|}�zk$�Q��{blä|Q­6|}���qhFlb���z��x�yz��{��Q�ª�d|}�z�ªyzh�k y�|1yzh��Qy�|Q­
|}����|}��yz�ªk$�Q�6â"�[��x�|}�ª��yz��|}�¬É �>�ª®·lb�Î�ª�VyzhFlä������lb�F�I�ÏæFÍb¸´g�|$��|~yzhF�ªx�|å®·lb���~k%���ªyz�ª���ª��{b�ÏyãwV|Q­
{��}x�l-x�éd³´l´¶F��xzy0lHæ��Qk~�ª�Fl-�$�>�8�I�Ï¯TlH�*lH�ay0Ê6�ºyz�*�PÓ${qk$�Qyz�z��{-l-x�éAl��}{*h$|Q­�³qh���{*hm³i�}xÞ�dlb�Flb�*�Qy�l-�
�Fxz�ª���¼�$�����Ï­Y|}�zk4�I��xzyz�z�ª²���yz��|}�¹¸8gihFlb��³´l%�dlb�Flb�*�Qy�l-�©�Q�F|}yzhFlb���>�$yz�*�PÓ${ok$�Qyz�z��{-l-x#³qhF|>x�l
lb�Ayz�z��l-x%³qhFlb��l��I�*��³q�Ð­ ��|}k �¼�Flb�·�Qyz�ª®·l�lHæa��|}�Flb�Ayz�K�Q�i�I��xzyz�z�ª²���yz��|}�¹¸Vßi|}yzhÐyz�*�PÓ${$k$�Qyz�z�Ïæ
y«wa��l-x��Fx�l-�m�Q����®·lb�*�Q�dl�|Q­T�>�8rÎ²��Fx�¸Ì���·�Q�ª�$l��}{*h$Ê6�ºyz�*�PÓ${�k$�Qyz�z�Ïæ1��xÞx�{��Q��l-�~���$�}xÞk%�F{*h
�}x���|>x�xz�ª²���l����Ayz�ª�6x�|}kmläÊ6��yz�*�PÓ${%{-|}���Fl-{byz��|}�Fx���l��}{*hMyzhFlb�ª���ª�ªk~�ªy�é��Q�F�Î³´|}�����V�F|m��|}���dlb�
²�l8����|}y�l-{by�l-�Î|}�M�áÔ>ÕªÔ8²��}xz��xq�Ï­Ì³´l#³´|}�����Î{-|}�Ayz�ª�A�Fl�y�|1�ª�F{b��l��}x�l�yzhFlb�ª���Q�ª��|A{��Qy�l-�V�*�Qy�l>¸

��l-xz���ªy�x�­ ��|}k yzh���x]{-|}k~���Q�z��x�|}���Q��lä�>�ª®·lb�Î�ª�MÊ6�ª�F¸��I¸qgihFlä�F|}y*�Qyz��|}�
MD − BEP (..)��lH­Ylb��xqy�|1yzhFlä�Qkm|}���Ay�|Q­�ßiàÞ�¦yz�*�PÓ${�{��Q�z���ªl-�V�ª�¼yzhFl�x�|}�ª��yz��|}�¼­Y|}���F�á²Awá|}����â"�¹�¦km|A��lb�±é

³qh��ª��lqyzhFlq�F|}y*�Qyz��|}�
TS−BEP (..)

��lH­Ylb��x�y�|8yzhFl��Qkm|}���AyW|Q­Tß´àÞ�<{��Q�z�z��l-�m�ª�~yzhFl�x�|}�ª��yz��|}�
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Ê6�ª�>����lW�IÕ[n´|}k~���Q�z��x*|}�ä²�lby«³´l-lb�%rµ|A��lb�A�Q�F��g6�Q²��1ual��Q��{*h¹¸6g[³´|��I�Ï¯Tlb��lb�Ay¹yz�*�PÓ${Þk$�Qyz�z��{-l-x
�Q��lá�Q���Q�ªw ��l-�Té�yzhFl$¶F��xzy%³q�ªyzh¤�ªy�xolb�Ayz�z��l-xo�����Ï­Y|}�zk~�ªw<�I��xzyz�z�ª²���y�l-�Té0�Q�F�<yzhFl¥x*l-{-|}�F�<³q�ªyzh
lb�Ayz�z��l-xq­Y|}�ª��|å³q�ª�����1�Flb�·�Qyz�ª®dlälHæa��|}�Flb�Ayz�K�Q���I��xzy��z�ª²���yz��|}�¹¸ � |o­±�Q�ª�z�Fl-x�xq��|}�ª��{b��l-x�¸

­Y|}���F�Î²Aw¼|}���]g6�Q²F�©ual��Q��{*hMhFlb�����ªx�yz��{o�Q�ª�d|}�z�ªyzh�kV¸�â«�ÎyzhFl-x�l�¶F�>����l-x�³´lä����|}y�yzhFl%ÊÌ�×�Q�F�
ßiàÞ�§��|d�}��x�x�lb���Q�*�Qy�lb�ªw·¸ £ l#{��Q�Vx�l-l�­Y|}�iyzh��Qy��Q�ª�T®}�Q�ª�Fl-x�|Q­

