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p¶w���jUt¶¥�¨�±²z[��r���f[u!��u{��j{´^u�w�w�f�j�¤{j��,�!tqjUu{��wS´�w,fhj�tqx{�,�@x}¥Qx}zhj���x{i�|�r~w�pqzh�!��pyw�j�isr���wªzhx}wªtqjUu �
w�xkw,fhj(tyx����£x}¥�w,fhj(µ#fhx}tqj(u�|h|�typv��u�w�pqx}z·¨

+�,
x yz_73|{"}U~�fba�`�iJ="_�/��P}�`�^�_�iJ=�3u^�="c7`"3�}e563u��c7gr="i�ab];�2��3�="_7a�5
e�f�j�½�¾@tq�}x{��pyw�fhi R ¾@����fhp¶w,jU��w�rh�,js¾ � jS¹{r�u'w�pqx}z~Àsi�j�w�fhx � k�mS�~´Xl>(Lo Á ¾�¾�¾ ¥ºx{�«��fhx}��w�Ã�f�u{���^j�jUz=��r��5§
��jU�,��¥ºr�tytq�kr���j � w�x�x}�~w�u�pqz � pv��w,��pq�hr~w,j � ��x � j�x{|~w�pqikpy¯Upyzh�sw�fhj«�}tqx}��u�t���x}ik|hr~w,pyz���w�pqikj�x{z�w�fhj«�}pq¤}jUz
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f�u�� � µ£u}��j{¨3e�fhj#w��]|hpv��u}t~w,u}���{j�w`u}�,��fhpyw�jS�5w,rh��jS�Qu��,jlD �����
���!
�D���
��������Äx{zhjU�U¨Än]r���f7u�����fhpyw�jS�5w�r���jS�Äu��,j
��rhpytyw�¥º�,x}i � p 4Xj��,j�z�w�w��]|^jU�(x}¥£|h�,x}�{�,u}iki�j � ��x}ik|�x{zhj�z�w�� Á �#±�n � ´ � ±�n � ´ 3�n]�-|h�,x~��jS����x}���

. . .
Ã

u}z ��R x}��x�¥
zhx{z~§G|���x{�}��u�ikikj � ��x}ik|�x{zhj�z�w�� Á ¾«n]± � ´{Æ8����¾s´�¥ºrhtqt¶§²��r���w,x}i pyz�w�jU�}��u'w,j � ��pq�,��rhp¶w��
. . .

Ã5´
u}tyt�w�x{�}j�w�fhjU�«��x}zhzhjS�5w,j � w,fh��x{rh�}f=u7zhj�w�µ¸x{��Ç�x�¥ � p 4Xj��,j�z�w«w���|^jU�ªx�¥£��x}iki�rhzhpv��u'w,pyx{z[��x{ik|�x{zhj�z�w,�
Á |�x{pyz�w�§Nw,x�§D|�x{pyz�w���j��,pqu}tQx}�s|�u���u�tqtyjUtQtqpyzhÇ~�U´�isrhtyw�py§G|^x}pqz�w���f�u��,j � ��j��,pqu}tQx}�s|�u���u�tqtyjUtQ�hr���jU�U´�µ#p¶w,fbx}�
µ#pyw�f�x}r~w@ikj�ikx{���7�Uu�|�u{��pyw��

. . .
Ã5¨�e�fhjU�7w��]|hpv��u}tytq�7pqz���tqr � j(tqjU�,�£w�f�u}z mS��|h��x~��jU�,��x{�,�U¨

¾ª¾�¾ pv�(|h�,jU��j�z�w�j � ��fhx{��w,ty�°pqzbn]jU��w�pqx}z�l�¨���u{��pv��u}tytq�}´·pyw(®�����w(|h�,x � r���jU��u6��w,u'w,pq� � pq��w��,py��r~w�j �
�,��fhj � rhtqj�x}¥�u��{py¤{j�z�u�tq�}x}�,pyw�fhi x{z{w,xIu!�{py¤{j�z � pv��w,��pq�hr~w,j � u�����fhpyw�jU��w�rh�,j}´�u�z � w�fhjUz�p¶ws�{j�zhjU�,u�w�jS�
u���jSu�ty§Nw,pyikj � pv��w,��pq�hr~w,j � j��~jU��rhw�pq¤}j�pyik|htqj�ikj�z�w,pyzh�!w�f�pq���,��fhj � r�tyj{¨�e�fhj�z�pq��j�|^x}pqz�w«pv�ªw�f�u�w�¾ª¾�¾
|���jS��jU��¤{jU�ªw�fhj�u��^x'¤}jkikj�z�w�pqx}z�j � |h�,x}|^j���w�pqjU�(x}¥����]z���fh�,x}zhx{r���|h�,x}�{�,u}ik�U¨7±Dw�pq�(pqik|htqj�ikj�z�w�j � pqz
w,fhj(Ð�Ñ8Ò·ÓkÔ@Õ�w�x]x}t��K´�µ#fhpv��f�r���jS�ÄfhjUrh��pv��w�pv����w,xsu�r~w,x}i�u'w,pq�Uu�tqty�s|h��x � r���j@u�z � x}|~w,pyikpq¯�j�w�f�j � jS��pq��j �
�,jUu}t¶§Gw�pqikj«��w,u�w�pv�(����f�j � rhtqj}¨

+�,�� � ah="i��Pg�="i-ab] a �Q="_6i-<"! a�`$#
©ªr����}x�u�tQpv�(w,x°|h�,x � r���j�u}r~w�x{i�u'w�pv��u}tytq�|#��HGN�
�N��X������!#&%I�����$�O	J�J
��������������V
S#W��¨°e8u�Ç]pyz��°u � ¤'u�z�w�u��}j�x}¥
¾ª¾�¾�´hµ£j(|h��x{|�x���j«zhjUµ �,��fhj � rhtqpyzh�kfhjUrh�,pq��w�pv����w,f�u'w@µ#pqtqt·|h�,x � r���j�u}r~w�x{iku�w�pv��u}tytq��u���w,u'w,pq� � pv��w��,p¶§
��r~w�j � ¥¦u�r�t¶w�§Nw,x}tqj���u�z�w¸�,��fhj � r�tyjªx�¥
w�f�jª�{py¤{j�z�u}ty�{x}�,p¶w,fhi x{z�w�x(w,fhjª�{py¤{j�z � pv��w��,py�hrhw�j � u�����fhpyw�jU��w�rh�,j}¨

©ªrh����x}tqr~w�pqx}z���isr���w(u � u}|~w�j��~pv��w,pyz���µ£x}�,Ç!pqz°¥¦u}rht¶w�§Nw,x}tqj���u�z���j�¥ºx}� � pv��w,��pq�hr~w,j � u}z � �,jUu}t¶§Gw�pqikj
���~��w,j�i��kw,x w�fhj=��|^jU��p¶®���p¶w,pyjS�7x}¥�jUis�^j �h� j � ���]��w�jUi��7u�z � x}¥�¾�¾�¾�¨ ±²z |�u���w�pv��rhtvu��S´£w�fhj°¥¦u�rhtyw�§
w,x}tqj���u�z���jI��fhx{rht � �^j°x{�~w,u}pyzhj � µ#p¶w,fhx}r~w�u�z]�¼fhjUty|³¥º�,x}i¿w�fhj[r���jU� Á u}r~w�x{i�u'w�pv��u}tytq� � pq��w��,py��r~w�j �
��x}z���w���u�pqz�w�Ã£x{�ªu�z]�6u �h� j � f�u}� � µ�u��,j���j � rhz � u�z���� Á j�is�^j ��� j � ���~��w,j�i ��x{z���w���u�pqz{w5Ã5¨�±Dwªµ#pqtqt3w,fhj�§
�,j�¥ºx{��js¥¦u�tqt�pyz[w�fhjk��tvu}�,��x}¥¸��x�¥�w�µ�u��,j�pyik|htqj�ikjUz{w,j � ¥¦u�rhtyw�§Gw�x{tyjU�,u}z���j{¨(e�fhj���jU��x}z � ��jS¹{r�py�,j�ikj�z�w«pq�
jS����j�z�w,pqu}t
A�pyw«pqik|htypqjU��w�f�u'w�µ¸j�f�uK¤}j(w,x � x!µ#p¶w,f°w,fhj�j��~pq��w�pqzh��|�u���u�tqtyjUtypv��i+x�¥Äw,fhj��}pq¤}j�z°u}�,��f�p¶w,jU�5§
w,rh�,j}´Xu�z � w,f�u'w�µ£jsµ£x}z2) wªu ��� j��]w���u7f�u�� � µ£u}��j{¨�'Ix}�,j�x'¤{j��S´hpqz°x}� � j���w�x!|�jU��¥ºx{��i x}|hw�pqi�pq¯Uu�w�pqx}z��
u}z � w,x!ikpqzhpyikpq¯�j�w�fhj�j��~jS��r~w,py¤{j�x'¤{j��,fhjUu � ´hw,fhj��,��fhj � rhtqpyzh�!r���j � pqz=¾ª¾�¾ pv�«��x}ik|htqj�w,j�tq�6��w,u�w�pv��A
u}tytÄ�,��fhj � rhtypqzh� � jU��pq��pyx{z��«u��,j�w,u}Ç}jUz[x 4^§Dtypqzhjku'w(��x}ik|hpqtqjsw,pyikj k�mS�LoQ��u}��j � x}z°w,fhjk��f�u���u}��w�j��,pv��w,pq�U�
x}¥·jUu{��f7u�tq�}x}�,pyw�fhi ) �Qx}|^j���u'w,pyx{z���jUtqu�w�pq¤}jUty��w�xsw�fhjªf�u�� � µ�u��,j@��x}ik|^x}zhjUz�w¸x}z�µ#fhpq��f�p¶w�pq�¸j��~jS��r~w,j � ¨
Æ8pqz�u�tqtq�}´
zhjUp¶w,fhj��«w�f�j�u}ty�{x}�,p¶w,fhi+w�x���jkj��~jS��r~w,j � z�x}�ªw�fhj�u�����fhpyw�jS�5w�r���j�x}¥Qw�f�jk���~��w,j�i�u}��js®h�~j � ´
��r~wÄw�fhjU�su��,j£pyzh|�r~w,�Äx}¥�w,fhj#ikj�w�f�x � ¨8Æ�x}��w�f�jU��j£�,jUu{��x{z��U´'µ¸j#��u}zhzhx}w�u}|h|htq�(w�fhj#j��~pq��w�pqzh��ikj�w�f�x � ��´
|���x{|�x���j � ¥ºx}�£j��hu�ik|htqj�pqzCk m}´�t�´]lh´�mS�~´�mUl�oD´�µ#f�pq��f!r���jª|h�,j�j�ik|~w,py¤{jª�,��fhj � rhtypqzh��x}��u�|h|h�,xK�~pyi�u�w�pqx}z
ikj�w�fhx � �U¨

e�fhjU��j¸j��~pv��w���u�f�r��}j¸u}ikx}rhz�w�x}¥hµ¸x{��Ç«pqz�w�f�j � x{iku}pyzsx�¥h¥¦u}rht¶w�§Nw,x}tqj���u�z���jQx�¥ � pq��w��,py��r~w�j � u�z ��R x{�
�,jUu}t¶§Gw�pqikj«���~��w,j�i��U¨Qe�fhj«¥ºx}tqtyx'µ#pqzh�k��x]x{Ç]�#��rhiki�u��,py¯Uj«uk|�u���w�x}¥3w,fhpq�@µ¸x{��Ç�A

•
k �WwLo3�{py¤{jU��u�z6j��~f�u}r���w�pq¤}j«typv��w@x}¥�w,fhj(��u{��pv����x}z���j�|hw,�#u�z � w,j��,i�pqzhx{tyx{�}��x}z!¥¦u�r�t¶w�§Nw,x}tqj���u�z���j}´

•
k (>wLo3�{py¤{jU��u���fhx{��w@��rh��¤{j���u�z � w�u'�~x}zhx{is�k¥ºx{�¸¥¦u}rhtyw�§Gw�x}tqj���u�z���j�u�z � ��jSu�ty§Nw,pyikj����~��w�jUik�U´hu�z �

•
k w�o�u�z � kå��mNo3w��,jUu'w#pqz � j�w�u�pqtq�£w,fhj�¥¦u�rhtyw�§Gw�x{tyjU�,u}z���j«pqz � pq��w��,py��r~w�j � ���~��w,j�i��U¨
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¬­j(f�uK¤}j«w,x7��w,r � �7w,fhj(j��~pv��w,pyz��k��x}tqr~w,pyx{z���pyz6x{� � jU��w�x � pq��jS�5w@x{rh�#��jS��jSu�����f·¨�Æhx}��w,fhpv�@�,jUu}��x}z3´
µ£j��hrhpqt � rh|�u���w�u'w,j¸x}¥�w,fhj#u���w�x}¥�w,fhj�j��~pq��w�pqzh��µ£x}�,Ç^´���tqu{����py®�j � u}����x}� � pqzh��w,x«w�fhj#��tvu}�,�8x�¥X���~��w�j�i��
pyws��x{z���p � jU�,�U¨�e�f�pq����w�r � �[u�tqtqx'µ@�ªr��«w�xI��x'¤{j��«w�fhj�j��~pq��w�pqzh�6��x{tyr~w,pyx{z��(u�z � w,x�|���x{|�x���j�w�µ¸x6zhjUµ
�,��fhj � rhtqpyzh�[fhj�rh�,pv��w,pq�U��¨6¬­j � pv����r��,�su�z � ��x}ik|�u}��j�jUu}��f ��x}tqr~w�pqx}z3´�u}z � ��fhx'µ w�f�u�wsjUu{��f pq�sµ¸jUtyt
u � u�|hw�j � w�x � p54Xj��,j�z�w@Ç]pyz � �#x�¥8f�u�� � µ�u��,jªu�����fhpyw�jS�5w�r���j{¨

+�,�� d g��43v`��ec�="~-i�]73
n~jU�5w,pyx{zÈ� � j�®�zhjS�7w,fhj=��x}z�w�j���w�x�¥(w,fhpq�!|�u}|�jU�U´#pG¨ j{¨y´ � pv��w,��pq�hr~w,j � ���~��w,j�i���´#�,jUu}t¶§Gw�pqikj[���]��w�jUi���´
u}z �­� j�|^j�z � u��htqj7���~��w�jUik�U¨7n]jU��w�pqx}z (6|h�,jU��j�z�w,��u�z­x'¤}jU��¤]pqj�µ x}¥`w,fhjk¥¦u�rhtyw�§Gw�x{tyjU�,u}z���j�w�jS��fhzhpv¹�rhjU�
µ#pyw�fÅu=��w��,x}z��[j�ik|hf�u}��pq��x}z � pq��w��,pq�hr~w�j � u}z � �,jUu}t¶§Gw�pqikj!���]��w�jUi�� Á ��jSu � jU�,��¥¦u�ikpqtypvu��kµ#pyw�f¼�,jUu}t¶§
w,pyikj����]��w�jUi��«u}z � ¥¦u}rhtyw�§Gw�x}tqj���u�z���jk��u�z­��Ç]pq|°w,fhjU��j�®��,��w«w�µ¸x6��jS�5w,pyx{z��,Ã�¨�n]jS�5w�pqx}z­l�|h��jS��jUz�w,�ªw�fhj
|���pqz���pq|htqjU�Äx}¥�w,fhj�¾ª¾�¾ ikj�w�fhx � u�z � ��fhx'µ@�8w,fhj@�,j�tvu'w�pqx}z�µ#pyw�fkw�f�j���x{z{w,j��]wQ|h�,jU��j�z�w�j � |h��jU¤]pyx{r���tq�}¨
��u{��j � x{z�w�fhpv�(x'¤}jU��¤]pqj�µ(´�n~jU�5w,pyx{z¼����j�®�zhjS�(x}rh�spyzhpyw�pvu�t`|h��x{�htqj�i1�]�­i�u�Ç]pyz��6u{����rhik|~w,pyx{z���u�z �
� pq�,��r��,��pyzh� � jS��pq�}z­��fhx}pv��jS� � ��pq¤}jUz[�]�6w�fhj7¾ª¾�¾ |h�,pyz���pq|htyjS��¨kn]jU��w�pqx}z��(��u�z � t7|h�,jU��j�z�w�w�fhj�w�µ£x
|���x{|�x���j � ��x{tyr~w,pyx{z��Ä¥ºx{�`|h�,x'¤]p � pyzh��¥¦u}rhtyw�§Gw�x}tqj���u�z���j@µ#pyw�fhpqz!¾ª¾�¾s¨�Æ8pqz�u�tqtq�}´hn]jU��w�pqx}zZws��rhiki�u��,pq¯�jU�
w,fhj(ikx}�,jªpqik|�x{��w�u�z�w@pv����rhjU�#u}z � �}pq¤}jU����x}ikj(��x{z���tqr � pqzh�k��jUi�u��,Ç]�U¨
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n~pyz���j�x{rh�ª¥ºx]��r��«pq�ªx}z­u�r~w,x}i�u'w,pq�Uu�tqty� � pv��w,��pq�hr~w,j � ��x � j�¥ºx}� � pq��w��,pq�hr~w�j � ´
�,jUu�ty§Gw�pqi�j����~��w�jUik�U´Xµ¸j
� j�®�zhj(pqz!w�fhpv�@��jU�5w,pyx{z!µ#f�u'w@µ£j«ikjSu�z�����u � pq��w��,pq�hr~w�j � ���~��w�j�i6¨
�!Ê �b ~��
�� �� ?�HG������IG��I�������
��
��YGN��DTDE���N���S�NG �% ���
����7&��%K����0�%������� �-�u �� ���J����������� �����IGI�����J���O��
��

O%�#��HGN�O�N��XI���J�!#QGNBLGN����D G %!��
�D �  "�T���'���$�?GN�%K��-��
��%����
O%4K������ 
D% %I�����$�O	J��
������������V� �HG6&��%K����C�%���! ����
e�fhjU��j(u}��j«w�µ£x�µ�uK�~�£x�¥�¤]pqj�µ#pqzh��u � pq��w��,pq�hr~w�j � ���~��w�j�i A

•
e�fhj&�" �BLG!���!����DE
S#W��� � j�®�zhjS�(u � pq��w��,py��r~w�j � ���~��w,j�i �]�Ip¶w���|hf]�~��pv��u}t8��x}ik|�x{zhj�z�w���¨�±²z=w�f�pq�
ikx � j�tG´Ku � pq��w��,pq�hr~w�j � ���~��w�jUi ��x}z���pq��w,�·x�¥h��jU¤}jU�,u}t���x}ik|hrhw�j����U´Ur���r�u}tytq�«�Uu�tqtyj � ��
S#W�IG�´Kw,f�u'w8u��,j
�}jUx}�}��u�|�fhpq�Uu�tqty��u�w � p 4Xj��,j�z�w@tqx]�Uu'w,pyx{z���´]�hrhwªu��,j«��x}zhz�jU�5w,j � �]�!uk��x{i�i�rhzhpv��u�w�pqx}z�z�j�w�µ£x}�,Ç^¨
¾£w�w,fhpq�!tqj�¤}jUtN´�w,fhj � pq��w��,py��r~w�j � ���~��w�jUi pv�!��f�u���u}�5w,j��,py¯Uj � �]�Åpyw,��|hf]�~��pv��u}tT����
��#"�G�´ª�]�Âpyw,�
�!
�� �����%�'&}´�u�z � �]��pyw,���!
�D DT�������!���O��
�� �������b
��$"'¨

•
e�fhj � 
�&W���!����DQ
�#>�I� � j�®�zhjS�`u � pv��w��,py�hrhw�j � ���~��w�j�i ¥º�,x}i w�fhjª|�x{pyz�w£x�¥
¤]pyjUµ x�¥
|h�,x]��jU�,��pqzh��´}x}�
��x{i�|�r~w,u�w�pqx}z·¨�±²zªw,fhpv�·ikx � j�tG´'u � pq��w��,pq�hr~w�j � ���~��w�jUiÈ��x{z���pq��w,�
x}¥]u£®�zhp¶w,j`��j�w3x}¥*����
��!�IG!GI�IG`u�z �
�V ���������� G��^j�w�µ£j�jUz°w,fhjk|h��x~��jU�,��jS��¨ � f�u}zhzhj�tv�«��jU|h�,jU��j�z�w�w,fhjktyx{�}pv��u�t���x{zhzhjS�5w�pqx}z����^j�w�µ£j�jUz
w�fhj(|���x~��jS����jU�U´]pN¨ j}¨q´~w,fhj�pq�@pqz{w,j���u}��w�pqx}z7w,fh�,x}rh�{f!ikjU�,�,u��}jS��¨
¾£w�w,fhpv�stqj�¤{j�tG´�w�fhj � pv��w,��pq�hr~w,j � ���~��w,j�i pq����f�u}�,u{�5w�jU��pq¯�j � ����pyw,��tqx}�}pv��u}t ����
S��"¼u�z � ����pyw,�
�
�%DQ�TXV
�����#�G�x{z!j��~jU��rhw�pqx}z6u�z � ��x{i�i�rhzhpv��u�w�pqx}z·¨

���+íh���I�N�N�
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���XË ���¦¡{ �9�¡!9 Î ¡ 
·��� ±²z[u � pq��w��,pq�hr~w�j � ���]��w�jUi6´�jSu}��fIzhx � j�f�u}�ªu7��tqx~��Ç!x}¥Qp¶w���x'µ#z·´^µ#fhpv��f°��u}z°��j
r���j � w,x���x{z{w,��x{t�w�fhj@pqz���w��,r��5w,pyx{z���j��~jS��r~w,j � u'wÄw,f�u'w`z�x � j}´}��r~wQp¶w£��u�z�zhx�wQ��x{z�w��,x}t]w�f�j#pyz���w��,r���w�pqx}z��
x}¥�u�z�x�w�f�j���zhx � j}¨�±²z���x}z�w,�,u{��wS´{pqz!u�|�u���u�tqtqj�t����~��w,j�i��U´�pyw�pq�£tqpyÇ{j�tq�kw�x�f�uK¤}j�u��}tqx}��u�t���tyx~��ÇX´]µ#fhpv��f
pv��r���j � ¥ºx}�@��x}z�w��,x}tqtqpyzh��pqz���w,��r��5w�pqx}z���x�¥3w,fhj � p54^jU��jUz�w@|h��x~��jU�,��pqzh��j�tqj�ikj�z�w,��pqz�w�fhj����~��w,j�i6¨
� Î �	��9
����
�� ±²z=u � pv��w,��pq�hr~w,j � ���~��w�jUi�´Xw,fhj�zhx � jU����u}z=��x}ikisrhz�pq�Uu'w�j�x}z�ty�6�]�IikjU�,��u}�}js|�u}�,��pqzh��´
pG¨ j}¨q´Qw�f�j�z�x � jU��f�uK¤}j!w�f�j�pq��tqx~��u}t Á zhx}zh§D��f�u��,j � Ã�ikj�ikx{���{¨b±²z¼w,fhpv����u}��j}´`zhx � jU�ku��,j6��u}p � w�x���j
� 
�
�GI���$BE�V
�� �����!#�´{pG¨ j{¨y´}w�fhj���rhz��Äx�¥Xzhx � jU� � x(zhx�wQf�uK¤}j�w�pqikpyz�����x}z���w,�,u}pyz�w,�Äu}z � ��u}z�w,x}tqj���u'w,j¸w,fhpqzh�{�
�^j�pqzh� � x}zhjªpyz � p54^jU��jUz{w#��jU¹�rhj�z���jU�Qw�f�u}z7w,fhx{��j�j��]|^jU��w�j � ¨�±²z!��x{z�w���u}��wU´}pqz!us|�u���u�tqtqj�t����~��w,j�i6´�w�fhj
z�x � jU�#��x{ikisrhzhpv��u�w�j��]��uk��f�u��,j � i�jUikx}�,�}´hu�z � u}��j(u��,j���u}p � w�x��^jZ�I� 
LG��I��BY�!
�� ��� �V#�¨
��x�w�jªw�f�u'w£w�fhpv�����,p¶w,j��,pqu � x�jS�`z�x�w#u�|h|^jUu}�¸pqz�w�f�j«��tqu{����pq�Uu�tX��tvu}�,��py®��Uu'w�pqx}z�x}¥3Æ8ty�]zhz k�mK�SoG´~µ#f�j��,j

x{zhtq��w,fhj«|�u���u�tqtyjUtypv��i x}¥3��x{i�|�r~w,u�w�pqx}z��¸pq����x}z���p � j��,j � ¨8±²z7w,fhj«Æ8tq�]zhz!��tqu{����p¶®^��u'w,pyx{z·´{w�fhj � pv��w,��pq�hr~§
w,j � ���]��w�jUi�����jUtyx{zh��w�x�w�fhj '°±D' 3 ��tqu{���U¨
� �X� Ê ����� Î ¡ Ê �S��¡ Î � � �����¦¡{ ~��� Î ��� ¾£w@w�f�j(|hf]�]��pv��u�t3tyjU¤}j�tG´���x}ikisrhz�pq�Uu'w�pqx}z�����j�w�µ¸jUj�z6zhx � jU��u��,j
��rh|h|^x}��w�j � �]��u���x}ikisr�zhpq�Uu'w,pyx{z�zhj�w�µ¸x{��Ç7��x}z���pq��w�pqzh�kx�¥Ä��j�¤}jU�,u}t�tqpqzhÇ~��´hjSu}��f�typqzhÇ7�^j�pqzh��jUp¶w,fhj��SA

•
u��"
��%���O	J��
�	 �"
��%����typqzhÇ���x}z�zhjU��w�pqzh��w�µ¸xkzhx � jS�£w�fh�,x}rh�{f�w,fhj�pq�#�,jU��|�jS�5w�pq¤}j�zhj�w�µ¸x{��Ç�pqz�w�jU��¥¦u{��j

•
x}�@u DT���$�
�%	 ��
��%���¸tqpqzhÇ Á uk�hr���Ã¸��x}zhz�jU�5w,pyz��k��j�¤{j���u�tXzhx � jS�#x�¥�w�fhj(zhj�w�µ¸x{��ÇX¨

±²z�w�fhj��{j�zhjU�,u}t��Uu}��j}´�uªisrhtyw�py§G|^x}pqz�wÄtypqzhÇ�i�uK����j#��x}z���p � j��,j � tqpqÇ}j�uª��j�wÄx�¥�|�x{pyz�w�§Gw�x}§G|^x}pqz�w8tqpqzhÇ~��¨
p�x'µ¸jU¤}jU�U´�w�fhpv�(u�����w,�,u{�5w�pqx}zIpv��zhx}w�u}tyµ�uK�~����x{���,jU��wªpqz[w,fhjk��x}z�w,j��]w«x}¥Q¥¦u�r�t¶w�§Nw,x}tqj���u�z�w � pq��w��,py��r~w�j �
���~��w,j�i��U´]¥ºx}��w�µ£x��,jUu{��x{z���A

•
e�fhj���x}z���rh�,��jUz�w£��x{ikisrhzhpv��u�w�pqx}z��£u��,j�u}tyµ�uK�~�`��j��,pqu}typq¯�j � x'¤}jU�¸u�isrhtyw�py§G|^x}pqz�w£tqpqzhÇX´�µ#f�j��,jUu}�
w�fhjU�[i�uK�I�^j�j��~jU��r~w�j � pqz­|�u���u�tqtyjUt�pyz���p � j7u6���~��w�j�i1r���pqzh�Iu6��j�w(x�¥¸|^x}pqz�w�§Gw�x}§G|^x}pqz�w�tqpqzhÇ~��¨
e�fhpv��pq�«pqi�|^x}��w,u}z�wª¥ºx{��¥¦u}rht¶w�§Nw,x}tqj���u�z���j���pyz���jku�½�|�u���u�tqtqj�t¶Às��jU|htypv��u�w�pqx}z°x}¥¸��x{ikisrhzhpv��u�w�pqx}z��
i�uK�7��j � x}zhj«¥ºx}�#|^x}pqz�w�§Gw�x}§G|^x}pqz�w�tqpqzhÇ~��´h��r~w@zhx�w#¥ºx{�@uk��pqzh�}tqj�isrhtyw�py§D|�x{pyz�w@tqpyzhÇX¨

•
¾ isr�t¶w,p¶§D|�x{pyz�wQtqpyz�Çsi�uK��|h�,x'¤]p � j¸¥¦u}��pytqpyw�pqjU��¥ºx{�Qisrhtyw�py§²��u}��wQ��x{i�i�rhzhpv��u�w�pqx}zku�z � ��x�uK¤{x}p � pqzh�
w�fhj�isrhtyw�pq|htqj���jUz � x�¥#u6ikjU�,��u}�}j{¨�e�fhpv�su�tv��x�pv��pqik|�x{��w�u�z�w(¥ºx}��¥¦u�rhtyw�§Gw�x{tyjU�,u}z���j���pyz���j�x}zhj
zhx � jIi�uK�bpqz~¥ºx}�,i u�w�x}ikpv��u}tytq�¼��j�¤}jU�,u}t�zhx � jU�7u}��x{r~wkw�fhj[j��~jU��r~w�pqx}zÅx�¥(u�z³x}|^j���u'w,pyx{z¼�]�
��jUz � pqzh�7uk��pqzh�{tyj�ikjU�,��u}�}j{¨

e�fhj�iku}zhzhjU�spqz µ#fhpq��f­w,fhj � p54Xj��,j�z�wstqpyzhÇ~��u}��j7��x}zhz�jU�5w,j � w,x � p54^jU��jUz{w�zhx � jU�(pv�s�Uu�tqtyj � w�fhj
z�j�w�µ£x}�,Ç �J
 ��
���
V&WB'¨�Æ8pqz�u�tqtq�}´���j�z � pqzh�«ikjU�,��u}�}jU�3x}zsu�zhj�w�µ£x}�,Ç���jS¹�rhpy�,jU��u �!
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 �¦¡{ �9£¡79 Î ¡ 
·��� ±²z!w�f�j(tyx{�}pv��u�tXikx � j�t3x�¥Äu � pq��w��,py��r~w�j � ���~��w,j�i6´hi�u�z]�7|h�,x~��jS����jU��u��,j«j��~jU��r~w�j �
��x}z���rh�,��jUz{w,ty�{¨3±²zki�u�z]���,��fhjUi�jS�Qu�z � u}ty�{x}�,p¶w,fhi���´'pyw`pv�Äpqi�|^x}��w,u}z�wÄw�x��^j@u��htqj�w�x���|^jU��p¶¥º��µ#fhj�w,fhj��
u}z�j�¤}jUz�wsx~����r����,j � ��j�¥ºx}�,j�u�z�x�w�f�j��(j�¤{j�z�wsx{�(zhx�wS¨6e�f�j7��jUtqu�w�pqx}z