W
�Q�F�¥­Ë|}�i²�|}yzh¼y«wa��l-xq|Q­6ÊÌ�

yz�*�PÓ${�k$�Qyz�z��{-l-x#É �����Ï­Y|}�zk �Q�F�m�Flb�·�Qyz�ª®·l�lHæa��|}�Flb�Ayz�K�Q�fÍHéayzhFl���lb�ë­Y|}�zk$�Q�F{-l]|Q­TyzhFl�hFlb���z��xzyz��{
�Q�F�¬yzhFl¥km|A��lb���Q��l¥®dlb�zw<{b��|>x�l>¸©Ê�|}�

W = 0
yzhFl��·�Q�¤²�lby«³´l-lb�§yzhFlág�uºhFlb���z��xzyz��{V�Q�F�

yzhFläâ �¹��km|A��lb����x���l-x�x�yzh��Q� ���¥é�³qh��ª��l�­Y|}�
W = 1

yzhFl��·�Q�Î��x���l-x�x�yzh��Q�µ�I¸ ���¥éF­Y|}��²�|}yzh
�I��xzyz�z�ª²���yz��|}�Fxå¸

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

£ lm�F|å³ lHæ��Qk~�ª�Fl�hF|å³5yzhFl$����lb®a��|}�Fx%��l-xz���ªy�xolHæIy�lb�F�Ðy�|µ�V�K�Q�z�dlH°Æxz�
��l��Flby«³´|}�zÑ!é�xz�F{*h¤�}x
yzhFl8ua���z�ª�Ay´²��}{*Ña²�|}�Fl>¸ÞÊ6�ª�F¸�Ô��o�Q�F� �%�I��xz���K��w$yzhFl�y«³´|1xz�ªk~���ª�Ï¶�l-�¥®·lb��xz��|}�Fxi|Q­[yzhFl £×Ö r
�Q�F�Îâã�¦�K��w·lb��x��}{byz���Q�ª�ªw¼�Fx�l-�V�ª�ÎyzhFl%uA���z�ª�Ay]ßq�}{*ÑA²�|}�Fl>¸igihFl £BÖ r �K��wdlb��{-|}�Fxz��xzy�x�|Q­ �>�
p��]n��Q�F�µ�>� £×Ö rØ¶F²�lb��xåé�³qh��ª��l�Ô��$�Ì|>�Þx8�Q�F� �>�m��|}�>��{��Q�6�ª�ª��ÑIx]�Q��l%����l-x�lb�Ay#�Qy�yzhFloâ«�
�K��w·lb��¸0gih���l-lä�I�Ï¯!lb��lb�Ay £×Ö r xzwIxzy�lbkmx��Q��l8�Fx*l-�Té�³qh���{*hÎ³´l�{��Q�ª�
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Ê6�ª�>����láÔ>Ô>Õ �¹|d�}�©�Q�F�µ��yz�ª�ª�
�å�Qyz��|}�º��lb�ë­Ë|}�zk$�Q�F{-l~|}�ÐuA���z�ª�Ay#²��}{*Ña²�|}�Fl%­Y|}�8�$�����Ï­Y|}�zk ÊÌ�
yz�*�PÓ${�k$�Qyz�z�Ïæ!¸

����� ��� �  �� � ¡ 
 � ��
�.f���
£ l��*�Q�§|}���~g6�Q²���ual��Q��{*h§hFlb���z��xzyz��{¥­Ë|}�oyzhFlVuA���z�ª�Ay~²��}{*Ña²�|}�Fl¥�Fxz�ª���§Ô��Myz�*�PÓ${¥k$�Qyz�z�Ï°
{-l-xm�*�Q�F��|}k~�ªw§�dlb�Flb�*�Qy�l-�¦­Ë��|}k �������Ï­Y|}�zk �I��xzyz�z�ª²���yz��|}��²�lby«³´l-lb�

0
�Q�F�

100
rÎ²��Fx��}x

��l-x�{b�z�ª²�l-�M����lb®A��|}�Fxz�ªw·¸�p�����y«³´|mkmlbyz�z��{-x]|Q­Þ��|d�}�V��lb®·lb��x�{��Q�z�z��l-�µ�Q�F�Î��|}�>��{��Q���ª�ª��Ñ¼��yz�ª�ª�
�å�P°
yz��|}�©�Q��l%xzhF|å³q�µ�ª�µÊ6�ª�F¸�Ô>Ô>¸�gihFl%�dlb�Flb�*�Q�6��l-xz���ªy�x#�Q��loxz�ªk~�ª�K�Q�]y�|$yzhF|>x�l%|}²�y*�Q�ª�Fl-�M­Ë|}��yzhFl
kml-�I�ª��k1°Æxz�
��l-�Î�Flby«³´|}�zÑ�¸