→
´ � j�®�zhj � pyzUkå�}�SoD´Ä��u}|~w�rh�,jU�

w,fhj@½�f�u�|h|^j�zhj � �^j�¥ºx{��j�À«�,j�tvu'w,pyx{z��^j�w�µ£j�j�z!w�µ£x�jU¤}j�z�w���pyz6u � pq��w��,pq�hr~w�j � ���~��w,j�i6¨Qe�fhpv����jUtqu�w�pqx}z!pq�
� j�®�zhj � µ(¨ �S¨ wS¨]w�fhj(x{� � j���pyik|^x{��j � �]��w�f�j���x}iki�rhzhpv��u'w,pyx{z·¨

e�fhjI�,j�tvu'w,pyx{z
→

� j�®�z�jU�7u�|�u}��w,pqu}t#x}� � j��S¨ e�fhjItqx}�{pq�Uu�t#��tqx~��Ç]��u�w�w�u}��fÂw�pqi�jS��w,x j�¤}jUz�w,�kpqz
w,fhj����]��w�jUi6´h��r���f�w,f�u'w#w,fhj�w�pqikj�§²��w�u�ik|���w,fhj���u{����pq�}z!w�x�j�¤{j�z�w,�#u}��j���x{z���pq��w�jUz{w#µ#pyw�f6w,fhj(|�u���w�pvu�t
x{� � j�� � j�®�zhj � �]�

→
¨�e�fhjsw�pqi�j�§D��w,u}ik|�� � j�®�zhj�ukw�x}w,u�t�x}� � j��ªx�¥Äj�¤{j�z�w,��x}z°u�|���x~��jS����x}�ªu�z � x{z

u � pv��w��,py�hrhw�j � ���~��w,j�i6¨

� � � Ê � Î ����Ï8��� Æh�,x}i*w�fhj�|�x{pyz�w«x�¥Q¤]pyjUµ-x�¥�w�f�j�w�pqikj��^x}r�z � �ªx�¥�w�fhj�j��~jU��r~w�pqx}z3´^���~��w,j�i���i�uK�
�^j���tvu}�,��p¶®�j � u{� k (>(LoOA

•
GNB����! ?��
���
��?G5´]py¥3µ#fhj�z�j�¤}jU�Qw,fhjª���~��w,j�i pq�¸µ¸x{��Ç]pqzh����x{���,jU��w�tq�}´{p¶w#u�tqµ£uK�~�Ä|^j���¥ºx}�,i��Qpyw,�¸pyz�w,j�z~§
� j � ¥ºr�z��5w,pyx{z�µ#pyw�f�pyz7uª®�zhpyw�jªu�z � Ç]zhx'µ#z�w�pqi�j���x{rhz � ¨Än]x�´�uTGNB����! ?��
���
��?G��!
�D DT�������!���O��
��
�V ����������8pv��x}z�j(pyz6µ#fhpv��f�w�fhj(i�u'�~pqisrhi*ikjU�,��u}�}j � j�tvuK�7pv�#Ç]zhx'µ#z�u}z � ®�zhpyw�j{¨`¾@GNB����! ?��
�	
��
��?G����V
��!�IGVGkpv��x}zhj�pyz­µ#fhpv��f[w,fhj�w�pqikj��,jU¹�rhpq�,j � w,x�j��~jU��rhw�j�u!��jU¹�rhjUz���j�x�¥¸pyz���w��,r���w�pqx}z��
f�u}�#u�®�zhp¶w,j�u�z � Ç]zhx'µ#z���x{rhz � ¨

•
�LGNB����! ?�V
���
��?G(x�w�f�j��,µ#pq��j}¨

n]pqz���jI|h��x~��jU�,��jS��u}��j6j��]jS��r~w,j � pyz u � pv��w,��pq�hr~w,j � ���]��w�jUi¿�]�¼u}r~w�x{zhx}ikx}r���z�x � jU�U´`w,fhjIx}zhtq�
i�u}zhzhj��«w,x�x{����j��,¤}j�w�f�u�w(u�|h�,x~��jS���ª¥¦u�pqtqj � pq�«w,fhj�tqu{��ÇIx�¥�u!�,jU��|^x}z���j}¨�e�fhjkiku}pyz�u � ¤Ku}z�w,u��{j�x}¥
uI���]z���fh�,x}zhx{r������~��w�jUi1pv��w�f�u�w�w�f�jk¥¦u�pqtyrh�,j�x�¥@uI��x}ik|�x{zhj�z�ws�Uu�z­��j7pqz~¥ºjU���,j � ¥º�,x}i�w,fhj7tvu}��Ç°x}¥
�,jU��|^x}z���jªµ#pyw�f�pyz°��x}ikj � j�®�zhj � w�pqikj(��x{rhz � ¨;p@j�z���j}´�p¶¥�w�f�j � pq��w��,pq�hr~w�j � ���~��w�j�i pq�@���]z���fh�,x}zhx{r��U´
u�w,pyikj�x{r~w�§D��u{��j � �,��fhj�ikj«¥ºx}� � j�w�jS�5w,pyzh��z�x � jª¥¦u}pytqrh�,jU��x{�#i�jS���,u��{jªtqx{�,��jU�£i�uK�7��j(jUik|htyx'�{j � ¨

�!Ê 9¦ ~��� Î ��� � �
� � Ê � Í�Ê�Ê � � ��Ê � �XË ���¦¡{ �97  �8Ï � �8Ê 9 Î 
 �¦¡{ �9.� Î Ï Ê 9¦���2� x{z���r����,j�z�wk|h��x~��jU�,��jS�
i�uK�7�^j(j��~jS��r~w,j � x}z6u���pqzh�}tqj�zhx � j Á |h�,x~��jS����x}�5ÃQx{�#x}z6��jU¤}jU�,u}t^z�x � jU�U¨

¾£w�w�f�jªtqx}�{pq�Uu�t^tyjU¤}j�tG´�w�fhjªw�x{|�x{tyx{�}�kx�¥3w�fhj«zhj�w�µ£x}�,Çkpq�£zhx}w¸w�u�Ç{j�z7pqz�w�xku}����x}rhz�wS¨8e�fhj«zhx � jS�¸x}¥
w,fhj�zhj�w�µ£x}�,ÇIu��,j���x{z���p � jU��j � w�x���j�¥ºrhtqtq�°��x}z�zhjU��w�j � ´
pN¨ j}¨q´·u�z]�6zhx � jk��u�z=��jUz � u!ikjU�,��u}�}j(w,x�u}tyt
w,fhj(x�w,fhj��#z�x � jU�U¨

Æ���x{i1w,fhj7|^x}pqz{w�x�¥#¤]pyjUµ x}¥¸w,fhj!��pq¯�j�x�¥@��x}ikisrhz�pq�Uu'w�pqx}z ��f�u}zhzhjUtq�U´3w,fhj���x}ikisrhz�pq�Uu'w�pqx}z��]�
ikjS���,u��{jª|�u{����pqzh��i�uK�7�^jWA

•
GNB����! ?��
���
��?G Á x}�(¯Uj��,x�|�tqu{��j7Æ8±�Æ8©�´·x{�(��jUz � jU¯�¤}x{r���Ã5´·µ#fhjUz­w�fhj���j�z � j���u}z � w�fhj7�,jU��j�pq¤}jU�
u��,j(���]z���fh�,x}z�py¯Uj � x{z�w,fhj���x{ikisrhzhpv��u�w�pqx}zvM

•
�LGNB����! ?�V
���
��?G Á x}�¸®�zhpyw�jªÆ8±�Æ�©�Ã5´�µ#fhj�z�w�fhj«��jUz � j��£u�z � w�fhj«��jS��jUpy¤{j��`u}��j@z�x�w£���]z���fh�,x}zhpq¯�j �
x}z�w�f�j���x}ikisr�zhpq�Uu'w,pyx{z!�hrhw�u��,j����]z���fh�,x}zhpq¯�j � x}z�w,fhj(��jS��jU|~w�pqx}z!x�¥8w�fhj(ikjU�,�,u��}j Á pG¨ j}¨q´~w�fhj
��jS��jUpy¤{j��Ä�htqx~��Ç]�Qµ#fhj�zkw,fhj#�hr 4Xj��¸pq�`j�ik|~w���u}z � w�f�j���jUz � jU�Ä�htyx~��Ç~�Äµ#fhjUzkw�fhj��hr 4Xj��Qpv�Ä¥ºrhtqt�ÃNM

•
%!���%�$B �LGNB����! ?�V
���
��?G Á x}��pqz~®�z�p¶w,jkÆ8±�Æ�©�Ã5´^µ#fhj�z[w�fhj��hr 4Xj��(��w,x}�,pyz���w�fhj�ikjU�,��u}�}jS�@pv�ª��x}z���p¶§
� j��,j � pqz~®�zhpyw�j{´���x�x{zhtq��w�fhj(�,jU��j�pq¤}jU�£��tyx~��Ç~�£µ#fhj�z�w�f�j(�hr 4Xj��@pv��j�ik|~w��{¨

���+íh���I�N�N�
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¾ª���]z���fh�,x}z�x}r��Qu}z � ���]z���fh�,x}zhx{r��ÄikjU�,��u}�}j#|�u{����pqzh��pv� � p54Xj��,j�z�w`¥º�,x}i u}���]z���fh�,x}zhx{r��Qu�z � ���]z~§
��f���x{zhx}r�� � pv��w,��pq�hr~w,j � ���]��w�jUi���¨k¾ ���]z���f���x{zhx}r�� � pv��w,��pq�hr~w,j � ���]��w�jUi�i�uK�°��r�|h|�x{��w(�^x�w,f�u{���]z~§
��f���x{zhx}r���u}z � ���]z���fh�,x}zhx{r��¸i�jS���,u��{j�|�u}�,��pqzh��¨

[�,
[ ��3vgh~��Lyzi-/@328\:�<>=�3u/j<
±²z³w,fhpv�!��jU��w�pqx}z µ£j°pyz�w,��x � r���j[��x}ikj[��tvu}�,��pq�Uu�t@��x{z���jU|~w,��r���j � pqz³w�fhj � jU��pq�}z x�¥�w,fhj[�,jUu}t¶§Gw�pqikj
���~��w,j�i��U¨

¾ �,jUu}t¶§Gw�pqikj����~��w�j�i pq��x}zhj�µ#fhx���j7��x}�,��jS�5w,zhjU�,� � j�|^j�z � ��zhx}w�x}zhtq�[x}¥£pyw,�(x{r~w�|�r~w,�U´���r~w�u�tv��x
x{z¼w,fhj6w�pqikjU�7u�w�µ#fhpq��fÅw,fhj��¼u}��j6|h�,x � r���j � ¨ ¾+�,jUu�ty§Gw�pqi�jI���~��w,j�i�i�r���w7|���x'¤]p � j!|���j � pq��w,u}�htyj
�,jU��|^x}z���j@w,pyikjU�U¨Qe�fhjU��j�¥ºx}�,j}´{w�fhj�pqz{w,j��,|h�,x]��jU�,�`��x}ikisrhz�pq�Uu'w�pqx}z��£u}z � ���]z���fh�,x}zhpq¯Uu�w�pqx}z��`pyz�us�,jUu}t¶§
w,pyikj � pv��w��,py�hrhw�j � ���~��w,j�i i�r���w@�^jZX!
�����#W�!#Q�%� �
�%DQ��u}z � �����!#��������>XI� ��¨

� � � ����
 ¡ Î ���U���'  ���X�U��� �#jSu�ty§Nw,pyikjI���]��w�jUi��kikuK�¼��jI��tvu}�,��p¶®�j � µ(¨ �S¨ wS¨�w�pqi�pqzh� ��x{z���w���u�pqz{w���pyz�w�x
w�µ£x���tvu}�,��jS��A

• � ����#|���!���$	J�O�%DQ�����~��w�j�i���f�uK¤{j=��w��,pyzh�{j�z�w�w,pyikpqzh� ��x{z���w,�,u}pyz�w��!u}z � w,fhj­��x}z���jU¹�rhjUz���jS��x}¥
ikpq�,��pqzh� � jSu � tqpyz�jU�@u}��j«|�x}w�jUz{w,pqu}tytq���Uu'w,u{��w,��x{|hfhpv��¨

•
��
O%!�r�V�V���$	J�O�%DE�ª���~��w�jUik�Qf�uK¤}j�tqjU�,�Q��w,��pqzh�{j�z�w�w�pqi�pqzh�s��x}z���w���u�pqz�w,�Äu}z � w�fhj@¤'u}tyrhj#x}¥Xu�|���x~��jS���
w�f�u�w@ikpq�,��j � p¶w�� � jUu � typqzhj(f�uK¤{j«��w�pqtqt3u Á¦� pqikpyzhpv��fhj � Ã#r~w�pqtypyw��}¨

�  h� 
·� � e�fhj#|h�,x~��jU�,��jU��pqz7u���jSu�ty§Nw,pyikj@���]��w�jUi u}��j�r���r�u�tqtq����u}tytqj � �J�LG$"�G5¨8e�fhjª��tvu}�,��pv��u}t�k l{l�o���w,u'w,jU�
x}¥8u�w,u{��Ç!u�z � w�f�j(|�x�����py��tyj«w���u�z���pyw�pqx}z����^j�w�µ£j�jUz�w,fhj�i+u��,j��}pq¤}j�z!x}zIÆ8py�{rh�,jTm{¨

ready
or arrival

task creation

waiting

running
task end

Æ8pq�}rh�,jEmWAÄe�u{��Ç ) �#��w�u'w,jU�U¨

±²z6�,jUu�ty§Gw�pqi�j(���~��w,j�i���´]w�u}��Ç~��f�uK¤}jªw�pqikj(��jUtqu�w�j � u'w�w��,py��r~w�jS�#��r���fIu{��A

•
e�fhjZ#W�!�>#?�$�%����pv�£w�fhj(tvu'w,j(pyz���w�u�z�w#µ#fhj�z�w�f�j�w,u}��Ç7i�r���w#jUz � ¨

•
e�fhj��N�%�
�J�I��pv�ªw�fhj�w�pqikj��^j�w�µ£j�jUz°w,fhj�pqzh|hrhw�x}¥¸u�z[j�¤}jUz�w«u�z � w�f�j��,jU��|�x{z���jsx�¥`w�fhj�w,u{��Ç�w�x
w�fhpv�#jU¤}j�z�wS¨

•
e�fhjZ�!
�D������J���O��
�� �
�%DQ�(pv�£w�fhj�w,pyikj(�^j�w�µ£j�jUz!w,fhj�w,u{��Ç!���,jUu'w,pyx{z!u}z � p¶w���j�z � ¨

•
e�fhj ���I�N��
S#�pq�£w,fhj�w�pqikj(��j�w�µ¸jUj�z�w�µ£x���x}z���jU��r~w�pq¤}j(���,jUu�w�pqx}z��£x}¥�u�w,u{��ÇX¨

Y�Zr�[Y �
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Æ8pq�}rh�,j��spqtqtyr���w���u'w,jU�#��x}ikj�x�¥8w�fhjS��j(u�w�w��,pq�hr~w�jS��A

arrival end

computation

period

deadline

instances of the task

Æ8py�{rh�,j(�"AQe�pyikj��,j�tvu'w�j � u�w�w,��pq�hr~w,jU��¥ºx{�@usw�u}��ÇX¨
¬ pyw�fI�,jU��|�jS�5w�w�x�w,fhj(|�jU��pqx � ´~w�u}��Ç]��i�uK���^j���tvu}�,��py®�j � u{��A

•
�����N��
�#����Z�J�LG$"�G�x~����rh����jU|�jSu'w,j � tq�°u'¥�w,j��(u7®��]j �[� r��,u�w�pqx}z[x}¥Qw�pqikj}¨�Æhx}��pqz���w,u�z���j}´
|���x~��jS���
��x{z{w,��x{tXw,u{��Ç~��u��,j�|�jU��pqx � pq�}¨

•
�����I�N��
S#���������G$"LG�u��,j#w��,py�{�}jU��j � �]����jU��w�u�pqz�j�¤{j�z�w,�¸pyz���tqr � pqzh��w,fhx{��j�j���w,j��,z�u�t�w�xsw�fhj«���~��w�j�i6¨
e�fhj7u��,�,py¤'u�t8w,pyikjU��x}¥¸w,fhjU��jkj�¤{j�z�w,�(u}��j�zhx�w�Ç]zhx'µ#z­pqz­u � ¤'u�z���j}¨�e�fhj GK�"
����W#����Y����G "�G�u��,j
u7|�u}��w,pq��rhtvu��ª�Uu}��j�x�¥`u}|�jU��pqx � pv�(w,u{��Ç~�U´�µ#f�j��,jsu�z]��w�µ¸x!��r��U��jS����py¤{j�pqz���w�u�z���jU��x�¥¸ukw�u}��ÇIu��,j
��jU|�u���u'w,j � �]��u�i�pqzhpqisrhi*pyz�w,j���§Du}���,py¤'u}t�w,pyikj}¨

¬ pyw�f���jS��|^jU��w¸w,x�w,fhj(u��,��pq¤'u�thw,pyikjS�¸x}¥·w,u{��Ç~�U´}w,fhj���jSu�ty§Nw,pyikj«���~��w�j�i��¸i�uK���^j���tvu}�,��py®�j � pyz!w�fhj
¥ºx{tytqx'µ#pqzh�sw�µ£x���tvu}�,��jS��A

•
���J���O���4GNBLGN�J�ID G�u}��j«w,fhx{��j�µ#fhj��,j«w�fhj�u}���,py¤'u}t�w,pyikjS�#x�¥Äu�tqtXw�fhj�w�u}��Ç~�#u��,jªÇ]zhx'µ#z���j�¥ºx}�,j�w�fhj
��w�u���w�pqzh�­x�¥�w,fhjI���~��w�jUi�¨Åe�fhj���w��]|hpv��u}tytq�b��x{z���pq��w�x}¥ª|^j��,pyx � pv�!w,u{��Ç~��|�jU��¥ºx{��ikpqzh�=��x}z�w��,x}t
x}|^j���u'w,pyx{z���¨

• q B�����DT����GNBLG!�J��D G@u��,j�w�f�x{��j#µ#fhj��,j�w�fhj@w,u}��Ç~�Äi�uK��u}���,py¤{j�pyzkw,fhj����]��w�jUi � r���pqzh�(x}|^j���u'w,pyx{z
u�z � u��,��pq¤'u�t�w�pqikjU��u��,j�zhx�w�Ç]zhx'µ#z�pyz¼u � ¤'u�z���j}¨ 'Ix{��j�x}¥�w�jUz·´ � �]z�u�ikpv�7���]��w�jUi���zhjUj � w�x
��x{z���p � jU�#|�jU��pqx � pq�«x{�@u�|^j��,pyx � pv�ªw,u}��Ç~���}jUzhj���u'w,j � �]�7j��]w�j��,z�u}t
j�¤}jUz�w,�U¨

�3¡ ��Ê Ï
� 9��
��
6 �9

 Î � �¦� � �b� � &Ä�hu{�5w�tq�stqpqÇ}j#pqzku}zkx}|^j���u'w�pqzh�(���]��w�jUi6´}pqzku��,jUu}t¶§Gw�pqikj#���~��w�j�i ��jU¤}jU�,u}t
w�u}��Ç~�@i�uK�Iu��,��pq¤}j�u�w�w�f�j��,u�ikj�w,pyikj{¨«e�fhjk���]��w�jUi f�u}�@w�x � jU��p � j�µ#fhpv��fIw,u{��Ç6pv��j��]jS��r~w,j � ®��,��wU¨
e�f�pq� � jU��pv��pyx{z�¥ºx{tytqx'µ@�#u���x7�Uu�tqtyj � G��! "�!#������%�'& ��� &'
��N�%�  ?D�¨��#jUu}t¶§Gw�pqikj�����fhj � rhtqpyz��7u�tq�}x}�,pyw�fhi�����u}z
�^j���tvu}�,��p¶®�j � pqz�w�x�w�µ£x�i�u���x}��ikx � j�tv��A

•
�\���!��D����
�%K����,��fhj � rhtqpyzh� � jSu�tv��µ#p¶w,f�w,u}��Ç~�8w�f�u�w`��u}z��^j#pyz�w,j��,��rh|hw�j �k� r���pqzh�«w�fhjUpy�Äj��~jU��rhw�pqx}zvM
p¶w@pv�#|h�,j�¥ºjU�,u}�htq��r���j � pyzI���]��w�jUi���µ#fhj��,j«w�fhj���x}z�w�j���w@��µ#p¶w���f�w,pyikj(x'¤{j��,fhjUu � pq�@tyx'µ(¨
'Ix{��w!|���jUj�ik|~w�pq¤}j=����fhj � rhtqpyz��¼u�tq�}x{��pyw�fhi���r���j ���N��
��N�%�OB�	-#��N�%K���� #��HGK�"�����! ?�%�?&�¨ e�fhj°j��hu}�5w
w�pqikjsu'w@µ#fhpv��fIu�w,u{��Ç7µ#pqtqt���w,u���w#x}�#®�zhpq��f6pq�@zhx�w@Ç]zhx'µ#z6pqz6u � ¤'u�z���j}¨`e�f�j���w�u���w#w�pqi�j(x}¥�u
w,u{��Ç � j�|^j�z � ��x{z!pyw,�����N��
��N�%�OB7�,j�tvu'w�pq¤}j�w�xkx�w,fhj���w�u}��Ç~�¸pqz!w�fhj(���]��w�jUi6¨Qe�fhjª|���pqx}�,p¶w���§ � �,py¤{j�z
����f�j � rhtqpqzh��u�tq�}x}�,pyw�fhi��£i�uK�7r���j�w�µ¸x�Ç]pyz � x}¥8|^x}tqpq��pyjS�lk (��So�A

���+íh���I�N�N�



mS� �����\�%�V�����$�����	��
u��KL��������������
��r����&L ?�%�V�V�������\����#�������
������

�

�������
��� ���N��
��N�%�
B=µ#fhj��,j�w�fhj7|���pqx}�,p¶w,pyjS�«x�¥#u�tqtÄw,u{��Ç~�(u��,jku}�,��pq�}zhj � µ#f�j�z­w�fhjkw�u}��Ç~�(u��,j
�,��fhj � rhtqj � u�z � ��jUi�u�pqz�r�z���f�u�z��}j � ¥ºx{�ªu}tyt�j��~jU��r~w�pqx}z���x�¥`ukw�u}��Ç~��¨@e�fhjsi�x���w«Ç]zhx'µ#z
|^x}tqpv����pqz6w�f�pq�@��tqu{���@pq��w,fhjs�@u�w�j 'Ix{zhx�w,x}zhpv�(n~��fhj � rhtqpyzh� Á ��'[nhÃ�´�µ#f�j��,j�w�fhj(|h�,pqx}�,p¶w��
x}¥�u�w�u}��Ç7pq��pqz]¤}jU�,��j�tq��|h�,x}|^x}��w�pqx}z�u}t�w,xkp¶w��#|�jU��pqx � ¨

� q B�����D �������N��
��N�%�OB�µ#fhjU��j�w�fhj«|h�,pyx{��pyw�pqjU�`x�¥3usw,u}��Ç�ikuK����f�u}zh�}j � rh�,pyzh�sw�fhj«j��~jS��r~w,pyx{zx}¥`u7|�u}��w,pq��rhtvu���pqz���w,u}z���j�x�¥Äw�f�u'w«w,u}��Ç�x}�ª¥ºx}� � p 4Xj��,j�z�w«pyz���w,u}z���jS��¨«e�fhj�i�x���w«Ç]zhx'µ#z
|^x}tqpv���Ipqz°w�f�pq����tvu}�,�ªpq�ªw�f�j &`u}��tqpqjU��w�3ªjUu � typqzhjkÆ8py����w Á &
3ªÆÄÃ5´3µ#fhj��,j�u�w�u}z���w,pyikj�w�fhj
w�u}��Ç7µ#pyw�f�w�fhj(jSu��,typqjU��w � jUu � tqpyzhj�f�u{�£w�fhj(f�py�{fhjU��w#|h��pqx}�,pyw��}¨

•
� 
���	 ���V�V��D����O�%KL�!����f�j � rhtqpqzh� � jUu}tq�(µ#pyw�f­w�u}��Ç]�«w,f�u'ws�Uu�zhz�x�w��^j�pyz�w�jU���,rh|~w,j ��� rh�,pqzh��w�fhjUpy�
j��~jU��r~w�pqx}zuM~p¶w�pq�£x}¥�w�j�z�r���j � pyz����~��w�j�i��£µ#fhjU��j�w�fhj�x'¤}jU��f�jUu � �Uu�r���j � ����|���jUj�ik|~w�pqx}z!pq�¸w,x�x
fhpq�}f·´�u}z � w�fhj�u}����jUz���j�x}¥8pqz�w�j��,�,rh|~w�pqx}z!i�u�Ç}jS�#���~��w�jUi ¤'u�tqp � u�w�pqx}z�jUu{��pqj��lk m�l�oD¨
¾@tqikx{��wsu�tqtÄzhx}z~§D|h�,j�jUi�|hw�pq¤}jk����fhj � rhtqpyz��6u}ty�{x}�,p¶w,fhi��«r���j �O�%DE���$�%���I	-#��N�%KL���|#��HG������J�! ?�%�'&}¨!¾
w�pqikj�§Dtypqzhj6pq��r���j � w�x �,��fhj � r�tyj�w�fhj�w,u{��Ç~�U¨be�f]r���´`w�fhj!w�pqikjU��u�w�µ#fhpv��fÂu[w,u{��Ç µ#pqtqt@��w�u���w
u�z � ®�zhpv��f[u}��j(Ç]zhx'µ#zIpqz[u � ¤'u�z���j}¨�e�fhjs�}j�z�j���u�t3|���x{�htyjUi*x}¥Äx}|~w,pyi�u�t��,��fhj � r�typqzh�7x}¥�z�x}z~§
|h�,j�j�ik|~w,py¤{jsw�u}��Ç~��pv���@�Ä§²��x{i�|�tyj�w�j k�mS(LoD¨se�fhj��,j�¥ºx{��j{´ � p 4Xj��,j�z�w�fhj�r���pv��w,pq�U��f�uK¤}js�^j�jUz=r���j �
w�x6����f�j � rhtqj�zhx}z~§D|h�,j�jUi�|hw�pq¤}js�,jUu}t¶§Gw�pqikj�w�u}��Ç]�«µ#pyw�f[w�fhj�u�pqi x�¥¸iku��~pyikpq¯�pqzh��|^j���¥ºx}�,i�u�z���j
ikjUu}��rh�,jU�«��r���f=u}�ª|h�,x~��jU�,��x}��r���u}�}j}¨�Æ�x}�«isrhtyw�pq|h�,x~��jU�,��x}�ª���~��w,j�i��U´
¤Ku}��pqx}r���fhjUrh�,pq��w�pv����¥ºx}�
zhx}zh§G|h�,j�jUik|~w�pq¤}j(�,��fhj � r�typqzh�kf�uK¤}j«�^j�j�z � jU¤}jUtyx{|�j � pqz k ({�LoG¨

[�,
x � 3 �43u]656gP1�~�3 8\:�<>=�3u/j<
±²z�w�f�pq����jU�5w,pyx{z·´�µ£j¸pqz�w��,x � r���j¸w�f�j���tqu{����pv��u�t]��x{z���jU|~w,�8r���j � pqz�w�f�j � x}i�u�pqzsx}¥P#W�����I��#W�WX����6GNBLGN����D G5´
µ#f�pq��f�pyz���tqr � jU�#w�fhj�¥¦u}rht¶w�§Nw,x}tqj���u�z�w#���~��w�j�i��U¨

Faults

Errors

Failures

Impairments

Availability

Reliability

Safety

Security

Attributes

Fault forecasting

Fault removal
Validation

Fault tolerance

Fault prevention
Procurement

Dependable

systems
Means

Æ8pq�}rh�,j4("AÄe���jUj«x}¥�w,fhj � jU|�jUz � u���tyj(���]��w�jUi���¨

Y�Zr�[Y �
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e�fhjE#W���"����#>�WX��%�$�%�OB7��x}z���j�|hw¸µ�u}�Qpqz�w��,x � r���j � �]�,0�u�|h�,pqj�k �WwLo
u}�£u���x{z{w,��pq�hr~w,pyx{z�w�x�us��w,u�z � u�� �
¥º��u�ikjUµ¸x{��Çsu}z � w�jU��ikpqzhx}tqx}�{�(¥ºx}� � pq�,��r�����pyz��«�,j�tqpvu��htqj@u�z � ¥¦u}rhtyw�§Gw�x}tqj���u�z�w`���~��w,j�i���¨�¾ � jU|�jUz � u}�htyj
���~��w,j�i pq�`x}zhj�¥ºx{�`µ#fhpv��f��,j�tqpqu}�hpytqpyw���i�uK�@��r���w,p¶®�u}�htq���^j�|htvu}��j � x{z7��j���w,u}pyz�u{��|^jU��w,�Qx}¥Xw�fhj«¹{r�u�tqp¶w��
x}¥^��j��,¤]pq��jQw�f�u'wÄp¶w � j�tqpy¤{j�����¨3e�f�j�¹�r�u}typyw��(x�¥�w�fhj#��j��,¤]pq��j¸pqz���tqr � jS����x}w�fk��x{���,jU��w�zhjS���8u�z � ��x{z�w�pqz�r�p¶w��
x}¥�pyw,� � j�tqpy¤{j��,�}¨ÄÆ8py�{rh��j4(k��fhx'µ@�¸w�fhj(i�u�pqz6zhx�w,pyx{z���µ#fhpv��f�u}��j��,j�tvu'w,j � w�x � j�|^j�z � u��htqj����]��w�jUi���¨

±²z(w,fhpv�3|�u}|�jU�3µ£jQ¥ºx~��r��·x}z�w�fhj`¥¦u�rhtyw�§Gw�x{tyjU�,u}z���j{¨·±²z(w�f�jQ¥ºx}tqtqx'µ#pyzh��´Uµ£jQpqz�w��,x � r���j`��x}ikj`��tqu{����pv��u�t
� j�®�zhpyw�pqx}z���r���j � pyz�¥¦u�r�t¶w�§Nw,x}tqj���u�z���j}¨

�  ��
9º�U��� �������$�G´��I�N��
��5´8u}z � %I���%�$���V�!u}��j�w,fh��jUj7pqi�|^x}��w,u}z�w(w�j��,i��(pqz=w,fhj�®�jUt � x}¥¸¥¦u}rhtyw�§Gw�x}tqj���u�z���j}¨
Æ8pq�}rh�,j�l���fhx'µ@�¸w,fhj���u}r���u}t
��jUtqu�w�pqx}z���fhpq|��^j�w�µ£j�jUz!w,fhjU��j«w�fh�,j�j�w,j��,i���¨

fault error failure fault... ...