Ê�|}�´�Q�ª�F®>�Q�ª�Fl-x0|Q­
W
édyzhFl��Qkm|}���Ay´|Q­TßiàÞ�<yz�*�PÓ${�{��Q�z�z��l-���I���z�ª���ä�F|8­±�Q�ª�Ï�F��l�x*{-lb���Q�z��|>x

�*�Q���dl-x8­ ��|}k �>�¥y�|V�>� �]²F�Fx�¸ogih���x�{-|}�z��l-x���|}�F��x�y�|V�Q�©�ª�F{b��l��}x�l~�ª��y�hFl~{��Q�z�z��l-�©��|d�}�©|Q­
�m­Y�}{by�|}�#|Q­
�$y�|µÔ��IéT�}x]{-|}k~���Q��l-�µy�|á�$�Flby«³´|}�zÑM{��Q�z�zwa�Ï�F�áÊÌ� �Q��|}�Fl>¸#â«�MyzhFlolb®·lb�Ay#|Q­W�
­±�Q�ª�ª����l>éTyzhFl~��®·lb�*�Q�dl~�Qkm|}���Ayä|Q­´ßiàÞ� ��|>xzy#�*�Q���dl-x#­ �*|}k �>��y�|¼�>���¥¸%à�®·lb���ª�©yzhFlokm|>xzy
{-|}�Fx�lb�z®>�Qyz�ª®·lm{��}x�lÎÉ

W = 1
ÍHé[³´lm{��Q�<xz������|}�zyo�¼ß´à0�)x�lb�z®a��{-lm{��Q�z�zwA�ª���µ�Q������|�æI�ªk$�Qy�lb�ªw

�>�	�]²��Fx�|Q­6y��*�PÓ${>é��Q�F�VyzhFl8��lH�z­Ë|}�zk$�Q�F{-lä��lb�>�*�}�F�Qy��ª|}�µx��I¯!lb��l-�¼²AwáßiàÞ���I���z�ª���~­±�Q�ª�ª����l
lb®·lb�Ay�xi��x��Q������|åæa�ªk$�Qy�lb�ªwáyzhFl]��|>x*xq|Q­´Ô	� �1|Q­6�ªy�xiyz�*�PÓ${>¸Þâ«�áyzh���x�{��}x�l>éIyzhFl8�å®dlb�*�Q�dl#��|}�>��{��Q�
�ª�ª��Ñ©��yz�ª�ª�
�å�Qyz��|}�¬��xo�Q��|}���F� 
}���t�I���z�ª���M�F|}�zk$�Q�i|}��lb�*�Qyz��|}�§�Q�F�<�I��|}�Fx%y�|V��|}���>h��ªwº�·���
�I���z�ª���m­Y�Q�ª�ª����l8km|A��l-x�¸

����� ��� � ���6 �¡>� ' � � � � �  �� ��� � ��� � ' . � ¡ � � �
£ l��F|å³�lHæF�Qk~�ª�Fl�yzhFl��I�Ï¯!lb��lb�F{-l��ª�$y�lb�zkmx´|Q­¹ßiàÞ�<�Flby«³´|}�zÑm��|d�}��{��Q�z�z��l-�$²Aw~l��}{*h���|}�>��{��Q�
{-|}���Fl-{byz��|}�µ³qhFlb�MyzhFl�y«³´|m­Y�Q�ª�z�Fl-x*x���|}�ª��{b��l-x#�Q��lä�ªk~����lbkmlb�Ay�l-�T¸]p��MyzhFl�y�|}���Q�F�Vk~�����I��l
|Q­�Ê6�ª�F¸´Ô��Î³´l¥xzhF|å³�yzhFl¥ß´à0� ²��Q�F��³q���Iyzh¤�ª�¤rM²��FxáÉ wA°«�Pæa��x
Í%�}x�xz�ª�>�Fl-�<y�|µl��}{*h¬��|}�>��{��Q�
{-|}���Fl-{byz��|}��ÉfæA°«�PæI��x
Í�²AwÎ�Fxz�ª���á��l-xz��l-{byz�ª®·lb�ªwÎyzh�l �M÷ªþ
	)��|}�ª��{bwµ�Q�F�µyzhFl �©î��
�Î÷ªþµ��|}�ª��{bw·¸
gihFl�²�|}yzy�|}k |Q­[Ê��ª�F¸�Ô��äxzhF|å³�xWyzhFl�{b��k%���K�Qyz�ª®dl]�I��xzyz�z�ª²���yz��|}�¼|Q­TyzhFl�y«³´|�­±�Q�ª�z�Fl-x�x0��|}�ª��{b��l-x�é
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�±¸èl>¸ÌyzhFl�­ �*�}{byz��|}�á|Q­¹��|}�>��{��Q�T{-|}���Fl-{byz��|}�Fx8ÉËw·°«�PæI��x
Í�³q�ªyzhá�Q�¼�}x�xz�ª�>�Fl-��²��Q�F�I³q���Iyzhá��l-x�xWyzh��Q�
|}��l��A���Q�[y�|��mxz��l-{b�Ï¶�{ä®}�Q�ª�Fl�Éfæa°«�Pæa��xHÍH¸´gihFl%{��}x�läxzhF|å³q�Î��x�­Ë|}�

W = 0.7
�Q�F�

Zmin = 25rM²��Fx�¸
Ê6�ª��xzyåé0�F|}y�láy�h��Qy~yzhFl¼k~�ª���ªk%��k ßiàÞ��²��Q�F�I³q���IyzhB�}x*xz�ª�>�Fl-�¤y�|ºl��}{*h¦{-|}����lb{byz��|}����x

�>��l��Qy�lb�Îyzh��Q��|}�Vl��A���Q�8y�|
Zmin = 25
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Zmin = 25
rM²��Fx�¸
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no failure scenario, 17 failure scenarios, 13 logical links
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Failure scenario (0-17)
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Throughput in no failure mode (Mbps)

FP Poisson traffic between each pair of routers
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Throughput in no failure mode (Mbps)

BEP Poisson traffic between each pair of routers
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Failure scenario (0-17)

Aggregate FP traffic on logical links
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Failure scenario (0-17)

R3-R8
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∑
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³´|}�zÑa�ª���$���QyzhM|}��|}�ÎyzhFl�²��}{*ÑA���M���QyzhÎ²���y�{��Q���F|}y�²�läxz���ª�ªy�²�lby«³´l-lb�MyzhFlbkV¸igih���x���x�yzhFl
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y�|m��l-x*{b�z�ª²�l�yzhFläÊÌ��yz�*�PÓ${ä��l-�I�ª��l-{byz��|}���Q�F�

yzhFl#®>�Q�z�K�Q²���l-x
σst

ij (m,n) ∈ {0, 1}
é
δst
ij (m,n) ∈ {0, 1}

�Q�F�
τ st
ij (m,n) ≥ 0

y�|~��l-x�{b�z�ª²�l#yzh�l
���QyzhFx0|}�m³qh���{*h$yzhFl�ßiàÞ�Ðyz�*�PÓ${���x0x�lb�AyÞy�|ä�Q�F�~�ªy�xW�Qkm|}���Ay�¸ £ hFlb���]­±�Q���ªy0|A{-{H�F��xÞ�ª�myzhFl
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δst
ij (m,n)
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F
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∑
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����fÂ����

βst
ij (BEP ) ≤ Bbst

ij ∀(i, j) ∈ E0, ∀(s, t) ∈ E1 ÉëÔ��dÍ
³qh�lH�*l

B
��x~�Î�K�Q�z�dl¥�A��k%²�lb�m{*hF|>x�lb�§x�|Myzh��Qy1�ªyo��xo�K�Q�z�dlb�1yzh��Q�

αst
ij(BEP )

­Y|}�~�Q�Aw
(i, j) ∈ E0 �Q�F�Î�Q�Aw (s, t) ∈ E1 ¸�Ê�|}��lHæ��Qk~����l>éF³´l8{��Q�Vy*�QÑ·l

B = max
(i,j)∈E0,i<j

{

cf
ij

}

.
ÉëÔ>ÔåÍ

��lb�K�Qyz��|}�¬É��dÍW­Y|}��{-l-x
αst

ij(BEP )
y�|~²�läl��·���Q�[y�|

0
�Ï­

wst
ij = 0

é�yzh��Qy���x�é��Ï­ÌyzhFl�³´|}�zÑa�Ï�F�
���Qyzh�x�lb��l-{by�l-�Î­Y|}��y�hFlä��|}�>��{��Q�6�ª�ª��Ñ

(s, t)
��|Al-x]�F|}y]{b��|>x�x]|å®·lb��¶F²�lb�

(i, j)
¸]p��My�hFl%|}yzhFlb�

h��Q�F�TéA�Ï­
wst

ij = 1
é·yzhFlb�$��lb�K�Qyz��|}�Fx#É��dÍ���|��F|}yW�ªk~��|>x�l��Q�Aw1��l-x�yz�z��{byz��|}�¥|}�

αst
ij(BEP )

¸ÌgihFl
x*�QkmlähF|}����x�­Y|}����lb�K�Qyz��|}�§ÉëÔ��dÍH¸�gihFl%x
�Qkml��A��k%²�lb�

B
³q�ª�ª��²�lä�Fx�l-�Î�K�Qy�lb�]|}�Î­Ë|}�]x�lb®dlb�*�Q�

��lb�K�Qyz��|}�Fx�¸
•
gihFl8­Ë|}�ª��|å³q�ª����y«³´|$l��·���Qyz��|}�Fx���lby�lb�zk~�ª�Fl%³qh���{*hM|Q­�yzhFl8y«³´|m��hAwIxz��{��Q�[���QyzhFx�³q�ª�ª��{��Q�z�zw

yzhFl�ßiàÞ��yz�*�PÓ${>¸
αst

ij(BEP ) ≤ εstcf
ij ∀(s, t) ∈ E1 ÉëÔ��dÍ

βst
ij (BEP ) ≤ (1− εst)cf

ij ∀(s, t) ∈ E1 ÉëÔ��dÍ
gih�l¥�Q²�|å®·l�l��A���Qyz��|}�Fx¼ÉëÔ��dÍ%�Q�F�×ÉëÔ��dÍä��lby�lb�zk~�ª�Fl¥³qh���{*h¤|Q­�yzhFl�y«³´|M��hAwax��ª{��Q�´���QyzhFx