Æ8pq�}rh�,j�l�AÄ�#j�tvu'w,pyx{z���fhpy|6�^j�w�µ£j�jUz!pqik|�u�pq��ikjUz{w���¨

•
¾ %I�����$��pv�#u � j�¥ºjS�5w@x{�¸»^uKµ w�f�u'w@x~����rh�,��µ#pyw�f�pyzI��x}ikj�f�u�� � µ�u��,j�x}�@��x�¥�w�µ�u��,j���x}ik|^x}zhjUz�wU¨
�@x}wªu�tqt·¥¦u}rht¶w��#|h�,x � r���jspyikikj � pvu'w,j(¥¦u�pqtqrh��j>AÄ¥¦u�r�t¶w��@i�uK���^j ����������� Á u}�5w,py¤'u�w�j � ��r~w�zhx}wªu�|~§
|�u��,j�z�w�u'w�w,fhj���j��,¤]pq��j�tqj�¤}jUtvÃ�u�z � w�fhjUz°��jS��x{i�j �����V���O�%KL� Á u 4XjU�5w,pyz��7w�f�j���j��,¤]pq��jU��Ã5¨�Æ�u�rhtyw�§
w�x{tyjU�,u}z{w����~��w�jUik�£u'w�w�jUi�|hw£w,x � j�w�jS�5w@u�z � ��x}�,�,jU�5w£tqu�w�jUz{w£j��,��x{�,�`��j�¥ºx}�,j@w,fhj����^jU��x}ikjªj 4^jS�5§
w�pq¤}j{¨

System

boundaries

External

faults

Internal

faults

Design

faults

Operational

faults

of creation

Phase

Permanent

Persistence

faults

Temporary

faults

Physical

faults

Human-

faults

made

cause

Phenomenological

Nature

Accidental

faults faults

Intentional

Origin

Faults

Æ8pq�}rh�,j���A � tqu{����jU�£x}¥�¥¦u}rht¶w���¨

Æ�u}rht¶w��7i�uK�b�^j[��tvu}�,��p¶®�j � r���pqzh��w�f�jI¥ºx}tqtyx'µ#pqzh� ���,pyw�j��,pvuh´£µ#fhpq��f u}��jI��rhikiku}��pq¯�j � x}z Æ8p¶§
�}rh�,j��Yk �Ww~´h|�u}�}jEmS��oOA

�

�]��w,fhj�pq�@z�u�w�rh�,jWAÄu{����p � jUz{w�u�t
x{�£pqz�w�jUz{w,pyx{z�u�tOM
�

�]��w,fhj�pq�@x{��pq�}pqzvA8|hf]�]��pv��u�tG´~f]rhi�u�z·´�pyz�w�jU��z�u�tG´�j��]w�j��,z�u}tN´h��x}z���j�|~w,pyx{z·´~x}|^j���u'w,pyx{z�u�tOM
�

�]�6w,fhj�pq�(|�jU�,��pv��w,j�z���jWAªw���u�z���pyjUz�w«x{�«|^j��,i�u�zhjUz�wU¨�¾ ��|�jS��pvu�t�Ç]pyz � x}¥`w���u�z���pqj�z�w«¥¦u�rhtyw,�
u}��j«w,fhj�pyz�w�jU��ikpyw�w,j�z�w#¥¦u�rhtywU´�pN¨ j}¨q´h�,j�|^jUu'w,j � x~����r����,j�z���jU�£x�¥8w���u�z���pqj�z�w�¥¦u�rhtyw,�U¨

���+íh���I�N�N�
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•
¾@z ���N��
���pq�@u�i�u�z�p¶¥ºjS��w�u'w�pqx}z�x�¥Äu�¥¦u�rhtyw�u�z � pv�@u � j�¤]pvu'w,pyx{z�¥º�,x}i u{����rh�,u{���{¨

•
¾"%I���%�$���V� Á ½�#���%I���%�%�������!��À�pyz�Æh�,j�z���f�Ã�pq�Qu � jU|�u���w�r���j�x�¥Xu����~��w�j�i ¥º��x{i w�f�j@��jU��¤]pv��j£��jS¹{r�py�,j � ¨
Æ�u}pytqrh�,jU��i�uK�¼�^j°��tvu}�,��p¶®�j � r���pqzh� � p54Xj��,j�z�w����,p¶w,j��,pqu|kå��w~´#|�u��}jI���Lo�AIw�fhj � x}i�u�pqz³x�¥�w�fhj
¥¦u�pqtyr���j{´Xw�fhj�|�jU�,��j�|~w,pyx{z°x�¥`w�fhj�¥¦u�pqtyr���j��]�!w,fhj�r���jU�,�U´
u�z � w�fhjk��x{z���jU¹�rhj�z���j�x}¥Qw�fhj�¥¦u�pqtqrh��j
x}z�w�f�j(j�z]¤]py�,x}zhikjUz{wS¨��ª��pqzh�kw,fhj � x}i�u}pyz�x�¥�w�fhj�¥¦u}pytqrh�,j}´]¥¦u�pqtqrh��jS��i�uK�7��j���tqu{����py®�j � pyz�w,x�A

�

%I���%�$�����IG0
��UKL���$���IG�´£u�tv��x���u}tytqj � ���IG���
���G���¥¦u�pqtyr���jS�Yk wLo�A�w,fhjI��x{i�|^x}z�j�z�w � j�tqpy¤{j�����u}z
pqz���x}�,��jS�5w#��jU��¤]pv��j�x}��¤'u�tqrhj}´�u�z �

�

�O�%DT�%�'&-%I���%�������NG>A�w�fhj�w�pqi�pqzh����x}z � p¶w,pyx{z��Qx}¥
w�fhj � j�tqpq¤}j��,�ku��,j#zhx�w���u�w�pv��®�j � M�w�fhj�w�pqikpyzh�
¥¦u}pytqrh�,jU��i�uK�7�^jQ�����J�(x{� �!���N�$B'¨

e�fhj���x{is�hpqz�u�w�pqx}z�x�¥3w,fhjU��j�w�µ£x���tqu{����jU���{py¤{jU����jU¤}jU�,u}t^Ç]pqz � ��x}¥�¥¦u}pytqrh�,jU��A
�


�D �HG!GN��
�� %I���%�������>AÄw�fhj���x}ik|^x}zhjUz{w#x{i�pyw,�#w�xk��jS��|^x}z � w,xku}z6pyzh|�r~w�M
�

������G- %I���%�$���V�WA£u�|�jU��i�u�z�j�z�w#x}ikpq�,��pyx{z�¥¦u}pytqrh�,j}¨
�

GN�J
 �"%I���%�$�����>A­w�f�j[u}��w�pq¤�pyw��¼x}¥�w�fhj[��x}ik|^x}zhjUz{w7pv�7z�x�w�x{����jU��¤'u}�htyjIu}z � ub��x{z���w�u�z�wU´
u}����p¶w,�,u}���k¤'u�tqrhj(pv��|h��x'¤]p � j � ¥ºx}��w,fhj(x}rhw�|hr~wSM

�

����XI�%�O�����NB	%I���%�$�����>A�w�fhj£w,pyikpqzh�«��x}z � p¶w,pyx{z���u�z � w�fhj�¤'u�tqrhj£x�¥hw,fhj#��jU��¤]pv��j¸u}��j£zhx}w�u}tyµ�uK�~�
��x}�,��jS�5wS¨

Æhx{� � pv��w,��pq�hr~w,j � ���~��w,j�i���´^u7��tvu}�,��pq�Uu�t3��j�i�u�z�w,pq�U�#x�¥�w�f�j�¥¦u�pqtqrh��jS�#x�¥Äzhj�w�µ¸x{��Ç!zhx � jU� Á �Uu�tqtyj �
��jU��¤{j����,Ã`pv�#�}pq¤}jUz�pqzzk w�oD¨

8 Ê   ����� Î ���G $� 9¦� Ì � Î 9 Ê �K  ��¡ Ê � e�fhj«¥¦u�rhtyw�§Gw�x{tyjU�,u}z���j�pv���hrhpqt¶w@x{z k �WwLoOA

•
�I�N�V
�� ����
S�V�IG!GN�%�'&�µ#fhpv��f[u�pqi���u�w���jUikx'¤�pqzh��jU���,x}���£¥º��x{i w,fhjs��x}ik|hr~w�u'w�pqx}z�u�t���w,u�w�j{´�py¥Q|�x���§
��pq�htqj(��j�¥ºx}�,j«¥¦u�pqtyrh�,j�x~����r����,j�z���jWM

•
%I�����$�\�O���!���ODE�����¸µ#fhpq��fIu}pyi��#u'w#|h�,j�¤{j�z�w�pqzh��¥¦u�r�t¶w��£¥º��x{i �^j�pqzh��u}�5w,py¤'u�w�j � u}�{u�pqz·¨
&Q�,�,x}��|h�,x]��jU�,��pqzh�ki�uK����j��Uu��,��pqj � x}r~w@pqz�w�µ¸xkµ�uK�~��kå��w�oOA

•
�I�N�V
��4���!�!
�K��I�NB'´�µ#fhj��,j«w�fhj(jU���,x}z�j�x}r��¸��w,u�w�j(pv�#��rh����w,p¶w,r~w�j � µ#pyw�fIu���x}�,��jS�5w#��w�u'w�j��]��A

�

X!�>��" �b����#Z���!�!
�K��I�NB'´�pN¨ j}¨q´]w�f�j����~��w�j�i*�h�,pyzh���£��u}��Ç�u�|h�,j�¤]pqx}r��#��x}�,��jS�5w#��w�u'w,j«x{�
�

%I
�� �b����#Z���!�!
�K��I�NB'´�pN¨ j}¨q´~w,fhj(���~��w�j�i*��x{tytv�£rh|�w�x7u�zhj���w���x}�,��jS�5w#��w�u'w,j}¨

•
�I�N�V
�� �!
�D��"���"G����
��
���´hµ#fhjU��jªw�f�j(j��,��x{�¸i�uK���^j«i�u{��Ç{j � r���pqzh��w�fhj�pqz�w�j��,z�u}t
��j � rhz � u}z�����x}¥
w�fhj����~��w,j�i6¨

Æ�u�rhtyw#w��,jUu�w�ikj�z�w@��x{z���pv��w,��x�¥Äu'w#tqjUu{��w�w�µ£xk��w�jU|��lkå��w�o�A

•
%I�����$�T#�����&W��
�GN�
����´�µ#fhpq��f � j�w,j��,ikpyzhjS��w�fhjI��u}r���j Á ��Ãsx�¥ªjU���,x}� Á ��Ã�pqz¼w,j��,i���x}¥�tqx]�Uu'w,pyx{zÂu�z �
z�u'w,rh�,j}´hu�z �

Y�Zr�[Y �
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•
%I�����$�[�"��G!G!�%K����O��
���´�µ#fhpv��f�|���jU¤}j�z�w��Qw,fhj«¥¦u�rhtyw Á �,Ã`¥º�,x}i �^j�pqzh��u}�5w,py¤'u�w�j � u���u�pqz·´}w,f]r���i�u�Ç]pyz��
p¶w Á w�fhjUi7Ã�|�u}�,��py¤{j}¨

e�fhj#tvu}��w`��w�j�|kpv�Q��u}���,pqj � x}r~wQ�]�s�,j�ikx'¤]pqzh�«w�fhj@��x}ik|�x{zhj�z�w Á ��Ã8p � jUz�w�py®�j � u{����jUpyzh��¥¦u}rhtyw���¥º�,x}i
¥ºr���w,fhj��Qj��~jU��rhw�pqx}z��U¨�±D¥Xw,fhj����]��w�jUi pv�Äzhxstyx{zh�}jU�Qu��htqj�w�x � j�tqpy¤{j��Äw,fhj��,u�ikj@��jU��¤]pv��j#u}�Q��j�¥ºx}�,j}´�w,fhj�z
u ���!�!
�����&W�������O��
��Ii�uK��w�u�Ç{j«|�tqu{��j}¨

¾Åikx}�,j�r���r�u�t Á �hrhwQzhx�wQ��w,u�z � u�� � Ã·w�j��,i-r���j � u}��u«ikjUu�zs¥ºx}��¥¦u}rht¶w�§Nw,x}tqj���u�z���j`pv�8w�fhj£w,��jSu'w�ikjUz{w
x}¥�u�z�j��,��x{�`r���pyz���u«½ � u}i�u��}j � ikx � j5À5´]µ#fhpq��f�u�pqi��¸u�w£|h�,x'¤]p � pyzh�sw�fhj��,u�ikjª��j��,¤]pq��jªu}�`w�f�j«pqzhpyw�pvu�t
���~��w,j�i pqz�w,fhj�|h�,jU��j�z���j�x�¥�¥¦u�rhtyw,�U¨Äe�fhpv�£w�j��,i pv��¤}j��,��u�i��hpy�{rhx}r��`µ(¨ �U¨ wU¨]w,fhj�ikjUu�z!j�ik|htqx'�}j � ¥ºx}�
¥¦u}rhtyw�§Gw�x}tqj���u�z���j}´~�^jU�Uu�r���j�p¶w � x]jU�#zhx}w���|^jU��p¶¥º�!p¶¥8w�f�j(¥¦u�rhtyw@pv�#j�tqpyikpqz�u'w,j � x{�#zhx�wS¨`Æhx{�@j��hu�ik|htqj}´hu
½ � u}iku}�}j � ikx � j�À#i�uK����jªj�pyw�fhjU�¸u}z�j��,��x{�Q��jS��x'¤{j��,�(¥ºx}tqtyx'µ£j � �]��w�fhj«��x}z�w,pyz]r�u�w�pqx}z�x�¥Xw,fhjª��j��,¤]pq��j
pqz w,fhj!|���jS��jUz���j7x}¥@w�f�j7¥¦u�r�t¶wS´Qx}�ku6¥¦u�r�t¶w�w��,jUu�w�ikj�z�ws¥ºx{tytqx'µ£j � �]� u°�,jU��x{z~®��{rh�,u�w�pqx}z·¨=Æhx}��w�f�pq�
�,jUu{��x{z·´]µ¸j�|h�,j�¥ºjU��w�xkr���j � w�f�j�w�j��,i���|h�,x}|^x{��j � �]��03u�|���pqjªpqz k �WwLoD¨

�!Ê Ï ����Ï8  �8¡ Ë �
� �D ��
9º� Ì � Î 9 Ê �'  �8¡ Ê � ¾@tqtÄw�fhj�ikjSu�z�� � pq�,��r��,��j � u��^x'¤}jkr���jkw�fhj0���!#�����#W������B°pqz
x{� � j��£w�x�w��,jUu�w@j��,��x{�,�U¨�e�f�j��,j�u}��j«w,fh��jUj«¥ºx}�,ik��x}¥8�,j � rhz � u}z����0kå��mNo�A

• � ����# �b����� ���!#�����#>�����IB7��x}ik|h�,pq��jU�¸w�f�j«f�u�� � µ£u}��j«��x{i�|^x}z�j�z�w,�£w,f�u'w�u}��j�u �h� j � w�x�w�fhj����~��§w�jUi w�x���rh|�|�x{��w8¥¦u�rhtyw�§Gw�x{tyjU�,u}z���j{¨3Æhx{��pqz���w,u}z���j{´�u���|�u��,j`|h�,x~��jS����x}�3�Uu�z���j£r���j � py¥�x{zhj`x}¥hw�fhj
��r�zhzhpqzh�(|h�,x]��jU�,��x{�8¥¦u�pqtq��M{x{��w�fh�,j�j#|���x~��jS����x}������u}z��^j�u}�,��x]��pqu�w�j � µ#pyw�f7u«¤}x}w�pqzh�(ikjU��f�u}zhpv��i
w�x � jUtypq¤}jU�£w�fhj���x}�,��jS�5w#��jS��r�t¶wS´~j�¤}jUz!py¥�x}zhj�x�¥8w�f�j�w�fh�,j�j�|h�,x~��jU�,��x}���Q¥¦u}pytv��¨

•
��
O%!���b�����z���!#�����#W�����IBÂpyz���tqr � jU��u�tqt�|���x{�}��u�i��7u�z � pyz���w��,r���w�pqx}z��7w�f�u�w�u��,j°jUi�|�tyx'�{j � ¥ºx}�
��r�|h|�x{��w,pyz��!¥¦u}rhtyw�§Gw�x}tqj���u�z���j}¨�Æhx}��pqz���w,u�z���j�w�µ¸x�pqi�|�tyjUi�jUz�w,u'w,pyx{z���x�¥¸w�fhj��,u�ikjku�tq�}x}�,pyw�fhi
��u}z!�^j���x{i�|�r~w�j � u}z � w�fhjUpy�#�,jU��rhtyw,�#��x}ik|�u��,j � ¨

•
�u�%DE� ���!#�����#>�����IB ��x}z���pv��w��=pqz u�tqtyx'µ#pqzh� j��]w���uÈw�pqikj³¥ºx}� |^j���¥ºx}�,i�pqzh� w,u{��Ç~�­¥ºx{��¥¦u�rhtyw�§
w�x{tyjU�,u}z���j{¨�Æ�x}�#pqz���w,u�z���j(u�¥¦u�rhtyw��!��jU¹�rhjUz���j�x�¥8pyz���w,��r���w�pqx}z��#�Uu�z���j(�,j�§Dj��~jS��r~w,j � ¨

���  h� Ê ��� Î � �D �� 9¦� Ì � Î 9 Ê �'  ��¡ Ê � ±²z[w,fhjk��x{tyr~w,pyx{z��«|h�,x}|^x{��j � ¥ºx{��¥¦u}rht¶w�§Nw,x}tqj���u�z���j}´^w�f�j��,j�u}��js¥ºx}rh�
|�f�u}��jU��A
m}¨��\�N��
��E#>�I�J�!�I�O��
�����e�f�j�|h�,jU��j�z���jsx}¥`u Á tqu�w�jUz{w5Ã#¥¦u}rhtyw«pv� � j � r���j � ��� � j�w�jS�5w,pyzh�6u�z[j��,��x{��pqz
w�fhj���w,u�w�j(x}¥3w�f�j����~��w�j�i6¨

�~¨ q ��DE��&>�E�!
��������IDQ�I�����@¾@z]� � u}iku}�}j � rhj«w,xkw�fhj�¥¦u}pytqrh�,j«pv��p � j�z�w�py®�j � u}z �6� j�tqpqi�pyw�j � ¨
(h¨��\�N��
������!�!
�K��I�NB���e�fhj(j��,��x{zhj�x{r��£��w�u'w�j(pv���,j�|htvu}��j � ���!u�z6u}����j�|~w�u��htqj�¤'u�tqp � ��w,u'w,j}¨
l�¨6�u�����$���O���!���ODE�����b����# �!
����O�%�����!# GNBLG!�J��D�G��I�NKS���!����e�fhjª¥¦u�rhtyw��7��x{i�|^x}z�j�z�w£pv�£p � j�z�w�py®�j � u�z �
w�fhj����~��w�j�i pq�#j��~jU��rhw�j � ��r���f�w�f�u�w#w�fhj�¥¦u}rhtyw��!��x{ik|�x{zhj�z�w,�#u}��j�zhx}w@r���j � x}�@u}��j�r���j � pqz6u
i�u�zhzhjU�@��r���f!w,f�u'w�w,fhj�¥¦u�rhtyw � x]jU��z�x�w���u}r���j�u}z]�7ikx}�,j�¥¦u}pytqrh�,jU�U¨

���+íh���I�N�N�
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n~pyz���j�w�f�j����~��w�jUik�sµ¸j!��x}z���p � j���u}��j � pq��w��,pq�hr~w�j � ���~��w�jUik�U´8µ¸j�¥ºx~��r���x{z�w�fhj�¥¦u}rhtyw�§Gw�x}tqj���u�z���j�pqz
� pq��w��,py��r~w�j � ���~��w�jUik�U¨7p@x'µ£j�¤{j��S´hµ#fhjUzhj�¤{j���u}|h|h�,x}|h�,pqu�w�j Á j}¨ ��¨���x�¥�w�µ�u��,j � jU��py�{z6¥¦u�rhtyw,��Ã5´^w,fhjsrhz�p¶§
|���x~��jS����x}����u{��j�pv� � pv����r�����j � u}�#uk��|�jS��pvu�t3�Uu}��jªx}¥ � pq��w��,py��r~w�j � ���~��w,j�i��U¨

Æ�x}tqtyx'µ#pqzh��w,fhj�u}|h|h�,x{u}��f6x}¥���u�tqx�w,j kå��mNoD´�µ£js|���jS��jUz{w�w�fhjs¥¦u�rhtyw�§Gw�x{tyjU�,u}z���j(pqz � pv��w,��pq�hr~w,j � ���~��§
w,j�i���u}�£us��w,u{��Ç�x}¥ � p54^jU��jUz�w¸tqj�¤}jUtq�¸x�¥8u�����w���u}��w�pqx}z·´�jUu{��f7tyjU¤}jUt�|h�,x'¤]p � pyzh� � p 4Xj��,j�z�w£¥¦u�rhtyw�§Gw�x{tyjU�,u}z�w
��j��,¤]pq��jU�U¨8e�f�j(¤Ku}��pqx}r��¸tqj�¤{j�tv�#u��,j(��fhx'µ#z!x}zIÆ8py�{rh�,j«��¨

¾£w�w�f�j«tqx'µ£jU��w¸tqj�¤}jUt
u��,j«u}����w,�,u{�5w,pyx{z��`µ#f�pq��f�u��,j�¥º�,jU¹�rhjUz{w,ty��z�j�j � j � �]��w,jU��fhz�pq¹�rhjS�`¥ºx{�£¥¦u�rhtyw�§
w,x}tqj���u�z���j(u'w@fhpq�}fhjU�@tqj�¤}jUtq�U´hu�tv��x7��u�tqtqj � ½���u{��pv���hrhpqt � pyz����htyx~��Ç~��À�¨`e�f�j�zhj��]w#®�¤{j(tyjU¤}jUtq� � jUu�t
µ#pyw�f
¥¦u}rhtyw�§Gw�x}tqj���u�z�w���jU��¤]pv��jS��w,x­jUz���rh��j�j�pyw�f�j��kw�f�j6��x}z���pv��w,j�z���� x}��w�fhjI��x}z�w�pqz]rhp¶w��¼x�¥ª��j��,¤]pq��j!rhz � j��
z�x � jª¥¦u}pytqrh�,jU��x{�#r���jU� � jU��pq�}z!¥¦u�rhtyw,�U¨

  

Consistent State Recovery

Data Resiliency

Process Resiliency

Fault Tolerant Software

Stable Storage

Distributed System

Atomic Actions

Tolerant

Blocks

Basic
Building

Services

Fault

Fail Stop Processors,
Byzantine Agreement, Clock Synchronization,

Failure Detection and  Fault  diagnosis,

Reliable and Atomic Broadcast,

Reliable Communication,

Continued Service 
Under Design Faults

Continued Service
Under Node Failures

Consistency Under
Node Failures

Æ8py�{rh�,j���A�0·jU¤}j�tv�£pyzIu�¥¦u�r�t¶w�§Nw,x}tqj���u�z�w � pq��w��,pq�hr~w�j � ���~��w�j�i

±DwQpv�Äµ£x}��w�f�zhx�w,pq��pyzh�«w,f�u'wS´{��pyz���j#x}rh�Ä���~��w,j�i��Qu��,j � pq��w��,pq�hr~w�j � u�r~w,x}i�u'w,pq�Uu�tqty�{´}u�tqt]w�fhj@��tqu{����pv��u�t
��x}tqr~w,pyx{z��@|h�,x}|^x{��j � ¥ºx}�@w,fhj�¥¦u�rhtyw�§Gw�x{tyjU�,u}z���j(¥ºx{� � pq��w��,py��r~w�j � ���]��w�jUi�� DQ��B ��
��@��j�¥ºjUu{��pq�htqj}¨«¬=j
� pq�,��r��,��pqzIn~jU�5w,pyx{z��#�ku�z � tsw�f�j���x{tyr~w,pyx{z��£µ#fhpv��f�i�uK�7�^j(�,j�w,u}pyz�j � pyz�x}rh�@��x}z�w�j��]wU¨

x�,-+ � gh<?i-^�� c6i�~-56i�]7f�� ~-a�^$#�<
'°x{��w��,��fhj�ikjS��w,x6|h��x'¤]p � j�¥¦u�rhtyw�§Gw�x{tyjU�,u}z{w(��j��,¤�pv��jS��pqz�u � pq��w��,py��r~w�j � ���~��w,j�i i�u�Ç{j�pqik|htypv��pywsu�z �
j��~|htypv��pywªu{����rhik|~w�pqx}z��@u��^x}r~w�w�fhj��^j�f�uK¤�pqx}�#x}¥�w�fhj����~��w�j�i6¨�e�fhjU��jsu{����rhik|~w�pqx}z��@u��,j(��u�tqtqj � X!�LGN���
X����%��#��%�'&|XI��
S�#"LG kå��mNoD¨;¾����~��w,j�i�r���pqzh� x}� � pqz�u��,�b��x{ik|�x{zhj�z�w,� � x]jU�kzhx}w�u�tqµ£uK�~�k��u�w�pv��¥º�¼w�fhjS��j
|���x{|�jU��w,pyjS��´�u�z � ��|^jU��py®��ª��x}¥�w�µ£u}��j�x}�¸f�u�� � µ�u��,j#pq�¸zhjUj � j � w�x���x}z]¤}jU��wQx{� � pyz�u}������x{i�|^x}z�j�z�w,�`pyz�w�x
��x}ik|^x}zhjUz{w��¸w�f�u�w#�,u'w,pq��¥º��w,fhjU��j(u}�,��rhik|~w,pyx{z��U¨8±²z!w�f�jª¥ºx{tytqx'µ#pqzh��|�u���u��}��u�|�f���´}w�fhj(ikx���w@��x{iki�x{z
u{����rhik|~w,pyx{z���u��,j � pq�,��r��,��j � ¨

Y�Zr�[Y �
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� Ê   
�� Ê�Ê � Ê �X� kå��m}´ªn]jU��w�pqx}z (�¨�m�o�pv�7w,fhj[|h�,x}��tyjUi x}¥���jSu}��fhpqzh�bu��{��jUj�ikj�z�w7�^j�w�µ£j�jUz
|���x~��jS����x}���Xw,f�u'wQ��u}z(¥¦u�pqt~pqz�u�z�u��,�hpyw���u��,�ªi�u�z�zhj��S¨3±Dw�f�u}�8�^j�jUz���fhx'µ#zspqzZkå���Lo]w,f�u'wS´�µ#p¶w,f�x{� � pyz�u}���
ikjS���,u��{jU�U´}py¥·w�fhjU��j�u��,j

n
z�x � jU�¸pyz�w�fhj����~��w�jUi�´�w,fhj�z!��jSu}��fhpqzh�su}�}�,j�j�ikjUz{w¸pq�¸|�x�����pq�htyjªx}zhtq�kp¶¥�w�fhj

z]rhi���jU�(x�¥£¥¦u�pqtyj � zhx � jU��pv����w��,pq��w�tq�[tqjU�,��w�f�u�z
n/3

¨�n~j�¤}jU�,u}t�|h��x}w�x~��x{tq��f�uK¤}jk��jUj�z�|h�,x}|^x{��j � w�x
��x}tq¤}jªw�f�j �¸�]¯Su�z�w�pqzhj(u��{��jUj�ikj�z�w�|h��x{�htqj�i pqzIu � pq��w��,py��r~w�j � ���~��w,j�i6¨

� 9 Î ¡ 
³� Ë �8¡ � � Î ��� �  ~��� Î � kå��m�´
n]jS�5w�pqx}z (h¨å�Lo�pv��w�fhj�|h��x{�htqj�i+x�¥QÇ}jUj�|hpqzh��w,fhj���tyx~��Ç~�@x}¥ � p54^jU��jUz{w
z�x � jU�«pyz�u � pv��w,��pq�hr~w,j � ���~��w�j�i����]z���fh�,x}zhpq¯�j � ¨se�f�u�w(pq�U´3u'w(u�z]�6w,pyikj}´3w�fhj���tyx~��ÇI¤'u�tqrhjU�«x}¥`w�µ£x
z�x � jU� � p 4Xj��£�]��u'w¸ikx���w�us��x{z���w,u�z�wS¨8e�fhpv�¸|h��x{|�jU��w��kpv�`z�j�j � j � pqz7x}� � jU�Qw�x�pyik|^x{��j«u(w�x�w�u�t^x}� � j��
�^j�w�µ£j�jUz!jU¤}jUz{w���¨ � tqx~��Ç7���]z���fh�,x}z�py¯Su'w�pqx}z�u�|h|���x�u}��fhjS�¸�Uu�z��^j � j�w�j��,ikpyz�pq��w�pv��x}��|h�,x}��u}�hpqtypv��w,pq�}¨�±²z
� j�w�jU��ikpqzhpv��w,pq�7��tyx~��Ç­���]z���fh�,x}z�py¯Su'w�pqx}z­|h�,x�w,x]��x}tv��´8uI�,jU¹�rhpq��j � |���jS��pv��pqx}z�pv���}r�u���u�z�w�jUj � µ#p¶w,f w�fhj
�,u�ikj@��x}z � pyw�pqx}z�u{��¥ºx}� �£�]¯Uu}z�w�pqzhj@u��{��jUj�ikj�z�wU¨�'Ix{��w`x}¥�w,fhj � j�w�j��,ikpyz�pq��w�pv�@��tqx~��Ç����]z���fh�,x}zhpq¯Uu�w�pqx}z
|���x}w�x~��x{tq��u}�,��r�i�jI��x}ikj�iku��~pyi�u�t#�^x}r�z � x{zÂikjS���,u��{j � jUtquK�bpqzÅx}� � j���w�x � j�w�jS�5wkw�fhj°u}����j�z���j
x}¥ªikjU�,�,u��}jS��¨Â�Q�,x}��u}�hpytqpv��w,pq�6��tqx~��Ç¼����z���fh��x{zhpq¯Uu'w,pyx{z¼��u}zÂx{zhtq�bj�z���rh�,j�w,f�u'w�w,fhj°��tqx~��Ç~��µ#pqtqt@��j
���]z���fh�,x}zhpq¯�j � µ#p¶w,f�uª¤}jU���«fhpq�}fs|���x{��u��hpqtqp¶w��{´Sµ#pyw�f�x}r~wÄu�z]�(u}�,��r�i�|hw�pqx}zsu}��x{r~w8i�u��]pqisr�i ikjS���,u��{j
� j�tvuK�}¨