³q�ª�ª�Þ{��Q�z�zwMyzhFl~ß´à0� yz�*�PÓ${>¸o��l-{��Q�ª��yzh��Qy�|}���ªwM|}��lo���QyzhÐ�Qyä��yz�ªkml1��x��Q�ª��|å³´l-��y�|¼{-�Q���zw
ßiàÞ�6¸!â±­

εst = 0
yzhFloß´à0�Byz�*�P¶�{o³q�ª�ª�6²�l%x*lb�Ay�y�|�yzhFl%²��}{*ÑA���µ���Qyzh©|}yzhFlb�z³q��x�l%�ªy]³q�ª�ª�6²�l

x�lb�Ay�y�|1yzhFl8³´|}�zÑa�ª���m���Qyzh¹¸
•
Ê6��|å³¦{-|}�Ayz�ª�A���ªy«w~{-|}�Fx�yz�*�Q�ª�Ay�x�­Y|}��yzhFlqßiàÞ�<{b�K�}x�xÞ|Q­!x*lb�z®A��{-lq{��Q�z�z��l-�m²Awo�ª|}�>��{��Q���ª�ª��Ñ

(s, t)|}�VyzhFl�x�lb��l-{by�l-�¼��hAwIxz��{��Q�T���Qy�h<É ³´|}�zÑA�ª����|}�q²��}{*Ña����Íq�Q��l>Õ
∑

j∈V :(i,j)∈E0

(αst
ij(BEP ) + βst

ij (BEP ))−

∑

j∈V :(j,i)∈E0

(αst
ji(BEP ) + βst

ji (BEP ))

=







fst
S0

(BEP )
�Ï­

i = s

−f st
S0

(BEP )
�Ï­

i = t

0
|}yzhFlb�z³q��x�l

∀i ∈ V, ∀(s, t) ∈ E1

ÉëÔb�AÍ

•
gihFl8k$�Pæa�ªk%��k �A��k%²�lb��|Q­6³i��®·lb��lb���>yzhFx�|}�Îl��}{*hV��hAwIxz��{��Q�T¶F²�lb����x�{-|}�Fxzyz�*�Q�ª�Fl-�V²Aw!Õ

∑

(s,t)∈E1

(wst
ij + wst

ji + bst
ij + bst

ji) ≤ nij ∀(i, j) ∈ E0 : i < j ÉëÔ��dÍ

LM��N�LM�
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à��·���Qyz��|}��ÉëÔ��dÍ�lb�Fxz����l-x#yzh��Qy#yzhFlo�A��k%²�lb�8|Q­W��|}�>��{��Q��{*h��Q���Flb��x8yz�*��®dlb��x��ª���¼l��}{*hµ¶F²�lb�
{��Q���F|}y�²�l#�K�Q�z�dlb��yzh��Q�VyzhFl8�A��k%²�lb��|Q­Þ��®>�Q�Ï�K�Q²���l�³i��®·lb��lb���>yzhFx�¸
•
£ l8h���®dl8yzhFl#­Ë|}�ª��|å³q�ª����{��Q���}{b�ªy«w¼{-|}�Fxzyz�*�Q�ª�Ay�xq­Ë��|}k&yzhFl8��hAwIxz��{��Q�¹�K��wdlb��Õ

fst(FP )(wst
ij + wst

ji) + αst
ij(BEP ) + αst

ji(BEP ) ≤ cf
ij

∀(i, j) ∈ E0 : i < j, ∀(s, t) ∈ E1

ÉëÔ��dÍ

fst(FP )(bst
ij + bst

ji) ≤ cf
ij

∀(i, j) ∈ E0 : i < j, ∀(s, t) ∈ E1

ÉëÔ�
>Í

βst
ij (BEP ) + βst

ji (BEP ) ≤ cf
ij

∀(i, j) ∈ E0 : i < j, ∀(s, t) ∈ E1

ÉëÔ��dÍ

��lb�K�Qyz��|}��ÉëÔ��dÍ0lb�Fxz����l-xWyzh��Qy´yzhFlb��l���x´lb�F|}���>há{��Q���}{b�ªy«w$|}��yzhFl�³´|}�zÑA�ª���o���Qyzh�y�|o{-�Q���zw
yzhFlÞÊÌ�Vyz�*�PÓ${0�Q�F��lb®·lb�Ayz���Q�ª�ªw8ß´àÞ�Ì¸���lb�K�Qyz��|}��ÉëÔ�
>Í!lb�Fxz����l-x¹yzh��Qy¹yzhFlb��l���x¹lb�F|}���>h%{��Q���}{b�ªy«w
|}�äyzhFlÞ²��}{*Ña���ä���Qyzhäy�|�����|}y�l-{by�yzhFl0ÊÌ�Îyz�
�PÓ${ ��|å³q�ª���]|}�äyzhFl0³´|}�zÑA�ª�������Qyzh¹é>�Q�F����lb�K�Qyz��|}�
ÉëÔ��dÍmlb�Fxz���*lbx�yzh��Qy�yzh�lVk$�PæI�ªk%��k �Qkm|}���Ayá|Q­�ßiàÞ��yz�*�PÓ${Mx*lb�Ay�|}��yzhFlÎ²��}{*Ña�������Qyzh
{��Q���F|}y�lHæI{-l-l-�¼yzhFl�{��Q���}{b�ªy«w¼|Q­ÌyzhFl £×Ö rØ{*h��Q���Flb�[�Fx�l-�¼�ª�¼yzhFl�{-|}�z��l-xz��|}�F�I�ª���$¶F²�lb��¸
•
ni�Q���}{b�ªy«w¼{-|}�Fxzyz�*�Q�ª�Ay�xq­Ë��|}k yzhFl#��|}�>��{��Q�[�K��w·lb��Õ

fst(FP ) + f st
S0

(BEP ) ≤ cl
st ∀(i, j) ∈ E0 : i < j

ÉëÔ��dÍ

��lb�K�Qyz��|}� ÉëÔ��dÍ�lH��xz����l-x¥yzh��Qy¥yzhFlMy�|}y*�Q���Qkm|}���Ayá|Q­äyz�*�PÓ${�{��Q�z�z��l-�B²Aw�l��}{*hB��|}�>��{��Q�
{*h��Q���Flb����x1�F|}y~�K�Q�z�dlb�myzh��Q�§�ªy�xm|å³q�¦{��Q���}{b�ªy«w¤�I��{by*�Qy�l-�§²Aw<�ªy�x~lb��l-{byz��|}����{Îxz��l-l-�§|Q­��ªy�x
�ª�Ay�lb�ë­±�}{-l>¸

� ��� � � ��� ��	�� ��� ��� ��� � � � � ������
 � � � � 
���	 � � � � � ���
�¹lby%�Fxä�F|å³��}���ºyzhFl${-|}�Fx�yz�*�Q�ª�Ay�xä­Ë|}�äyzhFlm®>�Q�z�K�Q²���l-xä��lb�K�Qy�l-�Ðy�|VyzhFl~­±�Q�ª�ª����l$xzy
�Qy�l-x

Smn

é
³qh���{*h~{-|}�z��l-x���|}�F�oyzhFlixzy*�Qy�li|Q­�yzhFl´�Flby«³´|}�zÑ1�P­Ëy�lb�6yzhFlW­Y�Q�ª�ª����li|Q­�yzhFl´��hAwaxz��{��Q�I�ª�ª��Ñ

(m,n)
¸

•
£ l�{��Q��yz����l8yzhFl�xz³q�ªy�{*h��ª����|Q­�Ê6�¦yz�*�PÓ${8­ ��|}k ³´|}�zÑA�ª���$y�|1²��}{*Ña���V���QyzhFx��}xi­Ë|}�ª��|å³�xåÕ

νst
ij (m,n) ≤ B(wst

mn + wst
nm)

∀(i, j), (m,n) ∈ E0 : m < n, ∀(s, t) ∈ E1

ÉY�>�dÍ

νst
ij (m,n) ≤ Bbst

ij

∀(i, j), (m,n) ∈ E0 : m < n, ∀(s, t) ∈ E1

ÉY�IÔåÍ

νst
ij (m,n) ≥ f st(FP )− (2− (wst

mn + wst
nm + bst

ij))B

∀(i, j) ∈ E0, ∀(m,n) ∈ E0 : m < n, ∀(s, t) ∈ E1

ÉY�>�dÍ

N�N  ��Up������
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νst
ij (m,n) ≤ f st(FP )

∀(i, j), (m,n) ∈ E0 : m < n, ∀(s, t) ∈ E1

ÉY���dÍ

∑

(s,t)∈E1,(m,n)∈E0:m<n

(νst
mn(m,n) + νst

nm(m,n)) = 0 ÉY�Q�AÍ

��lb�K�Qyz��|}�Fx�ÉY�>�dÍ[y�|1É±�Q�AÍ[��l-�I�ª��l-{Hy�yzhFliÊÌ��yz�*�PÓ${´­ ��|}k yzhFl´³´|}�zÑA�ª���#���Qy�h1y�|�yzhFl´²��}{*Ña���
���Qyzh��Ï­ÞyzhFlo³´|}�zÑA�ª���á���Qyzhµ��x]�ª�A®d|}�ª®·l-�M�ª�µyzhFlä­±�Q�ª�ª����lo|Q­0yzhFlä¶F²�lb�

(m,n)
¸]gihFlo®}�Q�z�K�Q²���l

νst
ij (m,n)