�·�U h�
9 Ê ��� Î �'  
 ÊCkå��m}´�n]jU��w�pqx}z (h¨ (�o
j�z���rh�,jU�¸w,f�u'w#�,jUu � u�z � µ#�,p¶w,jªx{|�jU�,u�w�pqx}z��£x}z!w�f�j���w�x{�,u}�}j«u��,j
u}tyµ�uK�~����r��U��jU�,��¥ºrhtN´'jU¤}jUz�py¥�w,fhj�rhz � jU��tq�]pyzh�(��w�x{�,u}�}j`f�u�� � µ£u}��j¸��x}ik|^x}zhjUz�w,�8¥¦u�pqtG¨8e�fhpv�8pq��r���j�¥ºrht]¥ºx}�
¥¦u}rhtyw�§Gw�x}tqj���u�z���j�ikj�w�f�x � �@�,jU¹�rhpq��pqzh�kw�f�u'wª��x}ikj���w,u'w,j�x�¥8w�f�js���~��w�jUi*�^jsuK¤'u�pqtqu}�htqj�u'¥�w�jU��u�¥¦u�pqtqrh��j
x~�U��rh����¨ kå�>t�o � j�®�z�jU�#w,fhj�|h�,x}��tyjUi x�¥�w,fhjs��w,u���tyjs��w�x{�,u}�}j(u�z � �{py¤{jU�@u7|h��x}w�x~��x{tXw�f�u�w�µ£x}�,Ç]��µ#pyw�f
x{zhj � pv��Ç­pqz�w�fhj7|���jS��jUz���j�x}¥#u}����p¶w,�,u}���I¥¦u}rhtyw,�U¨°©�w,fhj�����tvu}�,��pv��u}tQ|h�,x�w�x~��x}tv�(u��,j � pq��Ç���f�u � x'µ#pqzh�
u}z � �#j � r�z � u�z�w�¾�����uK�~�¸x}¥�±²zhj��~|�jUz���pq¤}j 3ªpq��Ç~� Á ��¾@± 3�Ã5¨

�   � 9«�U� Î � �8� Î ¡ Ê �S� Î �'� kå��m}´3n~jU�5w,pyx{zz(�¨ lWo8pv�«w�f�jku{����rhik|~w,pyx{z[i�u � j�x}z[w�fhjk�^j�f�uK¤]pqx}�«x�¥�u�|h�,x�§
��jU�,��x{�ªµ#f�pq��f���w,x}|�� Á f�u�tyw,��Ãªrh|�x{z[¥¦u}pytqrh�,j}¨ 'Ix}�,j�|���jS��pv��jUty�{´Xw�fhjk¤]pq��pq�htyj�j�4XjU��w,��x}¥£u�¥¦u�pqtyrh�,jkx�¥¸u
¥¦u}pyt·��w�x{|6|h��x~��jU�,��x{�£u}��jEk (Wn~´~l��LoOA

•
±Dw���w,x}|���j��~jU��rhw�pqzh��¨

•
e�fhj(pqz{w,j��,z�u�t���w�u'w�j(u}z � w�fhj���x}z�w�jUz{w���x�¥8w�fhjs¤}x}tvu'w,pytqj���w,x}��u��}j���x{zhzhjS�5w�j � w�xkw�f�j(|h��x~��jU�,��x{�
u��,j�tyx���wSM]w�fhj���w,u�w�j�x�¥8w�fhj���w,u}�htqj���w�x{�,u}�}j«pq��r�z�u 4XjU��w�j � �]�7pywU¨

•
¾@z]��|���x~��jS����x}����u}z � j�w�jS�5w#w,fhj�¥¦u�pqtyr���j�x�¥Äu�¥¦u�pqt3��w�x}|�|h�,x~��jU�,��x}�S¨

e�fhj�pyik|htqj�ikj�z�w�u'w�pqx}z��(|h�,x}|^x{��j � ¥ºx}�(w,fhpv�su}�,��rhik|~w�pqx}z�� � j�®�z�j�u "�	 %I���%�$	�GN��
=� ����
S�!�NG!G�
��6u}��u
��x}ik|hr~w,pyz������]��w�jUi w�f�u�w¸�^j�f�uK¤{jU�¸typqÇ}j«u���pqzh�{tyj�¥¦u�pqtX��w�x{|7|h�,x~��jU�,��x}�Qrhz�tyjS���

k + 1
x}�`ikx{��j«��x}ik|^x�§

z�j�z�w,��x�¥Äw�f�j����]��w�jUi+¥¦u�pqt;k (WnLoD¨@±²zIw,fhjsikx � jUt�x}¥`��x}ik|hrhw,u'w,pyx{zIr���j � �]�!w�fhjS��j�pyik|htqj�ikj�z�w�u'w�pqx}z���´
w,fhj��,j�u��,jk|h��x~��jU�,��x{�,��¥ºx}�(�,rhzhzhpqzh�6|h�,x}�{�,u}ik��u}z � |���x~��jS����x}����w�f�u�w�|h��x'¤]p � j�w�fhj7��w,u}�htqjk��w�x{�,u}�}j{¨
� tqx~��Ç�����z���fh��x{zhpq¯Uu'w,pyx{z7pv�@u�tv��xk��rh|h|^x{��j � w�x��^j(j�z���rh�,j � ¨
±²zb�{j�zhjU�,u}tN´��,jUu}tQ|h�,x]��jU�,��x{�,�su��,j7zhx�ws¥¦u�pqt£��w�x{|¼u�z � i�uK�­tyjSuK¤}j�w,fhj�pq���}tqx}��u}tQikj�ikx}�,�=pqz¼u}z

pqz���x}z���pq��w�jUz�w#��w,u�w�j�µ#fhjUz6u�¥¦u}pytqrh�,j«x~�U��rh����¨

���+íh���I�N�N�
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 � Î ���¦� k �"m�´�n]jS�5w,pyx{zT(�¨ ��ohpq�8w,fhj@u}�,��r�i�|hw�pqx}z�w�f�u�wÄw�fhj£¥¦u�pqtqrh��j
x}¥ªu=zhx � j!pv� � j�w,jU��w�j � �]� x�w�f�j��kzhx � jU��pqzbw,fhjI���~��w�j�i pqzÅu[®�zhpyw�j!w�pqikj}¨¼e�f�pq��u{����rhik|~w�pqx}z¼pq�
jS����j�z�w,pqu}t�¥ºx{��x�w�f�j��#zhx � jS�£w�xk|�jU��¥ºx{��i u}z]��u}��w�pq¤�pyw�pqjU�¸w,f�u'w@i�uK���^j(zhj�j � j � ¥ºx}���,jU��x'¤{j��,�}¨8Æ�u�pqtqrh��j
� j�w�jS�5w,pyx{z!��u}z��^j�¤�pqj�µ£j � u}�£u�¥¦u}rhtyw � pqu}�}zhx���pv�`|���x{�htyjUi6´�pqz�µ#f�pq��f�w�fhj��}x�u�t^pq�¸¥ºx{�¸w,fhj(��j�w£x}¥3zhx{z
¥¦u}rhtyw��!��x{ik|�x{zhj�z�w,�#w�x � j�w�jU��w#w�fhj���j�w@x�¥8¥¦u�rhtyw��!��x}ik|�x{zhj�z�w���´h�]�!r���pqzh� � pvu��{zhx{��w�pv�ªw�jS��w��@u�z � �]�
� pq�,��jUikpyz�u�w�pqzh�kpyzh¥ºx}�,iku�w�pqx}z�x�¥�w�fhjUpy�#w,jU��w,�U¨

e�fhpv�ku}�,��r�i�|hw�pqx}zbpv��jUu}���­w�x­��u�w�pv��¥º� �]� u[����r~w,j7¥ºx{�,��j�ikj�w,fhx � ´`pqz¼µ#fhpv��f¼jSu}��fbz�x � j�r���jU�
w,pyikjUx}r~w��Äw�x � j�w,jU�5w`¥¦u�pqtyrh�,jU�U¨Pp@x'µ£j�¤}jU�U´}pyz7u(tvu��,�}j@���~��w,j�i6´�w,fhpv�¸u}|h|h�,x{u}��f�i�uK�s�^j���x���w,ty� Á py¥·jUu{��f
z�x � j¸f�u{�8w�xªw�jS��wQu�tqt]x�w,fhj���zhx � jS�,Ã8u�z � rhz]µ#pqj�t � � Á w,fhj��,j�i�uK�(��j#��x{fhj��,j�z���j`|���x{�htyjUi-��j�w�µ¸jUj�z�w�fhj
w,jU��wªx}¥`jUu{��fIzhx � jSÃ�¨ � x{z���p � jU�,u}�htqj�u�ikx}rhz�w«x�¥Q�,jU��jUu�����fIf�u{�@�^j�j�z � x}z�jspqz°w�f�j�¥¦u�r�t¶w � pvu��}z�x{��w�pv�
u}��jSuh¨8¬=j(x{zhtq����x{z���p � jU�#fhj��,j«w�fhj(µ£x}�,Ç�x}z � pv��w,��pq�hr~w,j � ���~��w�jUik��f�uK¤�pqzh�kzhx � j«¥¦u�pqtqrh��jS��¨

Æ�x}�£w�fhj(|�rh��|^x{��j«x�¥ � j�w�jU��ikpqzhpyz���f�x'µ � pvu��}z�x{��w�pv��u���tyj«u����~��w,j�i pv��u�z � ¥ºx}��|^j���¥ºx}�,i�pqzh� � pvu���§
z�x{��pq�U´·u�ikx � jUtÄpq�«r���j � ¨�e�fhj�� ' � Á �Q�,j�|�u}�,u�w,u�´ '°j�w�¯Uj}´3u}z � � f�pyjUz k (�l�oºÃªikx � j�tÄµ�u}��w�fhj�®�����w
ikx � jUt�|h�,x}|^x{��j � ¨#±Dw � jS��x{i�|^x{��jU�ªu7���]��w�jUi pyz�w�x!u���j�wªx}¥Qrhzhpyw,�

{u1, ..., un}
´�µ#fhjU��j���x{i�j�rhzhpyw,�

�Uu�z�w�jS��wQw,fhj@��w,u'w,r��Äx}¥^x}w�fhjU�Ärhzhpyw,�U¨�e�f�j#�}��u�|hf���jU|h�,jU��j�z�w�pqzh�ªw�fhj#w,jU��w�pqzh�(�,j�tvu'w�pqx}z Á
ui

w�jS��w��
uj

Ã8pq�
�Uu�tqtyj � w�f�jT�!
������!�I�O��
��C��G!G!��&W��DQ�����Q�{�,u}|hf·¨�e�fhj�j � �}jS�`x}¥
w�fhpv�`�{�,u}|hf7u��,j�tvu��^j�tqj � µ#p¶w,f7w�f�j��,jU��rht¶w
x}¥3w,fhj�w�jS��w�u{�£¥ºx}tqtyx'µ@��A

aij = ui

w,jU��w,�
uj =







x
py¥

ui

pq�#¥¦u�rhtyw��
1

py¥
ui

pq�@zhx}z!¥¦u�rhtyw��!u}z �
uj

pq��¥¦u}rhtyw��
0

py¥
ui

pq�@zhx}z!¥¦u�rhtyw��!u}z �
uj

pq�#z�x}z!¥¦u�rhtyw��
e�fhj£��j�w�x}¥�u�tqt�w�f�j`tvu��^j�tv�

(aij)
pq����u�tqtqj � w,fhj7GNB���#���
�DQ�£x�¥]w,fhj£���~��w,j�i6¨3±²z�w,fhj£� ' � ikx � j�tG´Kw�fhj

���]z � �,x}ikj�pv��u{����rhikj � w,x7�^j�u}z�u�tq�]¯�j � �]�6u���j�z�w���u�tqpy¯Uj � ��rh|^j��,¤�pv��x}�S´hµ#fhpv��f°pq�«u�z[rht¶w,�,u�§G�,j�tqpvu��htqj
|���x~��jS����x}�S¨`±²z6w,fhpv�ª�Uu}��j}´���x}ikjs��x}z � pyw�pqx}z��#x}z6w,fhj�z]rhis�^j��ªx�¥�¥¦u�r�t¶w���zhx � jU�ªu�z � w,fhj���x}zhz�jU�5w,pyx{z
u{����pq�}zhikj�z�w��}��u�|hf6u��,j«zhj�j � j � ¥ºx}�@uk���~��w,j�i w,x���j � pvu��{zhx{�,u���tyj{¨

p�x'µ¸jU¤}j��S´�w�fhjU��jÅj��~pv��wbu�|�|h��x�u}��fhjS�I¥ºx{� � pq��w��,py��r~w�j � � pvu��{zhx{��pv��´�typqÇ}j �>#W� ���
�%K�� q �HGN�
�N��X����J�V#��BLGN����D 	J� �IK��I� q ����&W��
LGN�HG Á u � u�|~w,py¤{j 3�n 3«Ã6kå�}�]´~��(LoD¨Qe�fhjU��j@pv�¸zhxs�^x}rhz � x}z�w,fhj�z]rhi���jU�¸x}¥
¥¦u�rhtyw��z�x � jU�«pyz=w�f�jk���~��w,j�i ¥ºx{� � pqu}�}zhx���pv�@w,x���r��U��j�j � ¨se�fhj(½�w�jU��w�À�r���j � ����jSu'w,jU�«u!��rh�h|h�,x~��jS���ªx}z=w�fhj
z�x � jªw,jU��w�j � pqz6x}� � j��£w,x�¤}j��,py¥º�7��jU¤}j���u�tXf�u}� � µ£u}��j«x}�#��x�¥�w�µ�u��,j�¥¦u{��pqtypyw�pqjU�U¨
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��� Ê � Ë pv�ªw�fhj�u}�,��r�i�|hw�pqx}zIw,f�u'w(u7ikjU�,�,u��}j���jUz{w«�]�6u�zhx � j�w�x!u}zhx�w,fhj��
z�x � j�u��,�,py¤{jU��rhz���x}�,��r�|~w�j � u'w�w,fhjs�,jU��j�pq¤}jU�U´�u}z � w,f�u'wªw�fhj�i�jS���,u��{j(x}� � j���pq�ª|h�,jU��j��,¤}j � �^j�w�µ£j�jUz
w�µ£x(zhx � jS��¨Ä�#jSu�t���x}ikisr�zhpq�Uu'w,pyx{z�tqpqzhjU�£��x{ikj�w�pqikjU�`tyx���j#ikjU�,�,u��}jS�Qu�z � pyz�w��,x � r���j@j��,��x{�,�U¨�p�j�z���j}´
��x}ikj@|���x}w�x~��x{tq�¸u��,j@zhj�j � j � w�xsjUz���rh��j�w�fhjS��j«u}�,��r�i�|hw�pqx}z��U¨8e�f�jU��j�|h�,x�w,x]��x}tv�Äw��]|hpv��u}tytq���^j�tqx}z���w�x
w,fhj(��x{i�i�rhzhpv��u�w�pqx}z6u�����fhp¶w,jU��w�rh�,jª�,jU¹�rhpq�,j�ikj�z�w#u�z � u��,jªr���r�u}tytq����rh|h|^x}��w�j � �]��w,fhj(��x}iki�rhzhpv��u'§
w,pyx{z�|h��x}w�x~��x{tq�U¨�e�fhj�Ç{j��=pq�,��r�j�pyz�f�u}z � tqpyzh�6¥¦u}pytqrh�,jU�(pv��w,fhj ��
����
�%�?& 
O%EDE�IG!GI��&>�IG5¨�Æ�x}�(¥ºr���w,fhj��
� j�w,u}pytv��x}z��,j�tqpqu}�htyj(��x}ikisrhz�pq�Uu'w�pqx}z�|h�,x�w,x]��x}tv����jUjTk l��LoG¨
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9 Ê��  ~� Î � �N¡ �   �8ÏI¡} ��8�S �9^��� Î  hÏ�¡{ h�U� kå��m�´ � f�u}|~w�jU�·l�o{pq�·w�fhj`u{����rhik|~w,pyx{zªw,f�u'w��h��x�u � �Uu}��w
x{��isr�t¶w,p¶§D|�x{pyz�wk��x}iki�rhzhpv��u'w,pyx{z��(ikjU��f�u�zhpv��i���u}��j7uK¤'u}pytvu��htqj�pqz w�fhj����~��w�jUi u}z � w�fhjS��j�i�jS��f�u'§
z�pq��i���f�uK¤}j«w�f���jUj«|���x{|�jU��w,pyjS��A
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•
�����$���WX��%�$�%�OB'´^µ#f�pq��f���jS¹�rhpy�,jU�£w,f�u'w�u��h�,x{u � ��u{��w�ikjU�,��u}�}j«��js��jS��j�pq¤}j � �]�!u}tytXw,fhj�x{|�jU�,u�w�pqx}z�u}t
zhx � jU��M

•
�!
��"GN�HGN�J�I����
���#W���N�%�'&}´Xµ#fhpv��fI��jS¹{r�py�,jU��w,f�u'w � p54^jU��jUz{wªi�jS���,u��{jU�@��j�z�w��]� � p54^jU��jUz{wªzhx � jU�ª��j
� j�tqpq¤}j��,j � w�x�u}tyt
w,fhj(zhx � jS��pyz�w�f�j���u}i�j�x{� � jU��M

•
�!���?G����$�%�OB����V�NG����NKL���
��
���´}µ#f�pq��f���jS¹{r�py�,jU�3w�f�u�w�w�fhj�x}� � jU��pqzsµ#fhpv��f�i�jS���,u��{jU��u��,j � jUtypq¤}jU��j � u'w
w�fhj�zhx � jS����j(��x}z���pq��w�jUz�w£µ#pyw�f!w�fhj(�Uu�r��,u�tqp¶w��k�^j�w�µ£j�jUz7w�f�j���j�z � jU¤}j�z�w��¸x}¥·w�f�jU��j«ikjS���,u��{jU�U¨

e�fhjS��j(|���x{|�jU��w,pyjS�¸����pqzh�kpyz�w,fh��jUj � p 4Xj��,j�z�w#w��]|^jU��x�¥��h�,x{u � ��u{��w�|h�,pyikpyw�pq¤}jU��A

•
�����$���WX����QX���
��>#W�!�LGN��µ#fhpv��f���rh|h|^x}��w,�@x}zhtq�7�,j�tqpqu}�hpytqpyw���|h��x{|�jU��w���M

•
���J
�DT���EXI��
S�W#>�!�LGN��µ#fhpq��fI��rh|h|^x}��w,���,j�tqpqu}�hpqtypyw���u�z � x{� � jU��pqzh��|h�,x}|^j���w�pqjU��M

•
�!���?G����PXI��
S�W#>�!�LGN��µ#fhpq��f6��rh|h|^x}��w,�#��u}r��,u�tqp¶w��7|���jS��jU��¤'u'w,pyx{z�|h�,x}|^j���w��}¨

x�,
[ �7gPc�~J= �LyTab~-3v`"gh];=�8\3v`$��i�^�3u<
±²z!w�f�j(|h��jU¤]pyx{r�����jS�5w�pqx}z�µ£j«f�uK¤}j � pq�,��r�����j � w�fhj(��u}��pq�«�hrhpqt � pyz�����tyx~��Ç~�#u�z � w�f�j���x}iki�rhzhpv��u'w,pyx{z
u}�,��f�p¶w,jU�5w,rh�,jU��w�f�u�w6u}��j­r���j�¥ºrht«¥ºx}� � jU¤}jUtyx{|hpyz��¼¥¦u}rht¶w�§Nw,x}tqj���u�z�w � pq��w��,py��r~w�j � u}|h|htqpq�Uu'w�pqx}z���¨ e�fhj
��j��,¤]pq��jU��|h��jS��jUz�w�j � |���jU¤�pqx}r���tq���Uu�z°�^jk��rh|�|�x{��w,j � jUp¶w,fhj��«�]�!w,fhjsf�u�� � µ£u}��j Á j}¨ ��¨q´�w�fhj � ¾-� �hr��
¥ºx{����jUtypvu��htqj���x}iki�rhzhpv��u'w,pyx{z�Ã�x}���]�(w�f�j£x{|�jU�,u�w�pqzh�����~��w�j�i6¨8±²zsw,fhj£¥ºx}tqtyx'µ#pqzh��´'µ¸j�|h�,jU��j�z�wÄ��jU��¤]pv��jU�
µ#f�pq��f6u��,j(��|^jU��p¶®��ªw,x7��x{i�j(���~��w,j�i��#u�z � zhjUj � ��|^jU��pqu}t
ikjU��f�u}zhpq��i��£w�xk�^j(pyik|htqj�ikj�z�w,j � ¨

�!Ê ¡ Î � Ê � �
��
I I¡ Î �8���N��� Ê �X�(�U�U ~� Êzk �"m�´ � f�u�|~w,j��¸��o�pv�`u«¥¦u�r�t¶w�§Nw,x}tqj���u�z�w`��jU��¤]pv��j#µ#fhpv��f7u�tqtqx'µ@��w�fhj
�,jU��w�x{��pqzh�Ix}¥@w�fhj����~��w�jUi w,x=u=��x}z���pv��w,j�z�w���w,u�w�j{¨­e�fhpv����jU��¤]pv��j���x}ik|htqj�w�jS��w,fhj���u}��pq�!��jU��¤]pv��j7x}¥
jU���,x}�£�,jU��x'¤{j��,pyz���w�x7u}z!jU���,x}��§G¥º��jUjª��w,u'w,j}¨

±²z�rhzhpq|h�,x]��jU�,��x{�¸���~��w,j�i���´~x{z���j�u�z!j��,��x{�`pv� � j�w,jU��w�j � ´~j��,��x{�`�,jU��x'¤{j��,��pv�£zhx�w � p��7��rhtywU´~i�u}pyzhtq�
w,fhj«��u}��Ç]µ�u�� � ��jS��x'¤}jU���{¨��u "�!�#" ��
��%����G Á x{����jS��x'¤}jU����|�x{pyz�w��,Ã¸u��,j�jS��w�u��htqpq��fhj � |^j��,pyx � pv��u}tytq� � rh�,pyzh�
w,fhj#zhx{��i�u�t~j��~jU��rhw�pqx}z�x�¥^w�fhj@|���x~��jS���8�]���,uK¤]pyz��«u}tyt~w,fhj#pqz~¥ºx}�,i�u'w�pqx}z�zhjUj � j � w,x(��jS��w�u���wQuª|���x~��jS���
x{z°��x{ikj���w,u���tyj���w,x}��u��}j � j�¤]pq��j}¨@¬ f�j�z=u}z°j��,�,x}�@pv� � j�w�jS�5w�j � ´Xw�f�js|h�,x~��jU�,�@pv�ª��x{tytqj � ��u{��Ç�w,x�pyw,�
|���jU¤�pqx}r��£�,uK¤}j � ��w,u�w�j(�]�7�,jU��w�x}�,pqzh�sw,fhj(tvu}��w#�,uK¤}j � ��fhjS��Ç]|�x{pyz�w#x�¥�w�fhj(|h�,x~��jS���U¨

±²z�u � pv��w,��pq�hr~w,j � ���~��w,j�i6´�w�fhjª��x{tytq��u{��Ç�pv�`z�x�w£��w���u�pq�}f�w�¥ºx}�,µ£u}� � ¨�e�fhj�|h�,x}��tyjUi pv�`w�f�u�w`w�f�x}rh�{f
u[��x}z���pv��w,j�z�ws�{tyx{��u�t`��w,u�w�j7pv��z�j�j � j � ´Q��fhjS��Ç]|�x{pyz�w�pqzh�°u}z � ��x{tytq��u{��Ç=��u}z x}zhtq�­��j7|^j���¥ºx}�,ikj � �]�
pqz � pq¤]p � r�u�t�|h�,x~��jU�,��jU�U¨�p@j�z���j}´Xw,fhjk|h�,x}�htqj�i pv�«w�x�j�z���rh�,j�w�f�u'w�w�fhj���fhjS��Ç]|�x{pyz�w�pqzh��u�z � ��x{tytq��u}��Ç
� x}zhj­tyx~�Uu�tqty�³�]� jUu{��f |h�,x]��jU�,��pv�6��r���f w�f�u'wIu'¥�w�jU��w�fhj­��x{tytq��u{��Ç^´@w�fhj­�}tqx}��u}t«���~��w,j�i ��w,u�w�j­pq�
��x}z���pv��w,j�z�wU¨�¾ ���]��w�jUi ��w,u�w�jkpq�s��x}z���pv��w,j�z�w(p¶¥�pyws��u�z­�^j���jSu}��fhj � �]�[u!¥¦u�pqtqrh��j�§N¥º�,j�jkj��]jS��r~w,pyx{z=x}¥
w,fhj����]��w�jUi6¨

e�fhjU��j(u}��j«w�µ£x���u}��pq��u�|�|h��x�u}��fhjS�Qw,x���fhjU��Ç]|^x}pqz{w,pyz��ku}z � ��x{tytq��u}��Ç�A

•
� GNB����! ?�V
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��?G4�! "�!�#" ��
��%���
�%�?& ���Q�,x~��jU�,��jU�¸jU��w,u���typv��f6��fhjS��Ç�|^x}pqz�w,�¸pyz � j�|^j�z � j�z�w�tq�}´~�hrhw�Ç{j�jU|
us�,jU��x}� � x�¥�w�fhjUpy�#��x}ikisrhz�pq�Uu'w�pqx}z���¨8±D¥8u���x{tytq��u{��Ç�pv�£|�jU��¥ºx{��ikj � ´�w�fhjUz�w,fhj(��x}iki�rhzhpv��u'w,pyx{z
fhpv��w,x}�,�­pv��r���j � w�x­�,x}tqt`��u{��Ç=w,fhj�|h��x~��jU�,��jS����r���f w�f�u�w�w,fhj��,j!u}��j!zhx[ikpv����pqzh�[x{�sx}�,|hf�u}z
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ikjU�,��u}�}jU�U¨�e�fhj�u}���]z���fh�,x}zhx{r��`��fhjS��Ç]|�x{pyz�w�pqzh��pq�#��pqi�|�tyj(�^jU�Uu�r���jªpyw � x]jU��z�x�w#zhj�j � ��x]x}� � p¶§
z�u'w,pyx{zI��j�w�µ¸jUj�z°|���x~��jS����jU�U¨�p@x'µ£j�¤}jU�U´�p¶w«ikuK�!f�uK¤}j�u � x}ikpqzhx7j�4XjU��w Á zhx���x{z���pq��w�jUz{w«��w�u'w�j
pq�s¥ºx}r�z � Ã�u}z � pyw�i�uK�­��jS¹{r�py�,j7uItqx�w�x}¥@tyx~�Uu�t¸��f�jU��Ç]|�x{pyz�w,pyzh��¨I¾���uI��jS��r�t¶wS´Äp¶w�pq��¥ºjUu}��pq�htyj
µ#fhj�z�¥¦u}pytqrh�,jU�#u��,j��,u}��j�u�z � ��x}ikisrhz�pq�Uu'w�pqx}z��^j�w�µ£j�j�z�|h�,x~��jU�,��jU�£pq�@typqikp¶w,j � ¨
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��B����V ���
���
��?G �! "�!�#" ��
��%���
�%�?& � Á x}� � pq��w��,pq�hr~w�j � ��fhjS��Ç�|^x}pqz�w�pqzh��Ã�e�f�j@|h�,x]��jU�,��jS�Q��x]x{|�jU�,u�w�j#pqz
x}� � j��sw�x­jU��w,u}�htypv��f w�fhjUpy��tqx]�Uu�t���fhjU��Ç]|^x}pqz�w,�U´���r���f w,f�u'w�w�f�j���j�w�x�¥ª��fhjS��Ç]|�x{pyz�w,��w�x{�}j�w,fhj��
pq���}r�u}�,u}z{w,j�j � w�xI�^j���x}z���pq��w�jUz�wU¨ � x]x}|^j���u'w,pyx{z=�^j�w�µ£j�jUz­|���x~��jS����jU�«�,jU¹�rhpq��jS��pyz�w,j��,|h��x~��jU�,�
��x{i�i�rhzhpv��u�w�pqx}zI¥ºx{�ªjS��w�u��htqpq��fhpqzh�7tqx~��u�t���fhjS��Ç�|^x}pqz�w,�U¨�p�j�z���j}´^w�fhjk��fhjS��Ç�|^x}pqz�w�pqzh�7�^jU��x}ikjU�
ikx}�,j���x}ik|htqj��
´~�hr~w#w,fhj(�,jU��x'¤{j��,�kpq�@��pqi�|�typy®�j � ¨

��� Î � �N¡  h¡���� Î ��� kå��m�´ � f�u}|~w�jU����o«pq�7u­¥¦u}rhtyw�§Gw�x}tqj���u�z�w���j��,¤]pq��j�µ#f�x{��jI�}x{u}t#pq��w�xbi�u�Ç{j°��x{ikj
p � jUz{w,p¶®�j � r���jU��§ � j�®�zhj � x{|�jU�,u�w�pqx}z��¸u�|h|^jUu}�£u{�`u'w,x}ikpv��´]j�¤{j�z7py¥·¥¦u�pqtqrh��jS�Qx~����rh�£pyz�w�fhj����~��w�jUi�¨�¾@z
u�w�x{i�pv�`u{�5w,pyx{z�pq��u}z�x}|^j���u'w,pyx{z(w�f�u�w�u}|h|^jUu����8u}��|h��pqikp¶w,py¤{j¸u}z � pqz � pq¤]pq��py��tyj¸w�x�u�tqt{x}w�fhjU��x{|�jU�,u�w�pqx}z��
pqz�w�fhj����~��w,j�i6¨Ä¾£w�x{i�pv��x}|^j���u'w,pyx{z��£f�uK¤}jªw�µ£x�¥ºr�z � u�ikjUz{w�u�t·|���x{|�jU��w,pyjS��A
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u�z­u'w�x{ikpq��x}|^j���u'w,pyx{z°j�pyw�fhjU�(��x}ik|htqj�w,jU�ª¥ºrhtqty�{´
x}��pyw�u}|h|�jSu����ªu{�«p¶¥Qw,fhjkx}|^j���u'w,pyx{z°f�u � zhx�w
|�jU��¥ºx{��ikj � u}z��!u}�5w,pyx{z�u�w�u�tqtN´hu}z �

•
zhxkw�µ£x�u�w�x}ikpv��x}|^j���u'w,pyx{z�����fhx{rht � u}|h|�jSu���w,x�x'¤{j��,tqu}|�x{�£j��~jU��rhw�j���x{z���r����,j�z�w�tq��M�w�fhjU��j�¥ºx}�,j
u'w,x}ikpq�«x{|�jU�,u�w�pqx}z��#u}��j�u�tqµ£uK�~�£j��~jS��r~w,j � ��jS¹{r�j�z�w�pvu�tqty��pyzI��x}ikj�x}� � j��S¨

¾ tqx�w#x�¥8|h��x}w�x~��x{tq�¸f�uK¤{jª�^j�jUz � jS��pq�}z�j � w,xkj�z���rh�,j«u�w�x}ikpv��pyw���x�¥8x}|^j���u'w�pqx}z��Q¥ºx{�£�^x�w,f���j�z�w���u'§
tqpq¯�j � u�z ��� pq��w��,py��r~w�j ��� u'w,u�¨

�  ~�S 6� Ê ��9
�N¡} ~��� Î �   ��Ïb� Ê ��� 9�� Ê ��¡ Ë�k �"m�´ � f�u�|~w,j��\tLo�pv�Äw�f�j#¥¦u�rhtyw�§Gw�x{tyjU�,u}z�w`��jU��¤]pv��j#µ#fhpv��f�i�u}��Ç]�
z�x � j!u�z � ��x{i�i�rhzhpv��u�w�pqx}z ¥¦u}pytqrh�,jU��pqzbw,fhj � pq��w��,pq�hr~w�j � ���]��w�jUi w�x[r���jU�,�U´Äpyz¼x}� � j��sw�x­|�jU��¥ºx{��i
x{|�jU�,u�w�pqx}z��£x{z � u�w,u�¨

�#jS��pqtqpyjUz����°pv�(��rh|h|^x}��w�j � �]�°�,j�|htqpq�Uu'w,pyzh�!w�f�j � u'w,u�x{z[isr�t¶w,py|htqj�zhx � jS��¨Ep@x'µ£j�¤{j��S´�w,fhj��,j�|htqp¶§
�Uu'w,pyx{z6��fhx{rht � �^j(w���u�z���|�u}��jUz�w¸w,x�w�fhjsr���jU�,��x}¥�w,fhj � u�w,u�¨¸e�f�u�w�pq�U´~w,fhj�j��~jS��r~w,pyx{z�x}¥�u���jS¹{r�j�z���j
x}¥�u{�5w,pyx{z��@��fhx}rht � ��j(jS¹�rhpy¤'u}tyjUz{w#w,x�uk��jS¹�rhj�z�w�pvu�t3j��~jU��r~w�pqx}z6x�¥8w�f�jU��jsu}��w�pqx}z���x{z�z�x}z~§D��jU|htqpq�Uu'w�j �
� u'w,u�¨°e�fhpv�s��x{���,jU��w�zhjS����|���x{|�jU��w��­pq����u}tytqj � w,fhjz
�����	-�V
=��BCGI���N�����������>XI�%���%�
Bb����pyw�jU��pqx}z·¨Ie�fhj�u�tq�}x}§
�,pyw�fhi���µ#fhpv��f³��rh|�|�x{��w�w,fhpq�����,p¶w,j��,pyx{zÂu��,jIu�tv��x �Uu�tqtyj � �,j�|htqpv��u���x{z{w,��x{t@u�tq�}x{��pyw�fhi��U¨;©ªzhj�§²��x{|��
��j��,pvu�tqpy¯Su��hpqtypyw����,jU¹�rhpq��jS�`w,f�u'w#w,fhj � p54^jU��jUz�w#��x}|hpqjU��x}¥�u � u�w,u�x}�h��jU�5w#�^j(pyzIu�isrhw�r�u}tytq�!��x}z���pq��w�jUz�w
��w,u�w�j{´Q��xIw,fhj�r���jU��u{�5w,pyx{z����{j�wsw,fhj6��u}i�j!¤]pyjUµ x�¥#w�f�j � u�w,u[x}�~��jS�5wU¨ 3�r�j�w,x°w�f�pq�k��x{z���pq��w�jUz����
����pyw�jU��pqx}z3´{w,fhj�u�tq�}x{��pyw�f�ik��u}��j(u�tv��x��Uu�tqtyj � ��x}z���pv��w,j�z����7��x}z�w,��x{tXu}ty�{x}�,p¶w,fhi���¨

e�fhjU��j(u}��j«w�µ£x���u}��pq��u�|�|h��x�u}��fhjS�Q¥ºx{�#i�u�z�u}�}pqzh���,j�|�typv��u�w�pqx}zvA

•
�/���O�%D �HGN�O����u�|h|h�,x{u{��f·´�µ#fhj��,j�zhx��,jU��w��,pq��w�pqx}z7pv�£|htqu{��j � x}z�u}�U��jU�,�`w�x � u'w�u"M~py¥�us|�u���w�pyw�pqx}z�x}¥
w�fhj«zhj�w�µ¸x{��Ç�x]�U��rh���U´�¥ºx}�£pqz���w�u�z���j � rhj�w�x�u(zhx � j�x{�`tqpyz�Ç�¥¦u}pytqrh�,j}´{w�fhj«��x{|hpyjS�Qx}¥
w�fhj � u'w�u�pqz
� p54^jU��jUz{w��}�,x}r�|��Qi�uK�k��jS��x{i�j � pq¤}j��,�}jUz�wU¨�e�fhjªpqz���x}z���pq��w�jUz���pqjU�`��j�w�µ¸jUj�z���x}|�pyjS�¸u}��j���x}tq¤}j �
u'¥�w,j��«w�fhjk�{��x{rh|��ªx�¥`w,fhjk|�u���w�pyw�pqx}z=��j���x}pqz·´·u�z � u��,j�zhx�w(u�tqµ£uK�~�«��r�����jS����¥ºrhtG¨s¾ ikj�w�f�x � w�x
��x{ty¤{j�pyz���x}z���pv��w,j�z���pyjS�¸pv��w,fhjQKL���!GN��
�� KL�!����
��5¨
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•
���IGVGN�%DT�HGN�
����u}|h|h�,x{u{��f·´�µ#f�j��,jsw,fhj�u}����jU�,�@w,x!�,j�|�typv��u�w�j �[� u'w�u�pv����x}z�w,��x{tytqj � ��r���f[w�f�u�w�pqz~§
��x{z���pv��w�j�z����7zhjU¤}jU�#x]�U��rh���U¨8e�fhjU��j(u}��j«w�f���jUj«|^jU�,��pyikpv��w,pq�(u}|h|h�,x{u}��f�jU�`¥ºx}�#�,j�|htqpq�Uuk��x}z�w,��x{t
A

�

���N�%DE���NBEG!�%�J�T� �*����
S�W�! ]´�µ#f�j��,jªjSu}��f��{py¤{j�z � u'w�u�f�u}��u � jU��py�{zhj � |h�,pyi�u��,�7��p¶w,j}´~µ#fhpqtyj
w,fhj«x�w�f�j����`u��,j � jS��pq�}z�u'w�j � u}�¸��u}��Ç]rh|���¨�¾@tqt^w�fhjª��jS¹{r�jU��w,�`¥ºx}�`x{|�jU�,u�w�pqx}z��`x}z�w,fhj � u'w,u
u}��j���jUz{w«w�x�w�fhj�|h�,pyi�u}���6��pyw�j{¨(e�fhj�|���pqi�u��,����p¶w,js|^j��,pyx � pv��u}tytq�6|�jU��¥ºx{��i��«��fhjU��Ç]|^x}pqz�w
x}¥3w,fhj���w�u'w,j«x}¥�w,fhj � u�w,u�x}z�w�fhj���u{��Ç]rh|��U¨8¬ f�j�z�w�fhj(|���pqi�u��,�7��pyw�j�¥¦u}pytv��´hu}z!jUtyjS�5w,pyx{z
u}ty�{x}�,p¶w,fhi pv�(��r�z[w,x � jU��py�{z�u'w,jku���u{��Ç]rh|­u{�ªw�fhj�zhjUµ |���pqi�u��,�°��pyw�j{¨�¬ fhj�z u6��x{i�§
i�rhzhpv��u�w�pqx}z6¥¦u�pqtqrh��j���u}r���jS�#w,fhjszhj�w�µ¸x{��Ç�w�x!��j�|�u���w�pyw�pqx}z�j � ´^x}zhtq�!w�fhj�|�u���w�pyw�pqx}zIw,f�u'w
pqz���tyr � jU�ªw�fhj�|h�,pyi�u}���I��p¶w,j�pv��u��htqj�w,x!|^j���¥ºx}�,i x}|^j���u'w�pqx}z���x{zIw�fhjk�{py¤{j�z � u�w,u�¨�e�f�pq�
�,jU¹�rhpq�,jU�Äw,f�u'w¸w�fhj«zhx � jS�`µ#fhpv��f�u}��j�u}typq¤}jªisr���w¸�^j�u��htqj#w�x � pv��w,pyz��}rhpv��f���j�w�µ¸jUj�z7zhx � j
¥¦u}pytqrh�,jU�#u}z � z�j�w�µ£x}�,Ç�|�u���w�pyw�pqx}z��U¨

�

�����
�%K��Y��� ���$���!�LG0� �*����
S�W�! Âpq��u�tv��x°Ç]zhx'µ#zbu{�(w,fhj!��w,u�w�j7i�u}��f�pyzhj!u�|h|h�,x{u{��f·¨6±²z w�f�pq�
u}|h|h�,x{u{��f·´
u�tqt8�,j�|�typv��u{��x}¥`w�f�j � u'w,u�u��,j�Ç}j�|hw���pyi�rhtyw,u�z�j�x}r���tq�°u}��w�pq¤}j}¨�¾ �,jU¹�rhjS��wª¥ºx}�
u}z�x{|�jU�,u�w�pqx}z�pq�Ä��j�z�w�w�x(u�tqt]w�f�j£�,j�|�typv��u{��´�u}z � u}z]����jU|htqpq�Uuª�Uu�z���j��,¤]pq��j`w,fhj#�,jU¹�rhjU��wU¨8e3x
jUz���rh��j�w,f�u'w�w�f�j���jU|htypv��u{��u��,j�i�r~w�r�u}tytq�=��x}z���pv��w,j�z�wU´·u}tytÄw,fhjk��jS¹�rhjU��w,�«¥ºx{�«x{|�jU�,u�w�pqx}z��
��fhx{rht � ��j���jUz�w`w�x�u�tqtX��jU|htypv��u{��´�u�z � w�fhj � p54^jU��jUz{w��,jU¹�rhjU��w,�`isr���w���j«|h�,x]��jU�,��j � pyz�w�fhj
�,u�ikj�x}� � j��ªx}z[jSu}��f[��pyw�j}¨(Æ�x}�ªw�fhjS��j���jSu}��x}z·´�w�f�j ����
�D ���YXI��
S�W#>�!�LGN��x}¥Qw�fhj��,jU¹�rhjU��w,�
pv��zhjUj � j � pqz�w�fhj�u{�5w,py¤{j«�,j�|�typv��u{�£u}|h|h�,x{u{��f·¨

��� 
��O�%�'&��=�*���V
��>�V �µ#fhj��,j}´K¥ºx{�8|^j���¥ºx}�,ikpyz��«u���jSu � x{�8u}zsrh| � u�w�j�x}|^j���u'w,pyx{z�x}zsw�fhj � u'w�uh´w,fhj7�,jU¹�rhjS��w,pyzh�Iz�x � j�f�u}��®��,��w�w�xI�{j�wsu�½�¹�rhx}�,rhi�À�x}¥£¤{x�w,jU��¥º�,x}i1w�fhj7x}w�fhjU��zhx � jS��¨
e�f�jª�{��x{rh|7x�¥�zhx � jU�¸w�f�u'w��}pq¤}j@w,fhj�¹{r�x}�,rhi pq����r���f�w,f�u'w@u��{��x{rh|7|^j���¥ºx}�,ikpyzh��us�,jUu �
x{|�jU�,u�w�pqx}z�u�tqµ£uK�~�£f�u}�#u�zhx � j(µ#pyw�f�w,fhj(tqu�w�jS��w#rh| � u'w,j}´�u}z � w�fhj(i�r~w�r�u�t
j��h��tyr���pqx}z�pq�
��rh|h|^x}��w�j � ¨��Äx�w�pqzh��u}ty�{x}�,p¶w,fhi��#��u}z��^js��w,u�w�pv�(x}� � ��z�u�ikpq�}¨¸±²z°��w,u�w�pv��¤}x}w�pqzh��´�u}tyt3w�fhj
|�u���u�ikj�w,j�����¥ºx}�«¤}x}w�pqzh��u��,j(®h�~j � ´Xµ#fhpytqj�pyz � ��z�u�ikpq�s¤}x}w�pqzh��´X��x{ikj�|�u���u�ikj�w�j����@i�uK�
�^j���f�u}zh�}j � u}�£¥¦u}pytqrh�,jU�#u}z � ��jS��x'¤}jU��pqjU�Qw,u}Ç}j�|htvu}��j�pqz�w�fhj����~��w,j�i6¨

e�fhj�i�u�pqz[pv����rhj�x�¥`�,j�|htqpv��u'w,pyx{zIpq�ªw,x�®�z � w�f�j�x{|~w�pqisrhi � j��}�,j�jsx�¥`�,j�|htqpv��u'w,pyx{z·´^��jS��u�r���j�w�fhj
��x{��w#x�¥�i�u}z�u��{pyzh��w�f�j(��jU|htypv��u{��i�uK�7��j(pqik|�x{��w�u�z�wU¨

� � Î ¡ Ê �U�(� Ê ��� 9
� Ê ��¡ Ë|kå��m}´ � f�u}|~w�jU�\w�o�pv�Qw,fhj@¥¦u}rhtyw�§Gw�x}tqj���u�z�w¸��j��,¤]pq��j#µ#fhpv��f7j�z���rh�,jU�Qw�f�u�w£u � pv��w��,p¶§
��r~w�j � ��x{i�|�r~w,u�w�pqx}z°|h�,x~��jUj � � � jU��|hp¶w,j�w,fhjs¥¦u}pytqrh�,j�x�¥`��x}ikj�x}¥Qp¶w��ª��x}z���w�pyw�r�j�z�w�|h�,x~��jU�,��jU�U¨#±D¥Qw�fhj
���~��w,j�i-��x{z���pq��w,��x�¥�|���x~��jS����jU�·w�f�u�w � x�zhx}w���x}ikisr�zhpq�Uu'w,j`µ#pyw�fsjSu}��f�x}w�fhjU�U´'jSu}��f�|���x~��jS����|^j���¥ºx}�,ik�
u!��fhjU��Ç]|^x}pqz�wªx�¥¸p¶w��«��w,u�w�j�|�jU��pqx � pq�Uu�tqty��M
µ#fhjUz=u�|h��x~��jU�,�#¥¦u�pqtv��´
pyw«pv�«��jS��w�u���w�j � x}z[x{zhjsx}¥`pyw,�«��u'§
��Ç]rh|3¨8±D¥3w�fhjª|h��x~��jU�,��jS�`��x{ikisrhzhpv��u�w�j{´{w,fhj«��jS��pqtypqj�z�����isr���w£�^j«|h��x'¤]p � j � ¥ºx{�`w,fhj���x}iki�rhzhpv��u'w,pyx{z
ikjS��f�u�zhpv��ik��r���j � A!�,j�ikx�w,j!|���x~��j � rh�,j!�Uu�tqtN´£u}����z���fh��x{zhx}r���ikjU�,��u}�}j!|�u}�,��pqzh��´Qx}������z���fh��x{zhx}r��
��x}ikisr�zhpq�Uu'w,pyx{z·¨

e�fhj#i�u}pyz�u�|�|h��x�u}��f(w,x���r�|h|�x{��wÄ|h�,x~��jS�����,jU��pytqpqj�z����(pq��w,x(��jU|htqpq�Uu'w�j¸w�f�j#|h��x~��jU�,��x}z�w�µ¸x�zhx � jS��A
u«|h�,pqiku}����u�z � u«��u}��Ç]rh|·¨Pp@jUz���j{´�w,fhj��,j#u��,j£|���x~��jS���8|�u}py����µ#pyw�f�u ���N�%DQ���NB-����
S�V�IG!G@u�z � uQX!�W�#"�� �
����
S�V�IG!G5¨

���+íh���I�N�N�
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�6,-+ d `�i-]�^�i � ~�3u<za	�Z}U}U}
¾ª¾�¾jk l>(Lo3w,u�Ç{jU��u}��pqzh|hrhw���x{i�j��,jUu}t¶§Gw�pqikj«��x}z���w���u�pqz�w,�U´]��x}ikj � pv��w,��pq�hr~w,pyx{zI��x}z���w,�,u}pyz�w,�U´~u�z � w�µ£x
��|^jU��py®��Uu'w�pqx}z���´'x{zhj � jU�,���,py��pyzh�ªw�f�j@u�|h|htqpv��u'w,pyx{z�u}ty�{x}�,p¶w,fhi w�x��^j � pq��w��,pq�hr~w�j � ´}u}z � x{zhj � jU�,���,pq�hpyz��
w,fhj�w�x{|�x{tyx{�}�6x�¥Qw,fhj�w,u}���{j�w«u}�,��f�p¶w,jU�5w,rh�,j}¨se�fhjku�tq�}x{��pyw�f�i ��|^jU��py®��Uu'w�pqx}z­��x{z���pv��w,�«x�¥`x{|�jU�,u�w�pqx}z��
u}z �6� u'w�u'§ � j�|^j�z � j�z���pyjS��¨Qe�f�j�u�����fhp¶w,jU��w�rh�,j(��|^jU��p¶®��Uu'w,pyx{z6��x}z���pv��w���x�¥�|h��x~��jU�,��x{�,��u�z � ��x}ikisrhz�p¶§
�Uu'w,pyx{z�tqpqzhÇ~��¨�e�fhj � pv��w��,py�hrhw�pqx}z7��x{z���w���u�pqz{w��Ä��f�x}rht � u}�,��pq�}zku���j�wQx}¥X|���x~��jS����x}����w�x�jSu}��fkx}|^j���u'w,pyx{z
x}¥�w�fhj�u�tq�}x}�,pyw�fhi+�}��u�|hf3¨�¾ª��µ£j�f�uK¤{js�,u�p � pyz=n~jU�5w,pyx{z m}¨ l�´�µ¸j�u�tv��x�zhjUj � w,fhj���f�u���u}�5w,j��,pq��w�pv����x}¥
jSu}��f=x}|^j���u'w�pqx}z­�,j�tvu'w�pq¤}jUty�6w,x�w�fhj�f�u}� � µ£u}��jk��x{i�|^x}z�j�z�w(x}z­µ#fhpq��f�pyw�pq��j��~jU��rhw�j � ¨ p@j�z���j}´3w�fhj
� pq��w��,py��r~w�pqx}zÅ��x}z���w,�,u}pyz�w,����x{z���pv��w�pqzÂu{����py�{zhpqzh�Iw�x­jUu{��fb|�u}py�

〈
x{|�jU�,u�w�pqx}z·´Q|���x~��jS����x}�

〉
w,fhj!¤'u}tyrhj

x}¥Äw�fhj�j��~jS��r~w,pyx{z � rh��u'w,pyx{zIx�¥Äw�f�pq�«x}|^j���u'w,pyx{zIx}z�w�x�w�fhpv�ª|h��x~��jU�,��x{�U¨ &¸u}��f°¤'u�tqrhj�pq�«j��~|h�,jU�,��j � pqz
w,pyikjkrhzhpyw,�U´�u}z � w�fhjk¤'u�tqrhj�½

∞
À�i�jSu�z��«w,f�u'w�w,fhpq��x{|�jU�,u�w�pqx}z­��u�z�zhx�w(�^j�j��~jU��rhw�j � x}z=w�f�pq��|h�,x�§

��jU�,��x{�U¨�n]pqz���jªµ¸j�u}tq��x�µ�u�z�wQw,x�w,u}Ç}j@pqz�w�xsu{����x}rhz�w`pqz�w�j���§D|h��x~��jU�,��x{�Q��x}iki�rhzhpv��u'w,pyx{z��U´}µ£jªu}�,��py�{zku
��x}ikisr�zhpq�Uu'w,pyx{z � rh�,u�w�pqx}z6w,x7jUu{��fI|�u�pq�

〈
� u'w,u � j�|^j�z � j�z����}´X��x{i�i�rhzhpv��u�w�pqx}z6typqzhÇ

〉
´
u}tq��x�pyz6w,pyikj

r�zhp¶w���¨
�£x�w,f7w,fhj(u�tq�}x}�,pyw�fhi u�z � w�fhj(u}�,��fhpyw�jS�5w,rh��j«u��,jª��|�jS��py®�j � u}�¸�}��u�|hf���¨�e�fhj�z3´]w�fhj«pyik|htqj�ikjUz{w�u'§

w,pyx{z!x}¥�u�z6u�tq�}x{��pyw�f�i x}z!u � pv��w��,py�hrhw�j � u�����fhpyw�jS�5w�r���jªpq�£¥ºx{��i�u�tqpq¯�j � pyz!w�jU��i���x}¥3�}��u�|hf��`w,�,u}z���¥ºx}��§
i�u�w�pqx}z��U¨�'Ix}�,j�|h��jS��pv��jUty�{´~¾�¾�¾ |h��x~��j�j � ��pyz!w�µ¸x���w�jU|���A
m}¨#Æ8py����w«p¶wª|h��x � r���jU�ªu GN�����
���Q#��HGN�
�N��X������!#ZG��V ��!#�������x�¥Äw,fhjsu}ty�{x}�,p¶w,fhi*�{�,u}|hf6x}|^j���u'w,pyx{z��#x}z�w,x
w�fhj�|h�,x~��jS����x}����´@u}z � x�¥�w,fhj � u'w�u'§ � j�|^j�z � j�z���pyjS��x{z{w,x¼w,fhj���x}iki�rhzhpv��u'w,pyx{z;tqpyz�Ç]�U¨ e�fhj
��jSu�ty§Nw,pyikj7|^j���¥ºx}�,i�u�z���jU�(x}¥#w�fhj!pyik|htqj�ikjUz{w�u'w,pyx{z¼u��,j�x}|~w,pyikpq¯�j � �]�[w�u�Ç]pyz��°pyz�w,x=u}�U��x{rhz�w
pyz�w,j���§G|h�,x~��jS����x}����x{i�i�rhzhpv��u�w�pqx}z��£µ#fhpv��fIu��,j«����pyw�pv��u}tN¨

�~¨#e�fhj�z3´~¥º��x{i w�f�pq�@��w,u�w�pv�(����f�j � rhtqj}´~pyw@|h�,x � r���jS�#u�r~w,x}i�u'w,pq�Uu�tqty�7u ���!���$	J�
�%DQ�T#��HGN�
�N��X����J�V#Y�$�?��	
�I���O�%K���´·u}z � jUz���r���jS�@w,fhj����]z���fh�,x}zhpq¯Uu�w�pqx}zI�^j�w�µ£j�jUz°w�f�j�|h�,x~��jS����x}����´^u}��w�fhjU�°u��,js�,jU¹�rhpq��j �
�]�[w,fhj�u�tq�}x{��pyw�f�i ��|�jS��py®���u�w�pqx}z·¨6e�fhj7x{�~w,u}pyzhj ��� pq��w��,pq�hr~w�j � j��~jU��r~w�pq¤}j�pv���{r�u���u�z�w,j�j � w�x
��u�w�pv��¥º�7w�fhj(�,jUu}t¶§Gw�pqikj���x}z���w���u�pqz�w,�U´]µ#p¶w,fhx}r~w � jUu � tyx~��Ç�u}z � µ#pyw�f6ikpqzhpyi�rhi x'¤{j��,fhjUu � ¨

e�fhj°Ð�Ñ�Ò·ÓkÔ@Õ kå��n�o`w�x]x{t`pqi�|�tyjUi�jUz�w,�s¾ª¾�¾�¨Ie�fhj�u�����fhpyw�jS�5w�r���j7u}z � w�fhj�u�tq�}x{��pyw�fhi1�}��u�|hf��
�Uu�z°�^j���x}w�f � �,uKµ#zIµ#pyw�f¼Ð�Ñ�Ò·ÓkÔ@Õ�) �ª�}��u�|hfhpv��u}t3r���j��«pqz{w,j���¥¦u}��j}¨�e�fhj�tvu'w�w�jU�ª�{�,u}|hf°��u}z[u�tv��x!��j
pqik|�x{��w,j � ¥º��x{i�u�®�tqj�µ#f�pq��f=pq�ªw�f�j��,jU��rhtywªx}¥Qw�fhj���x}ik|hpqtqu�w�pqx}z°x}¥¸u!��x}r��,��js|h�,x}�{�,u}i µ#�,p¶w�w�j�z­pqz
���]z���fh�,x}zhx{r���tvu�zh�{r�u��{jU��tqpyÇ{jªÔ������������Qk (�oD´������������ k �}�LoD´{x{�#Ð^����Ò� ��Qk ("mIoG´{w�fh�,x}r��}fkw�f�jª��x{iki�x{z
¥ºx{��i�u�w 3 � k l�t�oG¨

±²z[w�fhjs¥ºx}tqtyx'µ#pqzh��´^µ£js�,jU��rhikj�w�f�j�i�u�pqz[��f�u}�,u{�5w,j��,pq��w�pv���#x}¥Äw�fhj�w�f���jUjsikx � j�tv��r���j � pyz­¾�¾ª¾ A
w,fhj7u�tq�}x{��pyw�f�i i�x � jUtN´3w�fhj�u}�,��fhpyw�jS�5w,rh��j�ikx � j�tG´�u}z � w,fhj�pqi�|�tyjUi�jUz�w,u'w,pyx{z�i�x � jUtN¨�Æ�x}��u�ikx}�,j
� j�w,u}pytqj ��� jS������pq|~w�pqx}z3´]w�fhj(�,jUu � j��#��fhx}rht � ��j�¥ºj��£w�x0k l>(h´hl>wLoD¨

�6,
[ }U~-f�a�`�i�="_6/ ��a�573u~
e�f�j@u�tq�}x}�,pyw�fhi-pv�Äikx � j�tqj � �]��uQ#W������	"!�
 � &W��� �� ]¨"&`u{��f�¤{j���w�j���pq�Qu}z 
=�"�������
��
��!u�z � jSu}��f�j � �{j�pq�
u #>���J��	"!�
 �-��f�u}zhzhjUtN¨#n]pqz���j�µ£j � jSu�t3µ#pyw�fI�,jUu{�5w,py¤{j����~��w,j�i��#µ#fhpv��f°u��,j(pqz°��x}z���w�u�z�w@pyz�w,j���u}�5w,pyx{z
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µ#pyw�f7w�fhj«j�z]¤]py�,x}z�i�jUz�wQw�f�u�w`w,fhj�����x{z�w��,x}tG´�w�f�j«u}ty�{x}�,p¶w,fhi pv�`j��~jU��rhw�j � ��jU|�jSu'w�j � tq��¥ºx{�`jSu}��f�pqzh|hr~w
jU¤}jUz{w�¥º�,x}i w,fhj���j�z���x}���£pyz6x}� � jU�¸w,x7��x{i�|�r~w�j�w,fhj(x}r~w,|hr~w@jU¤}j�z�w��£¥ºx}�@u}��w�r�u�w�x{�,�U¨8e�f�j�u�tq�}x}�,pyw�fhi
pv��w,fhj��,j�¥ºx{��j�u�z6pqz~®�zhpyw�jUty�!µ#p � j{´h|^j��,pyx � pv��´�u}z �6� pq��jS�5w�j � u}���~��typv� � j�|^j�z � j�z���j(�}��u�|hf·´~�,j � r���j � �]�
¥¦u{�5w,x}�,py¯Su'w�pqx}z�w,xspyw,�£��jU|�j�w�pyw�pqx}z7|�u'w�w,j��,z k (}�LoD¨�¬=j«��u�tqt^jUu}��f�j��~jU��rhw�pqx}z7x}¥
w�fhj � u'w�u'§G»�x'µÅ�}��u�|hf7u}z
�%�J�������O��
���¨�e�f�pq�¸ikx � j�t^j��~fhpq�hp¶w��Äw,fhj�|^x�w,j�z�w�pvu�t^|�u���u�tqtqj�tqpq��i x}¥
w�fhj«u�tq�}x}�,pyw�fhi w�fh�,x}rh�{fkw�fhjª|�u���w�pvu�t
x{� � j��#u}�,��x~��pqu�w�j � w�xkw,fhj(�}��u�|hf3¨ �«��u�|hf�x}|^j���u'w,pyx{z���u��,j�x�¥8w�fh�,j�j�Ç]pyz � ��A
m}¨#¾ ��x}ik|hrhw,u'w,pyx{z�x{|�jU�,u�w�pqx}z Á�������� Ã5¨�e�fhj�pqzh|hr~w���isr���w#|h��jS��j � j�w,fhj«x}r~w,|hr~w,�U´hµ#fhx���jª¤'u�tqrhjU�
� j�|^j�z � x}z�ty��x}z pqzh|hrhw�¤'u�tqrhjS��¨­e�fhj��,j�pv�sz�x[pqz{w,j��,z�u�t£��w�u'w,j�¤'u��,pqu}�htqj�u�z � zhx[x}w�fhjU����p � j
j�4XjU��w�AQµ£j(��uK�kw,f�u'w �������
	 u}��j G��D%I��¨

�~¨#¾ ikj�ikx{���=x}|^j���u'w�pqx}z Á��
��� Ã5¨Ie�fhj � u'w,u6pv��f�j�t � ����u �
��� pqzb��jS¹{r�j�z�w�pvu�tQx{� � j����^j�w�µ£j�jUz
p¶w,j���u'w,pyx{z���¨«e�fhjsx{r~w�|�r~wª|h�,jU��j � jS�#w,fhj�pqzh|hrhwU´XtypqÇ}j�u��,j��}pv��w�j��ªpyz �¸x]x{tyjSu�z°��pq����rhpyw,��A�µ¸j���uK�
w�f�u�w �
����	 u}��jEDQ�IDQ
��NB�	�G��D%I��¨