��lb����l-x�lb�Ay�x�yzhFl��Flb³ �Qkm|}���Ay]|Q­ÞÊÌ��yz�*�PÓ${ ��|å³q�ª���¥|}�ÎyzhFl�²��}{*ÑA���M���Qyzh¹Ò��ªy���x
yzhFlb��lH­Y|}��l�l��A���Q�Wy�|ÎyzhFl$y�|}y*�Q�i�Qkm|}���Ay1|Q­�ÊÌ�)yz�*�PÓ${�|}�<��|}�>��{��Q�´�ª�ª��Ñ

(s, t)
é
f st(FP )

é6�Ï­
²�|}yzh

(wst
mn + wst

nm) = 1
�Q�F�

bst
ij = 1

éF�Q�F�¼�ªyq��x
0
|}yzhFlb�z³q��x�l>¸

•
âÆ­ÞyzhFl%³´|}��ÑA�ª���á���Qyzhµ��x]�F|}y]�ª�A®·|}�ª®dl-�M�ª�µyzhFl%­Y�Q�ª�ª����l>é�yzhFlb���F|¥xz³q�ªy�{*h��ª���¼|Q­WÊÌ�Byz�*�PÓ${

­Ë��|}k&³´|}�zÑa�ª���my�|~²��}{*ÑA���V���QyzhFx���xq�Fl-l-��l-�T¸

µst
ij(m,n) ≥ f st(FP )wst

ij −B(wst
mn + wst

nm)

∀(i, j) ∈ E0, ∀(m,n) ∈ E0 : m < n, ∀(s, t) ∈ E1

ÉY�>�dÍ

µst
ij(m,n) ≤ f st(FP )wst

ij

∀(i, j), (m,n) ∈ E0 : m < n, ∀(s, t) ∈ E1

ÉY�>�dÍ

µst
ij(m,n) ≤ (1− (wst

mn + wst
nm))B

∀(i, j) ∈ E0, ∀(m,n) ∈ E0 : m < n, ∀(s, t) ∈ E1

ÉY� 
>Í

∑

(s,t)∈E1,(m,n)∈E0:m<n

(µst
mn(m,n) + µst

nm(m,n)) = 0 ÉY�>�dÍ

��lb�K�Qyz��|}�Fx1ÉY�>�dÍ�y�|�ÉY�>�dÍ�{-|}�Fx�yz�*�Q�ª�µyzhFl%ÊÌ�Byz�*�PÓ${%y�|m­Y|}�ª��|å³ yzhFlä³´|}�zÑa�ª���¥���Qyzhµ³qhFlb�
�ªyq��xq�F|}y��ª�A®d|}�ª®·l-�á�ª�¼yzhFl#­Y�Q�ª�ª����l�|Q­�¶F²�lb�

(m,n)
¸ÞgihFl#®>�Q�z�K�Q²���l-x

µst
ij(m,n)

�Q��l#­Ë|}��{-l-�¼y�|
²�lml��A���Q��y�|

fst(FP )
­Y|}�8yzhFlmx*�Qkml1¶F²�lb��x

(i, j)
�Fx*l-��²AwµyzhFl~³´|}�zÑa�ª���V���Qyzh�É

wst
ij = 1

Í
³qhFlb�VyzhFl8³´|}�zÑa�ª���m���QyzhV��xq�F|}y��ª�A®·|}�ª®dl-�¼�ª�Ay�|~yzhFl#­Y�Q�ª�ª����l

Smn

É
(wst

mn + wst
nm) = 0

ÍH¸
•
Ö lH¶F���ªyz��|}�m|Q­��Flb³¤��hawaxz��{��Q�I���QyzhFxÞ�Q�ª��|å³´l-�1y�|]x*lb�F�oßiàÞ�©yz�*�PÓ${´�ª�~{��}x�li|Q­F­±�Q�ª�ª����l>é>³qhFlb�
Ã���¾ ¿#yzhFl8²��}{*ÑA���V���QyzhÎ|Q­ÌyzhFl8��|}�>��{��Q�¹�ª�ª��Ñ¥��xq�ª�A®·|}�ª®dl-�¼�ª�VyzhFl#­Y�Q�ª�ª����l>Õ

σst
ij (m,n) ≤ bst

mn + bst
nm

∀(i, j), (m,n) ∈ E0 : m < n, ∀(s, t) ∈ E1

ÉY���dÍ

σst
ij (m,n) ≤ wst

ij

∀(i, j), (m,n) ∈ E0 : m < n, ∀(s, t) ∈ E1

É��>�dÍ

LM��N�LM�
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σst
ij (m,n) ≥ (bst

mn + bst
nm + wst

ij − 1)

∀(i, j) ∈ E0, ∀(m,n) ∈ E0 : m < n, ∀(s, t) ∈ E1

É��IÔåÍ

∑

(s,t)∈E1,(m,n)∈E0:m<n

(σst
mn(m,n) + σst

nm(m,n)) = 0 É��>�dÍ

��lb�K�Qyz��|}�FxáÉY���dÍ�y�|¬É��>�dÍ���lH¶F�Fl�yzhFl$�Flb³5�FhAwaxz��{��Q�W���QyzhFx%­Ë|}�ol��}{*h<��|}�>��{��Q�´�ª�ª��Ñ
(s, t)�Q�ª��|å³´l-�By�|¬{��Q�z�zw�ßiàÞ� yz�*�PÓ${µ³qhFlb�×|}���ªw��ªy�x�²��}{*Ña���B���Qyzhÿ�}x�x�|A{b�K�Qy�l-�B³q�ªyzh