(h¨#¾@z­j��]w�jU��z�u�t8pyzh|�r~w R x}r~w,|hr~w�x}|^j���u'w�pqx}z Á������
��� Ã5¨�©ª|^j���u'w�pqx}z��@µ#pyw�f[z�x!|h�,j � jU��jS����x}�ªpyz[w�fhj
� u'w�u!»�x'µ �{�,u}|hf=��w,u}z � ¥ºx{��w�fhjkj���w,j��,z�u�tÄpqzh|hrhw�pyz�w�jU��¥¦u{��j�f�u�z � typqzh��w�f�j�j�¤}jUz�w,�«|h�,x � r���j �
�]��w�fhj(jUz]¤�pq�,x}zhikj�z�w Á ��j�z���x}����Ã5¨�±²z�w,fhpv�@��jUz���j«u}z �����
��� pv�#u�z�x}|^j���u'w,pyx{z�x}¥8u�fhpq�}fhjU�£tqj�¤{j�t
w�f�u}z u�z�pyz�|hr~w R x}r~w,|hr~w � ��pq¤}jU�U¨�Æhx{��pqz���w�u�z���j}´8u!�{py¤{j�z�pqzh|hr~w �����
��� ikpq�}f�w��^j7pyz ��f�u}���{j
x�¥¸��x}tqtyjS�5w,pyzh� � u'w�u�|���x � r���j � �]�°��j�¤{j���u�t���j�z���x{�,�U´^u}z � pqik|htqj�ikj�z�w�pqzh�6��x{ikj���j�z���x}�ª¥ºr���pyx{z
ikjU��f�u}zhpq��i �^j�¥ºx}�,j�x}r~w,|hr~w�w,pyz���pyw,��¤'u}tyrhj{¨�n]�]ikikj�w��,pv��u�tqtq�}´
x}|^j���u'w,pyx{z��ªµ#p¶w,f=zhx6��r�����jU�,��x{�
��w�u�z � ¥ºx{�@w,fhj�j��]w,j��,z�u�t�x}r~w,|hr~w�pqz�w�j���¥¦u}��j��}jUzhj���u'w,pyz���w,fhjs�,jUu{�5w,pyx{z���w�x7w�fhj�jU¤}jUz{w�� Á u}�5w,r�u'§
w�x{�,��Ã5¨�Æhx{�Qpyz���w�u�z���j}´]u��}pq¤}j�zkx{r~w�|hrhw �����
��� ikpq�}f�wQ��j�pyz7��f�u}���{j�x�¥·��jUz � pqzh��w�x�u�z�u}��w�r�u�w�x}�
u�¤Ku}tyr�j���x}ik|hrhw�j � ¥º�,x}i pyw,�@pyzh|�r~wU¨
e�fhj �����
����	 u��,j�w�fhj!x}zhtq��x}|^j���u'w,pyx{z��(µ#pyw�f¼��p � j�j�4XjU��w,��Akµ¸j��,uK�=w�f�u�wsw�f�j�� u��,j ���"G��O%I��¨
p@x'µ£j�¤{j��S´{µ£j(u}�,��rhikjªw�f�u�w�w�µ¸x�j��~jU��r~w�pqx}z���x}¥�u��}pq¤}j�z!pyz�|hr~w �����
��� pqz7w�f�j���u}i�j«pyw�j���u'w,pyx{z
u�tqµ£uK�~�£|h�,x � r���j«w,fhj���u}ikj«x{r~w�|�r~w@¤'u�tqrhj}¨

¾�z�j��hu�ik|htqjªx}¥8u�tq�}x{��pyw�f�i �}��u�|hf!pq���{py¤{j�z�x{z�Æ8pq�}rh�,j�t]¨�±Dw@pq�#��x}ik|^x{��j � x}¥8��p¶�!x}|^j���u'w�pqx}z���A8±
u}z � ©-u��,j �����
����	7Á �,jU��|�jS�5w�pq¤}jUty��pyzh|�r~w�u�z � x{r~w�|hrhw�Ã5´�µ#fhpytqj�¾�� & u��,j �������
	 ¨

I A

D

B

E OC

Æ�pq�}r���j t?AÄ¾�z�j��hu�ik|htqj(x�¥8u}ty�{x}�,p¶w,fhi �}��u�|�fvA�±£u}z � © u��,j �����
����	 ´]¾�� & u��,j �������
	 ¨

�6,
x }�`�^�_6i�=�3u^�="c7`"3 � a�563u~
e�f�j�|�u���u�tqtyjUtÄ��x}ik|hrhw�pqzh�°u�����fhpyw�jU��w�rh�,j�pq��u�zhj�w�µ¸x{��Ç[x�¥¸|���x~��jS����x}������x{zhzhjU��w�j � �]�[��p � pq�,jU�5w,pyx{z�u�t
��x}ikisr�zhpq�Uu'w,pyx{zItypqzhÇ~�«µ#fhpq��f[ikuK�6�^j�|^x}pqz�w�§Gw�x}§G|^x}pqz�wªtqpyzhÇ~�ªx}�«isrhtyw�py§D|�x{pyz�w�typqzhÇ~� Á �hr���jU��Ã5¨�&`u{��f
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|���x~��jS����x}�ªpq�«i�u � jsx�¥�u��@¾ '¿ikjUi�x{���I��f�u��,j � ���Ix{zhjk��x}ik|hrhw,u'w,pyx{z°rhzhpywU´�u�z � x}zhj�x}����jU¤}jU�,u}t
��x}ikisr�zhpq�Uu'w,pyx{z��Qrhz�p¶w��`µ#fhpv��f�u}��j���x}zhz�jU�5w,j � w,x�w,fhj«��x}ikisr�zhpq�Uu'w,pyx{z��Qtqpyz�Ç]�U¨
&`u}��f���x}ik|hr~w�u'w,pyx{z
r�zhp¶w�pv�¸u}�htyj�w�x���jS¹{r�j�z�w�pvu�tqty�kj��]jS��r~w,jªu}ty�{x}�,p¶w,fhi ) �`x}|^j���u'w�pqx}z���¨ � x}ikisr�zhpq�Uu'w,pyx{z�rhzhpyw,����x{zhzhjU��w�j �
w,fh�,x}rh�{fbu°tqpyzhÇ u}��j�u}�htqj7w�x­��jS¹�rhj�z�w�pvu�tqtq�=j��]jS��r~w,j � u�w,u6w,�,u}z���¥ºj�����´Ä��u}tytqj � ��������	 ´��^j�w�µ£j�jUz w�fhj
ikjUi�x{��pqjU�kx}¥ªw,fhj°|h�,x~��jS����x}����¨ ¾�tq��x µ¸j°�Uu�z³��x{i�|�r~w�j{´¸¥ºx{�7jUu{��f � u'w,u­w,�,u}z���¥ºj��S´£u�µ£x}����w7�Uu}��j
r�|h|�jU��§D�^x}rhz � ¥ºx}�#pyw,�#w���u�z���ikpq�,��pqx}z!��j�w�µ¸jUj�zIu�z]��w�µ£x�|h��x~��jU�,��x{�,�U¨

e�fhj�u�����fhpyw�jS�5w�r���j=pq��ikx � j�tqj � ��� u¼zhx}zÈx}�,pyjUz�w�j � f��]|^j���§G�{�,u}|hf·´@µ#f�j��,j[jUu{��f ¤}jU��w,j�� pv��u
��x}ik|hr~w�u'w,pyx{z=rhz�p¶w�x{��u���x}ikisr�zhpq�Uu'w,pyx{z=rhz�p¶wS´8u}z � jSu}��f­f]��|^j���§Dj � �{j�pv��u6��x{i�i�rhzhpv��u�w�pqx}z­typqzhÇ
Á µ#fhj�z³pyw7��x}z�zhjU��w,����x{ikisrhzhpv��u�w�pqx}zÅrhzhpyw,��Ã�x}��u­ikj�ikx}�,� Á µ#fhjUz³p¶w���x}zhzhjS�5w�����x}iki�rhzhpv��u'w,pyx{z
r�zhp¶w���w�x���x}ik|hr~w�u'w�pqx}z�rhzhpyw�Ã�¨

Æ8pq�}rh�,j w��,j�|���jS��jUz{w���u}z[u�����fhpyw�jU��w�rh�,j��{�,u}|hf6µ#p¶w,f°w�f���jUjs|h�,x~��jU�,��x}���#u�z � w�µ£x�|^x}pqz�w�§Gw�x}§G|^x}pqz�w
tqpqzhÇ~��¨
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comm.
unit C3

comp.
unit U2

P2

mem.

comm.
unit C4

comp.
unit U3

P3

mem.

comm.
unit C1

comp.
unit U1

P1

mem.

link link

Æ8pq�}rh�,j4w"AÄ¾@z6j��hu}i�|�tyj�x�¥Äu�����fhpyw�jS�5w�r���j«�}��u�|hfuA�w,fh�,j�j�|h�,x]��jU�,��x{�,�£u�z � w�µ£xk|�x{pyz�w�§Gw�x}§G|^x}pqz�w#typqzhÇ~��¨

e�fhj ��������	 u}��j��,��fhj � rhtyj � x{z�w�x�w�fhj7��x}ikisr�zhpq�Uu'w,pyx{z=rhz�p¶w���¨7¾�tytÄw,fhj7��x{ikisrhzhpv��u�w�pqx}z­rhzhpyw,�
��x}zhz�jU�5w,j � w�x°w�fhj��,u�ikj7��x}ikisrhz�pq�Uu'w�pqx}z�tqpyz�Ç­��f�u��,jkw�f�pq�stypqzhÇX´^��r���w�typqÇ}j�uI��f�u}��j � ikjUi�x{���{¨!±Dw
jUz���rh��jS�@u�f�u}� � µ£u}��j����]z���fh�,x}zhpq¯Uu�w�pqx}z���j�w�µ¸jUj�z6w�f�j���j�z � x{|�jU�,u�w�pqx}zIu�z � w�fhj���jS��j�pq¤}j(x{|�jU�,u�w�pqx}z·¨
e�f�j@typqzhÇ�u�tv��x(f�u}�¸u�z7u��,�hpyw�jU�Qµ#fhpv��f7i�u�Ç}jS�Q��rh��j@w�f�u�wQw�fhj ��������	 u}��j#j��~jU��rhw�j � ��jU¹�rhjUz�w�pvu�tqty��x'¤}jU�
w,fhj(ikj � pqrhi6¨

�6,�� � / ��~�3�/ 3�]b=�gr="i�ab] ��a�573u~
e�f�j7pyik|htqj�ikjUz{w�u'w,pyx{z���x}z���pv��w��(pyz �,j � r���pqzh�6w�f�j7|�x}w�jUz{w,pqu}t`|�u}�,u}tytqj�tqpv��i�x}¥�w�fhj�u}ty�{x}�,p¶w,fhi��{�,u}|hf
pqz�w�x­w�f�j°uK¤Ku}pytvu���tyj6|�u}�,u}tytqj�tqpq��i<x�¥«w�f�j°u�����fhp¶w,jU��w�rh�,j6�}��u�|hf·¨ e�fhj6�{�,u}|hfÂikx � jUtq��r���j � ¥ºx{��w�fhj
u}ty�{x}�,p¶w,fhi u}z � w�fhj�u}�,��fhpyw�jS�5w,rh��j(��|�jS��py®���u�w�pqx}z���tqjUu � w�x7u�¥ºx}�,i�u�tqpy¯Su'w,pyx{z�x�¥�w,fhj(pyik|htqj�ikjUz{w�u'w,pyx{z
pqz�w�jU��i���x�¥�w�fh�,j�j(�{�,u}|hf��¸w���u�z���¥ºx{��i�u'w,pyx{z���A
m}¨ 3�pv��w��,py�hrhw�pqx}z x�¥�w,fhj���x{ik|hr~w,u�w�pqx}z�x}|^j���u'w,pyx{z���x}z�w,x6w�fhj7��x}ik|hr~w�u'w�pqx}z r�zhp¶w���A�jUu{��f ������� ´
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��� ´]u�z � �����
��� pv�£u}�,��pq�}zhj � w�xsw�fhj���x{ik|hr~w,u�w�pqx}z7r�zhp¶w�x�¥�x}zhjª|h��x~��jU�,��x{�U´�u}����x}� � pqzh��w�x�w�fhj
� pv��w,��pq�hr~w,pyx{z=��x{z���w���u�pqz{w���¨(e�fhpv� � pv��w,��pq�hr~w,pyx{z=u�tv��x�w���u�z���¥ºx}�,i���jSu}��f°pqz�w�jU��§D|h�,x]��jU�,��x{� � u�w,u'§
� j�|^j�z � j�z���� Á¦� r�jQw�x�w�fhj � pv��w,��pq�hr~w,pyx{z�x�¥ �������
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´'��u}tytqj � ������� ´
typqzhÇ{j � w,x@w,fhj£��x}r��,��j`x}|^j���u'w,pyx{z(µ#p¶w,f�u}z�pyz�|hr~wÄj � �{j¸u}z � w�xªw�f�j � jS��w,pyz�u'w�pqx}zsx}|^j���u'w�pqx}z(µ#pyw�f
u�z6x}rhw�|hr~w@j � �}j{¨
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�~¨ 3�pv��w��,py�hrhw�pqx}z[x}¥Äw�fhj�pyz�w,j���§G|h�,x~��jS����x}� � u�w,u�§ � jU|�jUz � jUz���pqjU�ª�}jUzhj���u'w,j � �]��w,fhj�®��,��w�w,�,u}z���¥ºx}��§
i�u'w�pqx}zuA·jUu{��f ������� pv�3u{����py�{zhj � w,x#w�f�j¸��j�w3x}¥~��x}ikisr�zhpq�Uu'w,pyx{z(rhzhpyw,��µ#fhpq��f�u}��j`��x{rhz � w�x�w�fhj
typqzhÇ���x}z�zhjU��w�pqzh��w�fhj(|h�,x~��jS����x}���`j��~jU��rhw�pqzh��w�fhj���x}rh����j�u�z �!� jS��w,pyz�u'w�pqx}z6x{|�jU�,u�w�pqx}z��U¨8e�f�j��
��x]x}|^j���u'w,j«w�x�w���u�z���¥ºj�� � u'w,u��^j�w�µ£j�jUz�w,fhj(tyx~�Uu�t
ikj�ikx}�,pqjU��x�¥�w�fhjUpy����jS��|^jU��w�pq¤}j�|h�,x]��jU�,��x{�,�U¨

(h¨@n~��fhj � rhtqpyzh�[x�¥#w�f�j �������
	>R �
����	>R������
����	�Á ��jS��|·¨ ��������	 Ã«µ#fhpv��f f�uK¤}j��^j�jUz¼u}�,��pq�}z�j � w�x[u
��x{i�|�r~w,u�w�pqx}z6rhzhpyw Á �,jU��|·¨���x}ikisrhz�pq�Uu'w�pqx}z!rhzhpyw�Ã � rh��pqzh��w�f�j�®��,��w Á �,jU��|·¨h��jU��x}z � Ã¸w,�,u}z���¥ºx}��§
i�u'w�pqx}z3¨"&`u}��f6����f�j � rhtqj�pq����x}ik|htqj�w,j�tq����w,u'w,pq�}¨

e�fhj ��������	 u}��jkw,f�r��(w�x}w,u}tytq�=x{� � j��,j � x'¤}jU��jUu{��f���x}ikisr�zhpq�Uu'w,pyx{z­tqpqzhÇX¨°�Q�,x'¤�p � j � w,f�u'w�w�fhj
z�j�w�µ£x}�,Ç7|h�,jU��j��,¤}jU�#w�fhj�pqz�w�jU�}�,p¶w���u�z � w,fhjsx{� � jU��pqzh�kx�¥ÄikjU�,�,u��}jS��´hw�fhpv�@w,x�w�u�t3x{� � j��#x�¥�w,fhj ������� 	
�{r�u���u�z�w,j�jU�£w,f�u'w � u'w�u�µ#pytqt3�^j(w,�,u}z���ikpyw�w,j � ��x}�,��jS�5w�tq�7�^j�w�µ£j�jUzI|h��x~��jU�,��x{�,�U¨¸e�fhjsx}�~w�u�pqzhj � �,��fhj�§
� rhtyj�u}tq��x��}r�u}�,u}z{w,j�jS�¸u � jSu � tqx~��Çk¥º��jUj�j��~jU��r~w�pqx}z·¨

¾#�U��x}� � pqzh��w�x�w�fhj(u}�,��fhpyw�jS�5w,rh��jªikx � j�tG´]w�fhj���x}ikisrhz�pq�Uu'w�pqx}z�����f�j�ikjªpv�£w�f�j«x{zhj�|h�,jU��j�z�w�j � pqz
Æ8pq�}rh�,j n Á u�Ã5´X�hr~w«¥ºx}�ªw�fhjk�,u�Ç}j�x�¥`��pyik|htqpv��pyw��Iµ¸j���fhx{��w,j�z°pyw«w�x6Æ�pq�}r���jTn Á �^Ã5¨�±²z°w,fhpq�ª®��{rh�,j}´^w�fhj
��x}ikisr�zhpq�Uu'w,pyx{z�tqpyzhÇ�pq�£w,fhj�x}zhj��^j�w�µ£j�j�z�|h�,x~��jU�,��x}���`�7m(u}z � �£�spqz6Æ�pq�}r���jlwh¨Q¾ u�z � � u}��jªw�µ£x
�������
	 �,jU��|�jS�5w,py¤{j�tq�6�,��fhj � rhtqj � x{z°w�f�j���x}ik|hr~w�u'w�pqx}z=rhzhpyw(x�¥Q�7m�u�z � �¸��M·w�fhjU�°u��,js�,j�|h�,jU��j�z�w�j �
�]�Âµ#fhp¶w,j[�^xK�~jU��µ#fhx���jIf�j�pq�}f�w�pv�7|h�,x}|^x}��w�pqx}z�u}t�w�x�w,fhj�pq���,jU��|�jS�5w,py¤{jIj��~jU��r~w�pqx}z³w,pyikj°x{z³w�fhjUpy�
u{����pq�}zhj � |h�,x]��jU�,��x{�U¨8¾ u�z � � u��,j@w,pyj � �]�7u�z�pqz{w,j���§G|���x~��jS����x}� � j�|^j�z � j�z�����w�f�u�w#pq���,��fhj � r�tyj � w�x
w,fhj���x}iki�rhzhpv��u'w,pyx{z�tqpyz�Ç���j�w�µ¸jUj�z��6m«u}z � �¸�"M~p¶w�pv�¸�,j�|���jS��jUz{w,j � �]�7u��}��uK���^xK�7µ#fhx���jªfhj�pq�}f�w�pq�
|���x{|�x{��w,pyx{z�u�t�w�x�pyw,�@��x}ikisr�zhpq�Uu'w,pyx{z7w�pqikj}¨
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Æ8py�{rh��j4n�AÄn~j�z � §D�,jU��jUpy¤{jªx'¤{j��#uk��x{i�i�rhzhpv��u�w�pqx}z�typqzhÇX¨

¬ pyw�f�w�fhjS��jª�}��u�|hf��Äw���u�z���¥ºx}�,i�u'w�pqx}z���´}us��jSu�ty§Nw,pyikj � pq��w��,py��r~w�j � j��~jU��r~w�pq¤}jªu��htqj#w�x�j��~jU��r~w�j�w�fhj
u}ty�{x}�,p¶w,fhi x}z¼w�fhj6isr�t¶w,py|h�,x~��jS����x}� k l'(Lo@pv��u}r~w�x{i�u'w�pv��u}tytq� �}jUzhj���u'w,j � ¨¼n~j�¤}jU�,u}t¸�{�,u}|hfbw,�,u}z���¥ºx}��§
i�u�w�pqx}z��ki�uK�b�^jIx}�~w�u�pqzhj � ¥ºx}�7u­�{py¤{j�z³u�tq�}x}�,pyw�fhi R u}�,��f�p¶w,jU�5w,rh�,j7�}��u�|hf���|�u�pq�U¨ e�fhjI�,jUu}t¶§Gw�pqikj
��x}z���w���u�pqz�w,�«�,jU¹�rhpq��j�w�x°��j�tqjU��w(w�fhjkw,�,u}z���¥ºx}�,iku�w�pqx}z­µ#fhpv��f­ikpqzhpqi�pq¯�jS��w�f�j���jS��|^x}z���j�w�pqikj7x�¥£w�fhj
w,�,u}z���¥ºx}�,i�j � �{�,u}|hf·¨�e�fhj���jS��|^x}z���jªw�pqi�j(pv�¸w�fhj�����pyw�pv��u}tX|�u'w,f!x}¥3w�f�j(�}��u�|hf·´~��x}ik|hr~w,j � ¥º��x{i w�fhj
j��~jU��rhw�pqx}z � rh��u'w,pyx{z���x}¥#w�fhj!x}|^j���u'w,pyx{z���´8pqz���tqr � pqzh� ��������	 ¨6e�f�pq��pq��u�z x{|~w�pqikpy¯Su'w,pyx{zb|h�,x}�htqj�i
u}z � ´Qu{�sx}w�fhjU���,jU��x}rh����j!u�tqtyx~��u�w�pqx}zbx{|~w�pqikpy¯Su'w,pyx{zb|h�,x}�htqj�i��U´Äp¶wkpq��Ç]zhx'µ#z w,x=�^j����Ä§²��x}ik|htqj�w,j}¨
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Á ��j�j�¥ºx}�Qpqz���w,u�z���j�k n�oºÃQu}z � u � u}|~w,u�w�pq¤}j#�,x}r~w,pyz�� Á ��j�j@¥ºx{�Qpqz���w�u�z���j�k mU��oºÃ5¨Qn]jU¤}jU�,u}t���w,r � pqjU�¸u��,j
p � j�z�w�py®�j � �Uu}��jU��µ#fhjUz6u � u�|hw,u'w,py¤{jª�,x}rhw�pqzh�kx}r~w,|�jU��¥ºx{��i�����w�u'w,pq���,x}r~w,pyz�� k �~´���lh´�(��SoG´~��r~w�pqz
w�fhj(�{j�zhjU�,u}t^�Uu}��j}´~µ£j�w,fhpqzhÇ7w,f�u'w@��w,u'w,pq�«�,x}r~w,pyz�����fhx}r�t � ��j�|h�,j�¥ºjU���,j � ��jS��u}r���j�pyw@u�tqtyx'µ@�¸w�x
��x{i�|�r~w�j�u�µ£x}����w#��u{��j�rh|h|^j���§D��x{rhz � x}z�jUu{��f���x}ikisrhz�pq�Uu'w�pqx}z3¨
n]jU��x}z � ´8py¥@µ£j7µ£u}z�w�w�xIw�u�Ç{j7��x}w�fbtqpqzhÇ­u}z � |h�,x~��jS����x}��¥¦u}pytqrh�,jU��pqz�w�x[u{����x}rhz�w�pqzbx}rh��u�|~§
|h�,x{u}��f3´¸w,fhj�z;µ¸j°µ#pqtqt�¥¦u{��jIw,fhj[|h�,x}��tyjUi¿w,f�u'w!��x}ikj�w�pqi�jS�7pyw!pv� � p��7��rhtyw�w�x � pv��w�pqzh�}rhpv��f
w�fhjUi AÄµ¸jªµ¸x{rht � w�fhjUz�f�uK¤{j#w�x���rhz!��|^jU��pqu}t � j�w�jS�5w�pqx}z!|h�,x]��j � r���jS��´{µ#fhpq��f!µ¸x{rht � tyx'µ£j��`w�fhj
x'¤}jU�,u}tyt�|�jU��¥ºx{��i�u�z���jsx}¥Qw�f�jk���~��w,j�i6¨�Æ8pyz�u�tqty�{´·u}����x}� � pqzh�7w,x!x{rh�«u}�,��f�p¶w,jU�5w,rh�,jsikx � j�t Á ��j�j
n]jU��w�pqx}z=l�¨ ({Ã5´·u7¥¦u�pqtyr���j�x�¥Qw,fhj�|h��x~��jU�,��x{��ikjUu}z���u�¥¦u�pqtqrh��j�x�¥¸��x}w�f°w,fhj���x{i�|�r~w,u�w�pqx}z°rhz�p¶w
u�z � u�tqt^w�fhj���x{i�i�rhzhpv��u�w�pqx}z��¸rhzhpyw,�£x�¥3w�f�u�w£|h�,x~��jS����x}�SM�w,fhpq��pv�`¥ºx}��pyz���w�u�z���j@w�f�j��Uu}��j�x}¥·w�fhj
�������������  ����
	��
�
��|h�,x~��jU�,��x}��µ#fhpv��f!pqz���tqr � jS��w�µ£x � ¾ �-�hr���pqz�w�j���¥¦u}��jU�U¨

¾Â¥¦u�pqtqrh��j�pv� � j�w,jU�5w,j � u'¥�w,j��8w�f�j£j��~|hpy��u'w,pyx{zsx}¥hw�fhj�w,pyikjUx}r~wQu}�,��x]��pqu�w�j � w�x(u ������� ¨·±²zkÆ�pq�}r���j�wh´
��rh|h|^x{��jQw,f�u'w��b(«����u}��fhjU�U¨3e�fhpv����u}z���j � j�w�jU��w�j � x{zhty���]���¸� � rh�,pyzh��u ������� ´Su�¥�w�j��8w,fhj¸j��~|hpy��u'w,pyx{z
x}¥~w�fhj£u}�,��x~��pqu�w�j � w,pyikj�x{r~wU¨�e�x�uK¤}x{p � ¥ºrh��w�f�j�� ��������	 µ#pyw�f(¥¦u}rht¶w���rhz�p¶w���´'jSu}��f(|h�,x~��jU�,��x}�·i�u�pqz�w,u}pyz��
u}z=u}����uK�!x}¥�½�¥¦u�pqt À�»�u����ª�{py¤]pqzh�!w�fhj���w,u'w,j�x}¥¸jSu}��f=��x}ikisr�zhpq�Uu'w,pyx{z[rhzhpyw(pyz=w�f�jk���~��w,j�i6¨s±²z=w�f�pq�
j��hu�ik|htqj}´�w,fhj@»^u��(x�¥ � l�x{z��¸�(pv�`��j�wS¨8e�f�j�|h�,x}�htqj�i x�¥ � j�w�jS�5w�pqx}z��^jU��x}ikjU�`ikx}�,j@��x}ik|htqj��kµ#fhjUz
u ������� pv�Q�,x}r~w,j � x'¤}jU�Q��jU¤}jU�,u}t���x{i�i�rhzhpv��u�w�pqx}zkrhzhpyw,�U¨Qn�w�pqtyt�pyz!Æ�pq�}r���j7w�´{��rh|h|^x{��j#w�f�u�w`�7m�uKµ�u�pyw,�
u}z6pyzh|�r~w@¥º�,x}i �b(�¨¸e�fhpv� ������� pq�@��x{r~w�j � x'¤{j����¸�h¨`±D¥��b(�pv��¥¦u�rhtyw��}´��¸� � j�w,jU��w,�#w,fhpv��¥¦u�pqtyr���j{´���j�w,�
pyw,� � l�¥¦u�pqt8»�u���´·u�z � ��pq�}z�u�tv��w,x!�6m�w,fhjkj�z � x�¥`w�fhj���x{ikisrhzhpv��u�w�pqx}z·¨�e�fhj�z·´·w�x�|h��x{|�u���u'w,j�w�f�pq�
pqz~¥ºx{��i�u'w,pyx{z�w,xk�7m}´hµ£j�|h�,x}|^x{��j�w,fhj���jUz ��R ��jS��j�pq¤}j«|h�,x~��j � rh��jS�£x�¥ÄÆ�pq�}r���jEmU��¨
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�#jUikj�is�^j���w�f�u'w�u[��x{tyr~w,pyx{z pq��u}��f�pyjU¤Ku}�htqj7x}zhtq�­p¶¥#w,fhj�z]rhi���jU��x}¥�|���x~��jS����x}���(�{py¤{j�z pqz w�fhj

u}�,��f�p¶w,jU�5w,rh�,j���|�jS��py®���u�w�pqx}zÅpq����r �7��pyjUz{wSA6p¶w7i�r���w7�^jI�}�,jUu�w�jU��w,f�u�z
K
u�z � pyw7isr���w7u�tqtyx'µ w�fhj

x{�~w,u}pyz�j � ����fhj � rhtqj«w�x�ikj�j�w#w�fhj � jS��pq��j � �,jUu}t¶§Gw�pqikj(��x}z���w,�,u}pyz�w,�U¨
±²zsw�fhj¸¥ºx}tqtyx'µ#pqzh����jU��w�pqx}z���µ£j`|h�,x}|^x{��jÄw�µ£xª��x}tqr~w�pqx}z��U´Kµ#fhpv��fs�^x�w�f���x{z���pv��w3x�¥�u�zhj�µÂ����fhj � rhtqpyz��

f�j�rh�,pq��w�pv�Äw,xª�^j£r���j � pqz�w,fhj�Ð�Ñ�Ò·ÓkÔ@Õ�w,x�x{t
M�w�fhj£��jUi�u�pqzhpyz���x�¥�w�fhj � pv��w,��pq�hr~w,pyx{z�ikj�w�f�x � |h�,jU��j�z�w�j �
pqz°n]jU��w�pqx}z6l�¨ lkpq�@rhzhikx � p¶®�j � ¨£e�fhj�®�����w���x}tqr~w�pqx}z6r���jU�£w,fhjs��x�¥�w�µ�u��,jª�,j � rhz � u}z����!x�¥ �������
	 u�z �
w,fhjªw�pqi�j��,j � r�z � u�z����kx�¥ ��������	 ¨8e�fhj���jU��x{z � ��x}tqr~w�pqx}z�r���jS�¸w�fhj���x}¥�w�µ£u}��j���j � rhz � u}z�����x}¥ �������
	
u}z � ��������	 ¨

e�fhj(|^j���¥ºx}�,i�u�z���jU�£x�¥8w�f�j���x{tyr~w,pyx{z���u��,j�j�¤'u�tqr�u'w,j � u}�U��x}� � pqzh��w�x�w�fhj�¥ºx{tytqx'µ#pqzh�����,p¶w,j��,pqu�A
m}¨#e�fhj=��x}ik|hr~w�u'w,pyx{z u�z � ��x}ikisr�zhpq�Uu'w,pyx{zÅx'¤{j��,fhjUu � pyz�w��,x � r���j � �]�¼¥¦u}rhtyw�§Gw�x}tqj���u�z���jWA=w�f�pq�
��jS¹�rhpy�,jU�«w,x[��x{ik|�u��,j�w�fhj7x{�~w,u}pyz�j � ¥¦u�rhtyw�§Gw�x{tyjU�,u}z�w(�,��fhj � rhtqj�µ#p¶w,f�w�fhj7z�x}z­¥¦u�rhtyw�§Gw�x{tyjU�,u}z�w
x}zhj��{py¤{j�z����[Ð�Ñ�Ò·ÓkÔ�Õ�¨