(s, t)
��x

�ª�A®·|}�ª®dl-�µ�ª�Ay�|¥yzhFl%­±�Q�ª�ª����l
Smn

¸�gihFlb��yzhFl1ßiàÞ� yz�*�PÓ${oh��}x#y�|¥²�lox*lb�Ay#|}��yzhFlo³´|}�zÑa�ª���
���Qyzh¬�}x�x�|A{b�K�Qy�l-�º³q�ªyzh

(s, t)
¸$���ª��yzh���xä�ª�I­Ë|}�zk$�Qyz��|}�<��x�Ñdlb��yä�ª�ºyzhFl~®>�Q�z�K�Q²���l-x

σst
ij (m,n)

é
³qh���{*h¤�Q��l$l��·���Q�0y�|

1
�Ï­qyzhFlm²��}{*Ña���Ð���Qyzh<|Q­qyzhFlm��|}�>��{��Q�W�ª�ª��Ñ

(s, t)
��x��ª�A®·|}�ª®dl-�º�ª�ÐyzhFl

­±�Q�ª�ª����l0|Q­I¶F²�lb�
(m,n)

É
bst
mn+bst

nm = 1
Í¹�Q�F���Ï­��ªy�x[³´|}�zÑA�ª�������Qyzhä�Fx*l-xT¶F²�lb�

(i, j)
É
bst
ij = 1

ÍHé
�Q�F�¼y�|

0
|}yzhFlb�z³q��x�l>¸

•
Ö lH¶F���ªyz��|}�m|Q­��Flb³¤��hawaxz��{��Q�I���QyzhFxÞ�Q�ª��|å³´l-�1y�|]x*lb�F�oßiàÞ�©yz�*�PÓ${´�ª�~{��}x�li|Q­F­±�Q�ª�ª����l>é>³qhFlb�
#�Ã>Ä��%yzhFl8³´|}�zÑa�ª�����Q�F�¼²��}{*ÑA���V���QyzhFx�|Q­ÌyzhFl8��|}�>��{��Q�¹�ª�ª��Ñ¼�Q��l8�ª�A®·|}�ª®dl-�¼�ª�¼yzhFl#­±�Q�ª�ª����l>Õ

δst
ij (m,n) ≤ 1− (wst

mn + bst
mn + wst

nm + bst
nm)

∀(i, j) ∈ E0, ∀(m,n) ∈ E0 : m < n, ∀(s, t) ∈ E1

É����dÍ

δst
ij (m,n) ≤ (wst

ij + bst
ij)

∀(i, j) ∈ E0, ∀(m,n) ∈ E0 : m < n, ∀(s, t) ∈ E1

É��Q�AÍ

∑

j∈V :(i,j)∈E0

δst
ij (m,n)−

∑

j∈V :(j,i)∈E0

δst
ji(m,n) =







1− (wst
mn + bst

mn + wst
nm + bst

nm)
�Ï­

i = s
−1 + (wst

mn + bst
mn + wst

nm + bst
nm)

�Ï­
i = t

0
|}yzhFlb�z³q��x�l

∀i ∈ V, ∀(s, t) ∈ E1, ∀(m,n) ∈ E0 : m < n

É��>�dÍ

∑

(s,t)∈E1,(m,n)∈E0:m<n

(δst
mn(m,n) + δst

nm(m,n)) = 0 É��>�dÍ

��lb�K�Qyz��|}�FxáÉ����dÍ�y�|¬É��>�dÍ���lH¶F�Fl�yzhFl$�Flb³5�FhAwaxz��{��Q�W���QyzhFx%­Ë|}�ol��}{*h<��|}�>��{��Q�´�ª�ª��Ñ
(s, t)�Q�ª��|å³´l-�Îy�|${��Q�z�zw¼ßiàÞ��yz�*�PÓ${�³qhFlb�Î�Flb�ªyzhFlb���ªy�x�³´|}�zÑA�ª���$���QyzhÎ�F|}���ªy�x�²��}{*Ña���Î���Qyzhµ�Q��l

�ª�A®·|}�ª®dl-�Î�ª�Ay�|$yzhFl�­±�Q�ª�Ï�F��lä|Q­�¶F²�lb�
(m,n)

¸qgihFlb�MyzhFl%ßiàÞ�Byz�*�PÓ${%{��Q�M²�l%x�lb�Ay�y�|$lb�ªyzhFlb�
��hAwIxz��{��Q�����Qy�h¹¸Ì���ª��yzh���x0�ª�I­Y|}�zk$�Qyz��|}�¥��x0Ñ·lb��y0�ª�Ay�|äyzhFl�®>�Q�z�K�Q²���l-x

δst
ij (m,n)

yzh��Qyi�Q��l�l��A���Q�
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