�~¨#e�fhj���u}|�u���pytqp¶w��7w�x���r�|h|�x{��w@��j�¤{j���u�t^¥¦u�pqtyr���jS��µ#p¶w,fhpyz�w,fhj���u}ikj«pyw�jU�,u�w�pqx}z·¨
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(h¨#e�fhjkw�pqikpyz���|^j���¥ºx}�,i�u�z���jU�«x�¥¸w�fhjk¥¦u}rhtyw��[���~��w�jUi�´3pN¨ j}¨q´�u6���]��w�jUi�|h�,jU��j�z�w�pqzh�6u'w�tqjUu{��w�x}zhj
¥¦u�pqtyr���j{¨ p@jU��j�µ£j � pv��w�pqzh�}rhpv��f°w�f�j�pyw�jU�,u�w�pqx}z=pyz­µ#fhpv��f°w�f�j�¥¦u}pytqrh�,j Á �,Ã«u}��w�r�u}tytq�Ix~����rh�,�«u�z �
w�fhj���r�����jS¹�rhj�z�w�pyw�jU�,u�w�pqx}z��#µ#f�j��,j�x}zhj(x{��ikx}�,j(|h�,x~��jU�,��x}���#u��,j�¥¦u�rhtyw��!��r~wªzhx�zhj�µ ¥¦u�pqtqrh��j
x~����r��,�U¨�¬=j��Uu�tqt·u�z6p¶w,j���u'w,pyx{z�pqz�µ#f�pq��fIu'w#tqjUu{��w#x}z�j�¥¦u�pqtyrh�,j�x~����r��,��u �
�V���"GN�������;�%���������O��
���¨

l�¨#¾@z � ®�z�u�tqtq�7w�f�jsu�|h|���x{|h��pvu'w,j�zhjS���£w,x � p54^jU��jUz{wªÇ�pqz � ��x�¥Qu�����fhpyw�jS�5w�r���j{¨¸¾���µ¸j(µ#pqtqt���j�j}´�w�fhj
®�����w(��x{tyrhw�pqx}z°pv����rhpyw�j � w,x!i�rht¶w,p¶§D|^x}pqz{w�tqpyzhÇ~�«u�����fhpyw�jU��w�rh�,jU�U´^µ#fhpytqj�w�fhj���jU��x{z � ��x}tqr~w�pqx}z[pq�
��r�p¶w,j � w�x�|^x}pqz�w�§Gw�x�§D|^x}pqz{w#tqpyz�Ç]�#u}�,��f�p¶w,jU�5w,rh�,jU�U¨
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N�,-+ d `�i-]�^�i � ~�3
e�f�js®�����w(��x}tqr~w,pyx{z[r���jU�ªw�f�jku{�5w,py¤{j��,j � r�z � u�z����Ix�¥ �������
	>R �
����	>R������
����	 u�z � w�fhj�w�pqikjk��j � rhz~§
� u�z�����x}¥ ��������	 ¨'&`u{��f[x}|^j���u'w,pyx{z

o
x}¥Qw�fhj�u}ty�{x}�,p¶w,fhi �}��u�|hfIpv�«��jU|htypv��u�w�j � x}z

K + 1
� p 4Xj��,j�z�w

|���x~��jS����x}����x�¥�w,fhj!u}�,��fhpyw�jS�5w,rh��j��{�,u}|hf·´8µ#fhj��,j
K
pv�(w,fhj�z]rhi���jU�sx}¥�|^j��,i�u�zhjUz�ws¥¦u�pqtqrh��jS��w�x=��j

��rh|h|^x}��w�j � ¨!¾�ikx}zh�6w,fhjU��j
K + 1

��jU|htqpq�Uu}�U´
w�fhj�x}zhj�µ#fhx���j7��x}ik|htqj�w,pyx{z � u'w�j�pv��w,fhj7jUu}��tqpqjU��w�pv�
� jU��py�{z�u'w,j � w�x���j�w�fhj DE���%�0�������$���!�'¨Ä¬ pyw�f�x}r~w�j�z�w�jU��pqzh��pqz�w�x � j�w�u�pqtq�U´���x}ik|htqj�w,pyx{z � u'w,jU�£u��,j���x{i�§
|�r~w�j � u}�U��x{� � pqzh��w,x�w,fhj¸j��~jU��rhw�pqx}z � r��,u�w�pqx}z�x}¥hjUu}��fsx}|^j���u'w�pqx}z�u}z � jSu}��f � u�w,u�§ � jU|�jUz � jUz������}pq¤}jUz
�]�!w�fhj�r���j��ªpyz[w�fhj � pq��w��,pq�hr~w�pqx}z=��x}z���w,�,u}pyz�w,�U¨�e�fhj�i�u�pqz°��jU|htqpq�Uu7��jUz � ��p¶w��ª�,jU��rhtyw,�@w�x�jSu}��fI|h�,x�§
��jU�,��x{�#j��~jU��r~w�pqzh��x{zhj��,j�|htqpq�Uu�x�¥ÄjUu{��f6��r��U��jU�,��x}�#x}|^j���u'w,pyx{z!x}¥

o
´�j��h��j�|~w@w,fhj�|h�,x~��jS����x}����u�tq��jSu � �

j��~jU��rhw�pqzh��u}zhx�w,fhj��«�,j�|htqpq�Uu�x}¥
o
Á pqz=µ#fhpv��f=�Uu}��j�pyw(pq��u}z[pqz{w,�,u�§G|���x~��jS��x{�ª��x}ikisrhz�pq�Uu'w�pqx}z^Ã5¨se�fhj

|���x~��jS����x}��j��]jS��r~w,pyz��!w,fhj�i�u�pqz���jU|htypv��u�pv����u}tytqj � w,fhj0DE���%� ����
��!�IG!GI
��!x}¥
o
¨!e�fhj���jUi�u�pqzhpyz��

K|���x~��jS����x}����j��~jS��r~w,pyzh�
o
´]�Uu�tqtyj � X!�W�#"�� � ����
��!�IG!GI
��!G5´�j��~jU��rhw�j

o
u}z � µ£u�w,��f�x{zkw�fhjª��jS��|^x}z���j@x}¥
w�fhj

i�u}pyzI|h�,x~��jS����x}�S¨¸±D¥Äw,fhjsi�u}pyzI|h�,x~��jS����x}� � x�jS�@zhx}w��,jU��|�x{z � x}z6w,pyikj}´Xpyw�pv�ª��x}z���p � j��,j � u}�@¥¦u�rhtyw��}´
u}z � u�zhx}w�fhjU�£|���x~��jS����x}�£j��~jS��r~w,pyzh��u��,j�|htqpq�Uu�x�¥

o
��j�z � �

o
) ����jS��r�t¶w��£w�x�w�fhj���r��U��jU�,��x}�£x}|^j���u'w�pqx}z���¨

e�fhpv����x}tqr~w,pyx{z �,u}pq��jU��w,fhj°¥ºx{tytqx'µ#pyz�� |h��x{�htqj�i A �  "��� "��%��#|
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��!G��!¬­j���fhx]x{��jQw�f�j���j�z ��R �,jU��j�pq¤}jQikjU��f�u�zhpv��i k m�w�oG´
µ#pyw�f�w�f�j¸i�u�pqz�|h��x~��jU�,��x{�3x�¥�x}|^j���u'w�pqx}z

o
��j�z � pqzh�ªw�fhj��,jU��rhtyw,�8x�¥

o
w�x�u�tqt]w�fhj£|h�,x]��jU�,��x{�,�3j��~jU��r~w�pqzh�

u Á i�u�pqz­x{����u{��Ç�r�|�Ã���r�����jS����x}��x{|�jU�,u�w�pqx}z­x�¥
o
´8u}z � w�x°u}tytÄw,fhj7��u{��Ç]rh|=|���x~��jS����x}���«x�¥

o
¨!e�fhpv�

ikjS��f�u�zhpv��i pq�#u}ty�,jUu � ��pqi�|�tyjUi�jUz�w�j � pqz­Ð�Ñ�Ò·ÓkÔ@Õ[¥ºx}�#z�x}z!¥¦u�rhtyw�§Gw�x{tyjU�,u}z{w@��x � j}¨
e�fhpv�#pqz�w�rh�,z!��u�pv��jU�¸w�fhj�¥ºx{tytqx'µ#pqzh�k��jUtqu�w�j � |h�,x}�htqj�i���A
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��0#>�!�I�������!#-%I�����$�OB��6¬ p¶w,f�u(��pqzh�{tyj#i�rht¶w,p¶§D|^x}pqz{w
typqzhÇ Á pG¨ j{¨y´^uk�hr���Ã5´~w,fhj�i�u�pqz6|h�,x]��jU�,��x{��x�¥Äx}|^j���u'w,pyx{z

o
�h�,x{u � ��u}��w,�£w,fhj(x}rhw�|hr~w��@x}¥

o
µ#fhpqtyj

w�fhj���u{��Ç]rh|7|h�,x~��jU�,��x}���Qx}����jU��¤{j#w�fhj(u{�5w�pq¤]p¶w���w,x � j�w�jS�5w�w�fhjª¥¦u�pqtqrh��j«x�¥3w�fhj«i�u�pqz�|h�,x~��jU�,��x}�S¨
¬ p¶w,fI|�x{pyz�w�§Nw,x�§D|�x{pyz�w@tqpyzhÇ~�U´~w�f�j � j�w,jU��w�pqx}z6x�¥8w�fhjsiku}pyz6|h�,x~��jS����x}� ) �¸¥¦u}pytqrh�,j(pq�@��pqi�pqtvu���w�x7u
�£��¯Su�z�w�pqzhj`u}�}�,j�jUi�jUz�wbk �}�Lo]|h��x{�htqj�i6´Kµ#fhx{��j`��x}tqr~w�pqx}z(pv�3ikx{��j`��x}ik|htqj��(u�z � i�x{��j`j��~|�jUz���py¤{j
w�x!pyik|htqj�ikj�z�wS¨«e�fhjU��j�¥ºx}�,j�w�fhj�®�����w«��x{tyr~w,pyx{z°pv��ikx}�,jsu}|h|h�,x}|h�,pqu�w�j�w,x!u�����fhpyw�jS�5w�r���jS�#r���pyzh�
isrhtyw�py§D|�x{pyz�w¸tqpqzhÇ~��¨Qn]r���f7u}�,��f�p¶w,jU�5w,rh�,jU�`u}��j#¤{j��,����x}ikikx}z�pqz�j�i���j �h� j � ���~��w�j�i�� Á j}¨ ��¨q´�w�fhj
� ¾-� ��r��Qpqz7u�r~w,x}ikx�w,py¤{j#u�|h|htqpv��u'w,pyx{z���Ã5¨8¬=j@µ#pqtqth|h�,x}|^x{��j#pyz�n]jS�5w,pyx{z t«u(��x}tqr~w,pyx{zk��rhpyw,u}�htyj
w�x7u}�,��fhpyw�jS�5w,rh��jS�£r���pqzh�k|^x}pqz{w�§Nw,x�§D|�x{pyz�w#tqpyzhÇ~�U¨

���+íh���I�N�N�



({� �����\�%�V�����$�����	��
u��KL��������������
��r����&L ?�%�V�V�������\����#�������
������

�~¨ � 
 � �����T�!
�D������J�V# �% ����O�%DQ�V
�����G��LG!G�
S�I�������!#Y��
Q�% �� �!
�DTDT�������!���O��
���G �­©ªz�w,fhj(x}zhj�f�u}z � ´
w�fhj�w,pyikjUx}r~w��@��f�x}rht � u�tqtyx'µ u�z6u}����rh��u'w�j � j�w�jU��w�pqx}z6x�¥8¥¦u�pqtqrh��jS��pyz6x{� � jU��w�x�uK¤}x{p � rhzhzhjS��jS��§
��u}����j�tqjU�5w,pyx{z��#x}¥�w,fhj(i�u�pqz�|���x~��jS����x}�#u}z � isrhtyw�pq|htqj���jUz � pqzh�{�#x}¥8ikjS���,u��{jU�U¨Q©ªz�w,fhj�x�w,fhj��
f�u�z � ´�py¥�w�fhj(w,pyikjUx}r~w���u��,j«w�x]x�tvu��,�}j}´hw�fhjsu{����rhisrhtvu'w,pyx{z!x}¥�w�fhjS��j�w,pyikj�x{r~w,��pyz�w,fhjs��u{��j(x}¥
isrhtyw�pq|htqjk¥¦u�pqtyr���jS�ªi�uK�ItqjUu � w,x!w,fhjkikpq�,��pqzh�6x�¥¸w�fhjk�,jUu}t¶§Gw�pqikj���x}z���w���u�pqz�w,�U¨s¬­jk��f�x�x���j�w�x
��x{i�|�r~w�j�uk�}pq¤}j�z6w,pyikjUx}r~wªu{�#w,fhj�µ£x}����w��Uu}��j�rh|h|^j���§G�^x}r�z � x�¥�w�f�jsikjU�,��u}�}j«w���u�z���ikpv����pyx{z
� j�tvuK�}¨(e�fhpv�ªrh|h|^j���§G�^x}rhz � pv�«��x}ik|hr~w,j � ¥º�,x}i w,fhjk��f�u���u}��w�j��,pv��w,pq�U�#x�¥Qw,fhjk��x}iki�rhzhpv��u'w,pyx{z
zhj�w�µ£x}�,Ç Á ��j�j�n]jS�5w�pqx}z­l�¨ ({Ã�¨�n]pqz���j�µ£j�f�uK¤}j � pq�,��u}� � j � w,pyikpqzh��¥¦u�pqtyr���jS� Á ��jUj7n]jU��w�pqx}z­�h¨�mKÃ5´
w�fhpv�#pv��w�f�j(tyjSu}��w�|^x{�,��py�htqj�¤'u�tqrhj(uK¤}x}p � pqzh��isrhtyw�pq|htqj���jUz � pqzh�{��x}¥8ikjU�,�,u��}jS��¨
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�� D �HGN�J� ">�NG��³¾��ªµ¸j�f�uK¤}js�,u�p � pqz
±Dw�jUi ��u��^x'¤}j{´�w�fhpv�#|h�,x}�htqj�i+��u}z!�^j�uK¤}x{p � j � �]�!��x}ik|hr~w,pyz��7usw,pyikjUx}r~w�u{�£w�fhj(µ£x}����w@�Uu}��j
rh|h|^j���§G�^x}r�z � x�¥�w,fhj7ikjU�,��u}�}jkw,�,u}z���ikpv����pqx}z � j�tvuK�}¨ ��x'µ py¥�w�fhj!��jS��r�t¶w,pyzh�=����fhj � rhtqj � x]jU�
zhx�w#ikj�j�w�w�fhj � jS��pq��j � �,jUu}t¶§Gw�pqikj«��x}z���w���u�pqz�w,�U´{x{zhjªi�uK��µ#pv��f!w�x��,j�tvu'��w�f�pq�#��x}ik|hr~w,pyzh���,rhtyj
¥ºx}��w,fhj�w�pqikj�x}rhw,�U¨�e�f�pq�#|���x{�htyjUi pq���,j�tvu'w,j � w�x�w�f�j«f�u�z � tqpqzh�kx�¥�pyz�w�jU��ikpyw�w,j�z�w�¥¦u�pqtyrh�,jU�U´~pG¨ j{¨y´
¥¦u�pqt¶§²��pytqj�z�w`�^j�f�uK¤]pqx}����k�m>mNoD¨8±D¥
w,fhj@�{py¤{j�zkw,u}���{j�w`u}�,��fhpyw�jS�5w,rh��j#r���jS�Qu���pyzh�{tyj#i�rhtyw�py§G|^x}pqz�w¸tqpyzhÇX´
w�fhjUz�w�fhj�x}rhw�|hr~w���x�¥�u�tqt^x{|�jU�,u�w�pqx}z��¸µ#pqtyt
�^j(�h�,x{u � ��u}��w�j � x'¤}jU�`w,fhpv��isrhtyw�py§G|^x}pqz�w#typqzhÇ�w,x�u}tyt
w�fhj�|h�,x~��jS����x}����´Spqz���tqr � pqzh�ªw�fhj¸¥¦u�rhtyw��(x}z�jU�U¨�e�fhjUz�uª|h��x~��jU�,��x{�
w�f�u�wÄµ£u{�3|h�,j�¤]pqx}r���tq�ªi�u��,Ç}j �
u}����jUpyzh��¥¦u�rhtyw��6u�z � w,f�u'w«pq��zhx'µ ��rhz�zhpyz�� Á jUp¶w,fhj��ª��jS��u�r���j�x}¥Qu�z°pqz�w�j��,ikp¶w�w�jUz{w�¥¦u�pqtyrh�,j}´^x}�
��jS��u}r���j�pywQµ£u{��u � j�w�jS�5w,pyx{z�ikpv��w�u�Ç{jSÃ���u�z��,jU��rhikj£pyw,�Ä��x}ik|hr~w�u'w,pyx{z��Äu�z � x}rhw�|hr~wQpyw,�Q��jS��rhtyw,�
x}z=w�fhj��hr��U¨�e�f�j��,j�¥ºx}�,j}´Xpy¥£u�¥�w�j��(u!¥¦u�pqtqrh��j � j�w�jU��w�pqx}z[w�fhjkfhjSu�tyw�f]�I|h�,x]��jU�,��x{�,�ª��x{z{w,pyz]rhj�w�x
���Uu�zIw,fhjs��r���´^w,fhj��6µ#pqtyt � j�w,jU��wªw,f�u'wªw�fhjs¥¦u�rhtyw��6|h��x~��jU�,��x{�@pq�ªzhx'µ �,rhzhzhpqzh�!u}z � w,fhj��6µ#pqtyt
rh| � u'w,j�w�fhjUpy��u}����uK�kx�¥8¥¦u�rhtyw���|���x~��jS����x}���£u}����x}� � pqzh�}tq�}¨ � x}z���jU¹�rhjUz�w�tq�}´]w�f�pq�@�,��fhjUi�j{´~µ#fhpv��f
��jS¹�rhpy�,jU��w�x=i�x � py¥º��w�f�j G��I��# u�z � ���!�!�I�%K���|h�,x]��j � r���jS��x�¥�Æ8pq�}rh�,jCmS�h´Ä��x{rht � u�tqtyx'µ r��sw�x
w��,jUu�w�pqz�w�jU��ikpyw�w�jUz�w#¥¦u�pqt¶§²��pqtqj�z�w@��jUf�uK¤]pyx{�,�£u}��µ£j�tqt3u}z � |^j��,i�u�zhjUz�w£¥¦u}pyty§²��w,x}|·¨
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u�|h|�typqj � pyzhpyw�pvu�tqtq�;u�z � jUu{��f w�pqikj=w,fhj­��u}��Ç]rh|È|h��x~��jU�,��x{�,��j�tqjU�5wIuÂzhj�µ�i�u}pyzÈ|h��x~��jU�,��x{�
¥ºx}tqtyx'µ#pqzh��u7¥¦u}pytqrh�,j}¨�¬­j���f�x�x���jsw�fhjk|h�,x~��jS����x}�ªµ#fhpq��f[®�zhpv��f�jU�ª®�����w«w�fhjkj��]jS��r~w,pyx{z°x�¥¸w�fhj
��jU|htqpq�Uu°x}|^j���u'w,pyx{z·¨ Æhx{��jSu}��fbx{|�jU�,u�w�pqx}z·´Äµ£j7w,f]r��k��x}ik|hrhw�j!¥º��x{i w�fhj6��w�u'w,pq������f�j � rhtqj!u
w�x}w,u�t3x}� � j���x�¥Äu�tqt
w,fhj(��u}��Ç]rh|�|h�,x~��jU�,��x}����¨Äe�fhpv�£w�x}w,u�t3x}� � j��#pv��Ç]zhx'µ#z!�]�!jUu}��f�|h�,x~��jU�,��x}�S´
��x�w,fhj(��jS��r�t¶w#x�¥8w�f�j(j�tqjU�5w,pyx{z!pv��w,fhj���u}ikjª¥ºx{�#j�¤{j��,���^x � �}¨
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e�f�j£f�j�rh�,pq��w�pv�¸pyik|htqj�ikj�z�w,pyzh�«w,fhpq�Ä��x}tqr~w,pyx{zspv�Äu��{��jUj � ��tqpq��wQ����fhj � rhtqpyz���´�µ#fhx���j�u�tq�}x{��pyw�f�i pv���}pq¤}jUz
x{z�Æ8pq�}rh�,jEmWm{¨8±Dw@pv�#u � u�|~w,j � ¥º��x{i k mU�~´~l'wLoG¨
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� ��	6Y�íKã ÷Gã ê�þåã21�ï�÷NâKïQþåãåäN÷Nä·ç�ëhý�ê�íSîKãåî'ê,÷Nï¸ê�íSî«äGýGâKï�îKìKþåï�î�ç���ï�èGê,÷Nãåç5íKä >
Osched(0) = ∅

�
Ocand(0) = {o ∈ O | pred(o) ⊆ Osched(0)}� í�	 * ( &"./� íKç�÷�ï 0 �U÷�ñ
Ocand(n) 	��0 � í�	�� �Xç 0 �KìS÷Nï8÷NâKïQäGýDâSï�îSìKþåãåí�� �Kè¦ï�äGäNìKèNïÄëyç5è·ï�ê�ýGâ�ç���ï�èNê,÷Nãåç5í(ç�ë

Ocand(n)
ê�íKî

é5ï�ï��«÷NâKï��'è¦äN÷
K + 1

è¦ï�äNìKþ ÷Nä3ëyç5è·ï�ê�ýGâ�ç���ï�èNê,÷Nãåç5í >
∀oi ∈ Ocand(n), ∪l=K+1

l=1 {σopt(n)(oi , pil
)} = minK+1

pj∈P
{σ(n)(oi , pj)}

P (K+1)(oi) = ∪l=K+1
l=1 {pil

}0 � í�	 � � ï�þåï�ý²÷·÷GâKïQð�ï�äN÷3ý�ê�íKîKãåî'ê,÷Nï`ç��}ï�èNê,÷Gãåç5í >
σbest(n)(o) = maxoi∈Oimpl(n) ∪l=K+1

l=1 {σopt(n)(oi, pil
)}

0 � í�	 �¸á·âKïÄç���ï�èGê,÷Nãåç5í
o
ãåä3ã 0 �Sþåï 0 ï�í�÷Gï�î@ç5íª÷NâKï��'è¦äN÷ K + 1

�SèNç�ý�ï�äNäGç5è¦ä�ý�ç 0 �KìS÷Nï�î
ê,÷ 0 � í�	���ê�ä
æ
ï�þåþ~ê�ä
÷GâKïQý�ç 010 ìSíKãåý�ê,÷Gãåç5íKä
ã 0 �Sþåãåï�î@ð�ñ@÷GâKï�äNï¸ê�äNäGã��5í 0 ï�í�÷Gä�	á·âKï 0 ê�ãåí �Kè¦çUý�ï�äGäNç5è8ãåä pm ∈ P (K+1)(o)

äGìSýDâª÷Nâ'ê,÷
S(n)(o, pm) + ∆(o, pm) = min

pl∈P (K+1)(o) {(S(n)(o, pl) + ∆(o, pl))}0 � í�	 � # �}îKê,÷Gï�÷NâKïQþåãåäN÷Nä·ç�ëhý�ê�íSîKãåî'ê,÷Nï¸ê�íSî�äGýDâSï�îSìKþåï�î«ç���ï�èGê,÷Nãåç5íKä >
Osched(n) = Osched(n − 1) ∪ {o}
Ocand(n + 1) = Ocand(n) − {o} ∪ {o′ ∈ succ(o) | pred(o′) ⊆ Osched(n)}��'�	A* ( &".8�
Æ8py�{rh�,jTm>mWAQn~��fhj � rhtqpyz���f�j�rh�,pq��w�pv�«¥ºx}��w,fhj�®�����w@��x}tqr~w�pqx}z3¨

¾£w�w�fhj=z~§Gw�f;��w�jU| Á
n ≥ 1

Ã5´�u¼typv��w!x�¥s�Uu�z � p � u�w�j=x}|^j���u'w�pqx}z��
Ocand(n)

pv�!�hrhpqt¶w�¥º��x{i w�fhj
u}ty�{x}�,p¶w,fhi1�{�,u}|hf ¤}jU��w,pq��jU�U¨°¾@zÂx}|^j���u'w�pqx}z�pv���,u�p � w�x=��j���u}z � p � u'w,j�py¥�u�tqt¸pyw,��|h�,j � jS��jU�,��x}���(u��,j
u}ty�,jUu � �°�,��fhj � r�tyj � ´�pG¨ j}¨q´�u}�,��py�{zhj � w�x°u6|h�,x~��jS����x}�S¨7e�fhj�tqpq��w�x�¥#����f�j � rhtqj � x{|�jU�,u�w�pqx}z��

Osched()Ç{j�jU|��ªu�w«jSu}��f[��w�jU|°w,fhjkx}|^j���u'w�pqx}z��#w�f�u'w(f�uK¤}j�u�tq��jSu � ���^j�j�z­����f�j � rhtqj � ¨(±²zhp¶w,pqu}tytq�}´
Osched(0)

pv�
jUik|~w��}¨��£�7r���pyz���uk��x���w£¥ºrhz���w�pqx}z6��u}tytqj � GI�! "�!#������-�����IGVGN������´~x}z�jªx{|�jU�,u�w�pqx}z�x}¥3w,fhj�typv��w

Ocand(n)pv�#��j�tqjU�5w,j � w�xk�^j�����f�j � rhtqj � u'w#w,fhj���w�j�|
n
¨

e�fhj��,��fhj � r�tyj°|���jS����rh�,j°pq����x{ik|hr~w�j � pqz w�µ£xb|hf�u{��jS��¨ e�fhj°®�����w!x}z�j[pv� � x{zhj[�^j�¥ºx{��j[w�fhj
�,��fhj � rhtqpyzh��fhjUrh�,pq��w�pv���U¨�±Dw`��x}ik|hr~w,jU�U´}r���pqzh�«w�fhj�u}ty�{x}�,p¶w,fhi-�}��u�|�f�u}z � w�fhj@��f�u}�,u{�5w,j��,pq��w�pv����tyx]x{Ç�r�|
w�u��htqj}´�w,fhj«����pyw�pv��u}t Á i�u'�~pqiku}tvÃ`|�u�w�f�x}¥·w�f�j«u}ty�{x}�,p¶w,fhi Á zhx}w�j �

R
Ã`u}z � ´�¥ºx}��jUu{��f7x}|^j���u'w,pyx{z

oi

w�fhj
i�u��]pqi�u�t � u�w�j#u'wÄµ#fhpv��f

oi

i�uK�(j�z ��Á zhx�w,j �
E(oi)

Ã8��x}ik|hr~w,j � ¥º��x{i w�fhj�jUz � x}¥�w,fhj@���,p¶w,pq�Uu�t]|�u�w�f·¨
e�f�js��jS��x{z � |hf�u}��j�w,u}Ç}jS�#|htvu}��j�u'w�jSu}��fI��w,j�|Ix}¥8w,fhjs�,��fhj � rhtypqzh�7u}ty�{x}�,p¶w,fhi6¨¸±Dwª��x}ik|hr~w,jU�@¥ºx}��u}z
x{|�jU�,u�w�pqx}z

oi ∈ Ocand(n)
u}z � u�|h�,x~��jU�,��x}�

pj ∈ P
Á
P
pv�£w�fhj�|h�,x~��jS����x}� ) �£��j�w�Ã`w,fhj@½�jSu��,typqjU��w���w,u}��w

� u'w�j�¥º��x{i*��w,u���w�À Á z�x�w�j �
S(n)(oi, pj)

Ã5´^pG¨ j{¨y´�w�fhj�j��~jU��rhw�pqx}z6w�pqikj�x�¥�w,fhj�|�u}��w�x}¥�w,fhj � pq��w��,py��r~w�j �
u}ty�{x}�,p¶w,fhi*�,��fhj � rhtqj � u'w@w,fhj���w�jU|

n − 1
¨

S(n)(oi, pj)
Ã�w�u�Ç}jS�#pqz{w,x�u}�U��x{rhz�w#w�fhj���x}iki�rhzhpv��u'w,pyx{z

w,pyikjS�Q�^j�w�µ£j�j�z
oi

u�z � w,fhj@i�u�pqz�|h�,x]��jU�,��x{��x�¥
p¶w��Q|h�,j � jU��jS����x}����u�z � ��r��U��jU�,��x}����´'µ#fhjUzkw�fhjU� � p 4Xj��
¥º�,x}i

pj

¨£e�fhpq�ª��fhx}pv��j(pqik|h�,x'¤}jU�¸w,fhj�j��~jS��r~w,pyx{z!w,pyikj(¥ºx{�#w�f�js���~��w�jUi*µ#pyw�fhx{r~w#¥¦u�pqtqrh��jS��´��hr~w�i�uK�
�{py¤{jªtqx}z��}j��#j��~jU��rhw�pqx}z!w�pqi�jS�#pqz�w,fhj�¥¦u�rhtyw��!�Uu}��jU�U¨

σ(n)(oi, pj) = S(n)(oi, pj) + ∆(oi, pj) + E(oi) − R
µ#fhjU��j

∆(oi, pj)
pv�Qw,fhj�j��]jS��r~w,pyx{z � rh��u'w,pyx{z7x�¥

oi

x}z�|h��x~��jU�,��x{�
pj

M�w�f�pq�¸¤'u�tqrhj�pv�`�{py¤{j�z7pqz
pj

) �
��f�u���u}�5w,j��,pq��w�pv���ªtqx�x{Ç]rh|°w�u��htqj}¨ke�fhj7�,��fhj � r�tyj�|h�,jU��rhikj�ikjSu}��rh��jS�«fhx'µ isr���f[w,fhj7����f�j � rhtqpqzh�!x}¥
w,fhj@x{|�jU�,u�w�pqx}zktyjUzh��w,fhj�z��Qw,fhj����,pyw�pv��u�t�|�u'w,f�x�¥Xw�f�jªu�tq�}x{��pyw�f�i�¨8e�fhj��,j�¥ºx{��j#pyw¸pqz�w��,x � r���jS�`u�|h�,pqx}�,p¶w��
�^j�w�µ£j�jUz�w,fhj(x}|^j���u'w,pyx{z��¸w�x��^j�����f�j � rhtqj � ¨

e�fhjk��j�tqjU�5w,j � x}|^j���u'w�pqx}z[pq�«x}�hw,u�pqzhj � u}��¥ºx}tqtqx'µ@��¨(Æ8py����wU´
pqz[w,fhj�ikpv���,x�§²��w,j�|°i7n]z3¨�m{´
µ¸jk��x{i�§
|�r~w�j�¥ºx}��jUu{��f[��u}z � p � u'w,j�x{|�jU�,u�w�pqx}z

oi

w,fhj���j�w
P (K+1)(oi)

x�¥Qw,fhj�®�����w
K + 1

j��~jU��r~w�pqx}z=rhzhpyw,�

���+íh���I�N�N�
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ikpqzhpqi�pq¯�pqzh��w�f�j�����fhj � rhtqjª|���jS����rh�,j}¨Äe�fhj«®�����w
K + 1

i�pqzhpqi�u�t3�,��fhj � rhtyj«|h�,jU��rhikjU�£¥ºx{�
oi

´h�Uu�tqtyj �
σopt(n)(oi, pil

)
´X�}pq¤}j�w,fhj�|h�,x~��jU�,��x}���

pil

¥º�,x}i+µ#fhpv��f6w�fhj���j�w
P (K+1)(oi)

pv����x}ik|hr~w,j � Á w,fhj���r~§
|^j����,���,py|~w

(K + 1)
¥ºx}�

P
pyz � pq�Uu'w,jU��pyw,�#��u}� � pyz�u}typyw��hÃ5¨�¬­j�w�f]r���x}�hw,u�pqz!¥ºx}�#jUu{��f!x{|�jU�,u�w�pqx}z

K + 1|�u�pq�,�
〈
x}|^j���u'w,pyx{z·´]|h�,x]��jU�,��x{�

〉
¨�e�fhjUz·´]pyz�w�fhj«ikpq����x}§D��w�jU|7i7n]z·¨å�~´�w�f�jªx{|�jU�,u�w�pqx}z��^j�tqx}zh�{pyzh�sw�x�w�fhj

��x}rh|�tyj�f�uK¤]pqzh�«w�fhj#�{��jSu'w�jS��wÄ�,��fhj � r�tyj#|h�,jU�,��rh��j£pv�Q��jUtyjS�5w,j � ¨8±D¥�w,fhj��,j#j��~pv��w���ikx}�,j¸w,f�u�zkx{zhj#��x}r�|htyj
f�uK¤�pqzh��w�fhj(�{��jSu'w,jU��w��,��fhj � rhtyj(|���jS����rh�,j}´]x}zhj�pv���,u}z � x{i�tq����fhx���jUz!u}i�x{zh��w�fhjUi6¨

e�fhj�pyik|htqj�ikj�z�w�u'w�pqx}z�x}¥�w,fhj���j�tqjU��w�j � x{|�jU�,u�w�pqx}zku'wQw,fhj@ikpv���,x�§²��w,j�|�i�n~z·¨ (�pyik|htqpyjS�Äw,fhj���fhx{pq��j
x}¥hu#i�u�pqz(|h��x~��jU�,��x{�
¥ºx}�
w,fhj`x{|�jU�,u�w�pqx}z(u�z � w�fhj¸��x}ik|hrhw,u'w,pyx{z(x�¥~w,pyikj�x{r~w,�·¥ºx}�3w�fhj£��x}iki�rhzhpv��u'w,pyx{z
x{|�jU�,u�w�pqx}z��3pyik|htqj�ikjUz{w,j � x}z(w,fhj¸��u}��Ç]rh|(|h�,x~��jU�,��x}����¨
¬­j£��j�tqjU��w8u{�3i�u�pqz�|h�,x~��jS����x}�
w,fhj£|h��x~��jU�,��x{�
x}¥`w,fhj���j�w

P (K+1)(o)
Á w�fhjk®��,��w

K + 1
|h�,x]��jU�,��x{�,�ª��x{i�|�r~w�j � ¥ºx{�

o
u'w�w,fhjki�pv���,x�§²��w�j�|=i7n]z·¨ mSÃ

µ#f�pq��f�®�z�pq��fhjU�(®��,��w�w,fhj7j��~jS��r~w,pyx{z x�¥�w�fhj�x}|^j���u'w�pqx}z3´�pG¨ j{¨y´8w,fhj7x}z�j�µ#fhpq��f ikpqzhpqi�pq¯�jS��w,fhj���rhi
S(n)(o, pl) + ∆(o, pl)

¨Âe�fhj
K
��u{��Ç�r�|b|h�,x]��jU�,��x{�,��u��,j�x{� � jU��j � u}�U��x{� � pqzh�Iw,x[w,fhj�pyz�����jSu}��pyz��

x{� � j���x}¥Äw�fhjk��rhi
S(n)(o, pl) + ∆(o, pl)

´XpG¨ j{¨y´Xw,x7w�f�j�pqz����,jUu{��pqzh�7x{� � j���x}¥Äw�fhjk��x{ik|htyj�w�pqx}z � u'w�j
x}¥3w,fhj(x}|^j���u'w,pyx{z

o
¨

N�,
x �zab/j/ c6]�i-^�gr="i�ab] dC`"a�^�3u5�c7`"3
Æ�x}��u�z6u�����fhpyw�jU��w�rh�,j�ikx � jUt^r���pqzh��x}zhj«isrhtyw�py§D|�x{pyz�w#typqzhÇX´]µ¸j«|h�,jU��j�z�w�pyz6Æ8py�{rh��j mS��u���x}tqr~w,pyx{z�¥ºx}�
w,fhj@pqik|htyjUikj�z�w,u�w�pqx}z�x�¥Xw,fhjª��x}ikisrhz�pq�Uu'w�pqx}zkx{|�jU�,u�w�pqx}zkj��~jU��r~w�j � �]�sw,fhj���x{ikisrhzhpv��u�w�pqx}zkrhzhpyw¸x}¥
w,fhj

i
§Nw,f���u{��Ç�r�|�|h�,x~��jU�,��x}�£x�¥·w,fhj(x}|^j���u'w,pyx{z

o
¨Ä¬=j(��rh|h|^x{��j�w,f�u'w�w�f�j«x{|�jU�,u�w�pqx}z

o
pv����jU|htypv��u�w�j �

x{z6|h��x~��jU�,��x{�,�
p0, . . . , pK

´�µ#fhj��,j
p0
pv��w,fhj(i�u�pqz�|���x~��jS����x}�#u}z �

p1, . . . , pK

pq�#w�fhj�x{� � j��,j � typv��w
x}¥^��u}��Ç]rh|�|h��x~��jU�,��x{�,�U¨3e�fhj � r��,u�w�pqx}z���x}¥�w,pyikj�x{r~w,�

t
(i)
k

´{µ#fhj��,j
k ∈ {0, . . . , i−1}

´}u}��j#��x}ik|hr~w,j �
��w,u�w�pv��u}tytq�s¥º�,x}i w,fhj � rh�,u�w�pqx}z��¸x�¥·pqz�w�jU��§D|h�,x]��jU�,��x{�Q��x{i�i�rhzhpv��u�w�pqx}z��

∆(pi, pk)
u}z � w,fhj � rh�,u�w�pqx}z��

x}¥�j��]jS��r~w,pyx{z6x�¥
o
x}z�jUu{��f!|���x~��jS����x}�S¨�e�fhj��}j�z�j���u�t^¥ºx}�,isrhtvu}�#u}��j>A

t
(i)
i = S(o, pi) + ∆(o, pi)

t
(i)
k = max(t

(k)
0 , . . . , t

(k)
k ) + ∆(pk, pi)

�����F����	�������� ß��  Û£Û 0�� �����
pi
7

# �
$�&�'
m > ? � ���Q÷GâKï 0 ê�ãåí �Kè¦çUý�ï�äGäNç5è�ãåä·ãåíKã ÷Nã ê�þåþ ñ

p0* ( &�.8�
m < i

	��
& ��íKç�÷·ëvê�ãåþ�� ìKíKã ÷·ç�ë

pm � ��( ��'
* +-& � t

(i)
m

* ( &".8�G0 ï�äNäDê �5ïÄíKç�÷�ê�è¦èNã !�ï�î
& � 0 ï�äGäDê �5ïQê�è¦è¦ã !�ï�î ��( ��' # ���%+
	
��.�DL� ëqê�ãåþ�� ìSíKã ÷·ç�ë pm � > ? ÷Gè¦ìKï�� m > ? m 
 �

��'�	 & �
��'�	 & �

��'�	A* ( &�.8�
& �

m = i
�)( �<'

* +-& � * ( &�.8� o
ãåä·íKç�÷ �KíKãåäGâKï�î

DL�<'�	 ÷NâKïQè¦ï�äNìKþ ÷3ç�ë o
� � ÷NâKïÄìKíKã ÷Nä�ç�ëhäNìKý�ý�ï�äNäGç5è¦ä�ê�íKî«èNï 0 ê�ãåíKîKï�è·ð'ê�ýDé�ì�� �SèNç�ý�ï�äNäGç5è¦ä

��'�	 & �
��'�	�� ß��  Û¸Û
Æ8pq�}rh�,jEmS�"A � x{ikisrhzhpv��u�w�pqx}z!x}|^j���u'w�pqx}z!¥ºx}��w,fhj

i
w�f���u}��Ç]rh|�|h�,x~��jU�,��x}�S¨

Y�Zr�[Y �
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N�,�� �7gPc�~J= �LyTab~-3v`"gh]6^�3 �"�b3v`�_63vgh5
��x'µ³tyj�w¸r��¸��w,r � ��w�fhj�x}|~w,pyi�u�tqpyw���x}¥
w�fhjªz�r�is�^j��`x}¥
pyz�w�jU��§D|h�,x~��jU�,��x}�Q��x{ikisrhzhpv��u�w�pqx}z��Q�}j�z�j���u'w�j �
pqz³w�f�j°¥¦u�r�t¶w�§Nw,x}tqj���u�z�w�����f�j � rhtqj°�]�¼x{rh��f�j�rh�,pq��w�pv��¨-Æ8pq�,��w�tq�}´#jSu}��f³x}|^j���u'w,pyx{z x�¥�w�fhj=u�tq�}x}�,pyw�fhi
�{�,u}|hf�pv���,j�|htqpq�Uu'w,j �

K + 1
w,pyikjS��´h��r~w@jUu{��f��,j�|htqpq�Uu�x}zhtq�7�,jU��jUpy¤{jU�¸p¶w��#pqzh|hr~w��#x}zhtq��x}z���j}´~z�u�ikj�tq�

¥º�,x}i w�fhj(i�u�pqz���jU|htypv��u�x}¥3w�f�j(|h��j � jU��jU�,��x{�¸x{|�jU�,u�w�pqx}z·¨Äe�fhjU��j�¥ºx}�,jªjSu}��f � u'w�u'§ � j�|^j�z � j�z����7x�¥8w�fhj
u}ty�{x}�,p¶w,fhi �}��u�|�f!tqjUu � �£w�x7u�w@i�x���w

K + 1
pyz�w�jU��§D|h�,x~��jU�,��x}����x}iki�rhzhpv��u'w,pyx{z��U¨8±²z � j�j � ´�µ#fhjUz�w�fhj

w�µ£x(x}|^j���u'w,pyx{z���tqpyzhÇ{j � �]�sw,fhj � u�w,u�§ � jU|�jUz � jUz����su}��j@�,��fhj � rhtqj � x}zkw,fhj��,u�ikj#|h�,x]��jU�,��x{�U´'µ£j#f�uK¤{j
u}z�pqz�w���u'§D|h��x~��jU�,��x{�¸��x{ikisrhzhpv��u�w�pqx}z·¨8±²z!w�fhpv�#��jUz���jªµ£j(��uK��w�f�u'w�w�fhj�z]rhi���jU�#x�¥�ikjS���,u��{jU�¸pyz!w�fhj
¥¦u}rhtyw�§Gw�x}tqj���u�z�w#����f�j � rhtqj�pq�@i�pqzhpqi�u�tG¨

n]jS��x{z � tq�}´�µ#f�j�z°uk¥¦u}pytqrh�,j(x]�U��rh���U´�µ£j���tvu�pqi w,f�u'w@w,fhj�z]rhi���jU��x�¥Äpqz�w�j���§D|h��x~��jU�,��x{�£��x}ikisrhz�p¶§
�Uu'w,pyx{z���pyz�w,fhj��,jU��rht¶w,pyz��°����fhj � rhtqj�pq��tyjS����w,f�u�z�pqz­w�fhj7pqzhpyw�pvu�t`�,��fhj � rhtqj}¨!�@j�ikj�i���jU�(w�f�u�w�x}zhtq�
w,fhjsi�u}pyz=��jU|htypv��u{����j�z � w�fhjUpy�«��jS��r�t¶w��@w,fh��x{rh�}fIpqz�w�jU��§D|h�,x]��jU�,��x{����x{ikisrhzhpv��u�w�pqx}z��U¨ 03j�w«r��ª�Uu�tqt

pw,fhj(¥¦u}rht¶w��!|h�,x]��jU�,��x{�U¨ � x{z���p � jU�@u�z6x}|^j���u'w,pyx{z
o
µ#pyw�f

n
��r��U��jS����x}�#x{|�jU�,u�w�pqx}z���pqz�w�fhjsu}ty�{x}�,p¶w,fhi

�{�,u}|hf·´hu}z � µ#fhx{��j�iku}pyz6�,j�|htqpv��u�pq��u}�,��pq�}zhj � w,x
p
¨Q±²z�w,fhj�pqzhp¶w,pqu}t3�,��fhj � r�tyj{´~w�fhpv�#i�u�pqz6��jU|htqpq�Uu�x}¥

o
��j�z � �Qpyw,�`��jS��rhtyw,�Qw�x

(K +1)×n
�,j�|htqpq�Uu}�U¨8¾�ikx}zh�(w,fhjU��j}´]u(z]rhi���jU�

kintra

u}��j#pqz�w���u'§D|h�,x]��jU�,��x{�
��x}ikisr�zhpq�Uu'w,pyx{z��`�^jU�Uu�r���jªw�fhj(��x{���,jU��|^x}z � pqzh����jU|htypv��u�pv�£u}tq��xku}�,��pq�}zhj � w�x

p
¨Qe�f�jªz]rhi���jU�

kinterx}¥�pqz�w�j���§D|h��x~��jU�,��x{�£��x}ikisrhz�pq�Uu'w�pqx}z��£u{�5w,r�u�tqty�!��jUz{w@�]��w,fhj(i�u�pqz!�,j�|�typv��u�x�¥
o
pv�@��r���f!w�f�u�w�A

kinter + kintra = (K + 1) × n

��x'µ ��pqz���j
o
) ��i�u�pqzb�,j�|htqpq�UuIpv��u{����py�{zhj � w,x

p
µ#f�pq��f ¥¦u}pytv�U´QuIzhj�µ i�u}pyzb|���x~��jS����x}�sµ#pytqt���j

��f�x{��j�z³¥ºx}�
o
¨ e�fhj[|h�,j�¤]pqx}r��

kintra

ikjU�,��u}�}jS��u��,j°zhxÂtyx{zh�}jU��zhjS��jS���,u��,�Â��pyz���j=w�fhjU�³��x}z���j��,z
x{|�jU�,u�w�pqx}z��#u{����pq�}zhj � w,x

p
µ#fhpq��f6pv��¥¦u�r�t¶w��{¨¸¾@ikx{zh��w�fhj��,j�i�u}pyzhpqzh�

kinter

ikjU�,��u}�}jS��´~��x}ikj(ikx}�,j
u}��j(pqz�w���u'§D|h�,x]��jU�,��x{����jS��u�r���j(w,fhj��6��x{z���jU��zIx{|�jU�,u�w�pqx}z��#u{����pq�}zhj � w�x�w,fhj�zhjUµ-iku}pyzI|���x~��jS����x}�#x}¥
o
¨�¾��`uª�,jU��rhtywU´'w,fhj#zhjUµ¼z]rhis�^j��Äx}¥^pqz�w�jU��§D|h�,x]��jU�,��x{����x}ikisrhz�pq�Uu'w�pqx}z���zhj�j � j � w�x(��j�z � w�f�j#��jS��rhtyw,�
x}¥

o
w�x7u}tytXw,fhj(��jU|htqpq�Uu}�£x�¥Äu�tqt
p¶w��@��r�����jU�,��x{�£x{|�jU�,u�w�pqx}z��£pv��tyjS���£w,f�u�z6pqz�w�fhj(pqzhpyw�pvu�t·�,��fhj � r�tyj{¨

N�,�� }U] .���gh/ � ~�3
¬­j�u�|�|hty��x}rh��®�����w�f�j�rh�,pq��w�pv�ªw�xkw,fhj(j��hu�ik|htqj�x�¥�Æ�pq�}r���jEm�(�¨

I A

D

B

E OC bus

P3

P2P1

(b)(a)
Æ8py�{rh�,jTmS("AÄÆ8py����w�j��hu�ik|htqjWA Á u�Ã�u�tq�}x{��pyw�fhi u}z �­Á ��Ã�jUz���u}|���rhtqu�w�j � u�����fhpyw�jS�5w�r���j��}��u�|�f·¨
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e�fhj�r���j����,jU¹�rhpq�,jU��w,x7w�x{tyjU�,u�w�j(x{zhjs|^j��,i�u�zhjUz{wª|h��x~��jU�,��x{��¥¦u�pqtyrh�,j}¨ªe�fhjsj��]jS��r~w,pyx{z°��f�u���u}��w�j�§
�,pv��w,pq�U��x}¥¸jUu{��f ��������R �
����R������
��� u�z � ������� u��,j���|�jS��py®�j � �]�6w�fhj�w�µ£x�¥ºx{tytqx'µ#pyz��7w,u}�htqjU�«x�¥Qw,pyikj
r�zhp¶w���A

x}|^j���u'w,pyx{z
w�pqikj(rhzhpyw,� ± ¾ � � 3 & ©

�7m m � ( � ( m m{¨ �
�¸� m � m}¨å� ( m m m{¨ �
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�b(
∞
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tqpyz�Ç �hr�� m{¨ �{� �h¨å� �h¨å� m ��¨ � ��¨ � �h¨ w m
¾@¥�w�j��sw�fhjk®��,��w�w�µ¸x°��w�jU|���x�¥�x}rh�(f�j�rh�,pq��w�pv��´�µ¸j��{j�w�w�f�j�w�jUi�|^x}��u��,�°�,��fhj � r�tyj�x}¥�Æ8pq�}rh�,j m�l�¨

±²z=w�f�pq� � pvu��{�,u}i6´Xu}z=x{|�jU�,u�w�pqx}z=pq�«�,j�|h�,jU��j�z�w�j � �]�°u�µ#fhpyw�jk��xK�
´
µ#fhx���jkfhjUpy�{f�w«pv��|h�,x}|^x}��w�pqx}z�u}t
w,x7pyw,�@j��~jU��rhw�pqx}z6w�pqikj}¨ &`u{��f6iku}pyz[x}|^j���u'w�pqx}z�pv�@�,j�|h�,jU��j�z�w�j � ���6ukw,fhpq��Ç�µ#fhpyw�j��^xK�
¨#¾ ������� pq�
�,j�|���jS��jUz{w,j � �]�7u��}��uK�k��xK�
´]µ#fhx{��j«fhj�pq�}f�w�pq�£|h�,x}|^x}��w�pqx}z�u}t�w,x���x}ikisr�zhpq�Uu'w,pyx{z7w�pqikj}´hu}z � µ#f�x{��j
jUz � �#u}��j��^x}rhz � �]��u}���,x'µ@�Q¥º�,x}i w�fhj���x}rh����j�x{|�jU�,u�w�pqx}z7w,x�w�fhj � jS��w,pyz�u'w�pqx}z6x{|�jU�,u�w�pqx}z·¨

0

3

I
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I

P2P1 bus P3

Æ8py�{rh�,jTmUl�AÄe�j�ik|�x{�,u}���7�,��fhj � rhtqjWAÄx}z�ty�7x{|�jU�,u�w�pqx}z��£±�u�z � ¾-u��,j(����f�j � rhtqj � ¨
¾£w�w,fhj6zhj��]w7��w,j�|·´£x}|^j���u'w,pyx{z � pv������f�j � rhtqj � ¨Å¾ª����py�{zhpqzh� � w�x��7m6µ¸x{rht � �,uK¤}j�u�zÅpyz�w�jU��§

|���x~��jS����x}����x{ikisrhzhpv��u�w�pqx}z·´]�hrhw@��jS��u�r���j«x�¥8w�fhj(��x{��w�x}¥�j��]jS��r~w,pyx{z � x}z��6m}´~w,fhj�j��~|�jS�5w,j � ��x{i�§
|�tyj�w�pqx}z � u�w�j�x}¥��Èµ£x}rht � ��j��h¨�±²z[��x}z�w���u}��wU´�u{����pq�}zhpqzh� �Èw�x7�¸���}pq¤}jU��u�zIj��~|^jU��w�j � ��x}ik|htqj�w,pyx{z
� u'w�j�x}¥�l�¨å��M]w,fhj��,j�¥ºx{��j«�¸��pv�#��fhx{��j�z6u}�¸w�f�j(iku}pyz�|h�,x~��jU�,��x}�£x�¥��«¨�n~pyikpqtqu}��tq�}´�w�f�j(j��~|�jS�5w,j � ��x{i�§
|�tyj�w�pqx}z � u'w,j«pv����py¥��b(kpv�#��fhx{��j�zuM]w�fhjU��j�¥ºx}�,jª�b(�pv�@��fhx���jUz!u}�£w,fhj���u}��Ç]rh|�|h�,x~��jU�,��x}�S¨�¬­j�x}�~w�u�pqz
w,fhj�w�jUik|�x{�,u}���7�,��fhj � rhtyj�x}¥�Æ8pq�}rh�,jEmS�~¨
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P2P1 bus P3

B

Æ8py�{rh��jEmK��AÄe3jUik|�x{�,u}���7�,��fhj � rhtyj>A�x}zhtq��x{|�jU�,u�w�pqx}z��£±5´h¾�´�u�z � � u}��j(�,��fhj � r�tyj � ¨
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¾£w�w�f�j�zhj��]w���w�jU|·´·x}|^j���u'w,pyx{z � pv��u}�,��pq�}zhj � w�x�|h�,x]��jU�,��x{�,���7mku�z � �b(h´
�7m��^j�pqzh��w�fhj�i�u�pqz
|���x~��jS����x}�¸¥ºx}��w,fhpv�#x}|^j���u'w,pyx{z·¨�¬=j(x{�~w,u}pyz!w�fhj�w,j�ik|^x}��u��,�7����fhj � rhtqj�x�¥ÄÆ�pq�}r���jEmU��¨

0

6
C

B

I

C

A

I

A

P2P1 bus P3

B

Æ8py�{rh�,jTmS�"AÄe�j�ik|�x{�,u}���7�,��fhj � rhtqjWA�x}|^j���u'w,pyx{z��£±5´�¾�´6�«´�u}z � � u}��j�����f�j � rhtqj � ¨

¾£w8w�fhj¸j�z � x�¥hx{rh�3fhjUrh�,pq��w�pv��´'µ£jQx}�hw,u�pqz(w,fhj`®�z�u�t]����f�j � rhtqj`|���jS��jUz{w,j � pqzsÆ8py�{rh�,j6mLt~¨2&`u{��f�x}|^j�§
��u'w,pyx{z�x}¥·w�fhj(u}ty�{x}�,p¶w,fhi �}��u�|hf�pq���,j�|htqpv��u'w,j � w�µ#pq��j«u}z � w,fhjU��j���jU|htqpq�Uu}�£u��,j«u{����py�{zhj � w�x � p54^jU��jUz{w
|���x~��jS����x}���U´}w,fhj(i�u�pqz!�,j�|htqpv��u���jUpyz�����jU|h��jS��jUz�w�j � �]��u�w�fhpv��Ç}jU�#µ#fhp¶w,j(��xK�
¨

9.4
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D

Æ8py�{rh�,jTm�t?AÄÆ8pyz�u�t
¥¦u}rht¶w�§Nw,x}tqj���u�z�w#����fhj � rhtqj«¥ºx}�#w,fhj«®��,��w@j��hu}i�|�tyj{¨

e�fhj[w�pqikpyzh� � pvu��}��u�i��kx}¥sÆ�pq�}r���j mSw ��f�x'µ*w,fhj[j��~jU��rhw�pqx}z���µ#fhj�z �£� ����u}��fhjU��A Á u{Ã7pq��w�fhj
w,�,u}z���pyjUz{w@�,��fhj � rhtyj�µ#fhpqtqj Á ��Ã£pv�£w�fhj(|^j��,i�u�zhjUz�w#��rh����jU¹�rhjUz�w�����fhj � rhtqj}¨

���+íh���I�N�N�
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timeout
E

O

failure

O

E

Æ8pq�}rh�,j mSw"A�e�pyikj � j��~jU��rhw�pqx}z x�¥(w,fhj°®��,��w�j��hu}i�|�tyj°µ#f�j�z �¸�b����u}��fhjU��A Á u{Ãkpv��w�fhj[w���u�z���pyjUz�w
�,��fhj � rhtqjWM Á �^Ã£pq��w,fhj(|^j��,iku}zhj�z�w@�,��fhj � r�tyj{¨

•
0·pqÇ}j!µ¸j7f�uK¤}j��,u�p � ´8w�fhj!z]rhis�^j���x�¥@��x{ikisrhzhpv��u�w�pqx}z�� � x]jU��zhx�w�pyz�����jSu}��j7µ#fhjUz¼u6¥¦u�pqtqrh��j
x~����r��,�U¨

•
e�fhj � pqu}�}��u�i Á u{Ã`��f�x'µ@�Äw�f�u'wU´ � r���pqzh�(w,fhj�w,�,u}z���pyjUz{w¸p¶w,j���u'w�pqx}zk¥ºx{tytqx'µ#pqzh�su(¥¦u}pytqrh�,j}´{w�fhjª��jS��§
|�x{z���j@w�pqikj�pv�Qpqz����,jUu{��j � ����w,fhj@µ�u�pyw�pqzh� � jUtquK��x�¥Xw�f�j��,jU��|�x{z���j@¥º��x{i w,fhj@¥¦u}rht¶w���|h�,x~��jU�,��x}�S¨

N�,6N }U]6gh~J:7<?i-< a	�Z=�_63 �Qi-`�<>=e.���gP/ � ~�3
e�x6j�¤'u�tqr�u�w�jkw�f�j�x'¤}j��,fhjSu � pqz�w��,x � r���j � �]�[w�fhjk¥¦u}rht¶w�§Nw,x}tqj���u�z���j}´·tqj�w�r�����x{z���p � jU��w�fhj�zhx{z­¥¦u�rhtyw�§
w,x}tqj���u�z�w@����f�j � rhtqj(|h�,x � r���j � ¥ºx}��w�f�j(®�����w@j��~u}ik|htyj�µ#pyw�f6w,fhj���u{��pv�«fhj�rh�,pv��w,pq��x}¥¸Ð�Ñ8Ò·ÓkÔ@Õ�¨¸e�f�pq�
�,��fhj � rhtqj«pv�#��fhx'µ#z!pqzIÆ8py�{rh��jEmSnh¨
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Æ8py�{rh��jEmSn"A"�@x{z!¥¦u}rhtyw�§Gw�x}tqj���u�z�w#����f�j � rhtqj«¥ºx}��w,fhj�®�����w@j��~u}ik|htyj{¨
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±²z�w,fhpv�`|�u}��w,pq��rhtvu��`�Uu}��j}´{w�fhjªx'¤}j��,fhjSu � pq�`w�fhjU��j�¥ºx}�,j
9.4− 8.6 = 0.8

¨�¬ pyw�f!u��hpy�{�}jU�Qj��hu�ik|htqj}´
w,fhj(x'¤}jU��f�jUu � µ¸x{rht � |���x{��u��htq�7�^j�tvu��,�}j��S¨Ä�Äu���w#x�¥�w�fhpv�#x'¤{j��,fhjUu � pv� � rhj(w,xkw�fhj(j��]w���u���x}ik|hrhw,u'§
w,pyx{z�� Á ¥ºx{��w�fhj��,j�|htqpq�Uusx{|�jU�,u�w�pqx}z���Ã5´~u}z � |�u���w£pv� � rhj«w�x�w,fhj�j��]w���u���x}ikisr�zhpq�Uu'w,pyx{z�� Á ¥ºx}�#��j�z � pyzh�
w,fhj�pq��pqzh|hrhw � u�w,ukw,x�u�tqt·w,fhjs�,j�|htqpv��ukx}|^j���u'w,pyx{z��#pqz���w�jUu � x�¥Äx}z�ty��x}zhj���r��U��jS����x}�#x{|�jU�,u�w�pqx}z�Ã�¨�p�x�§
µ£j�¤{j��S´�w,fhj���jU|htypv��u�x}|^j���u'w,pyx{z�� � x�zhx}w���j�z � w�fhjUpy���,jU��rht¶w�rhz�w�pqtÄu�¥¦u}pytqrh�,j�x~����rh����¨�e�fhj��,j�¥ºx{��jsw�fhj
��x}ikisr�zhpq�Uu'w,pyx{z�x'¤}jU��f�jUu � pq��ikpqzhpqiku}tN¨

¬ fhjUz u[¥¦u}pytqrh�,j6x]�U��rh���U´`j��]w,�,u���x{ikisrhzhpv��u�w�pqx}zÅ��u�zÂw,u}Ç}j6|htvu}��j}¨ e�fhpv�kpq��w,fhj°��u{��j�x�¥�x}rh�
j��hu�ik|htqj@µ#fhj�z!�¸�����,u{��f�jU� Á ��jUjªÆ8pq�}rh�,j�m�w�Ã5¨Äe�fhjª��jS��|^x}z���j#w,pyikj«x�¥
w�f�j�¥¦u}rht¶w������~��w,j�i pq�¸�}�,jUu�w�jU�
w,f�u�zÅpqzÅu}����jUz���j�x�¥ª¥¦u�pqtyr���jS��´£��pqz���jI��x}ikj�x'¤}j���w�pqikj!pv�kzhjS��jU�,�,u��,�=w,x � j�w,jU�5w�w,fhj�¥¦u�pqtyr���j6x�¥ªw�fhj
i�u}pyzb|���x~��jS����x}���U¨°Æhx}��w�f�j!�,u�ikj��,jUu{��x{z·´8w�fhj�u��,��pq¤'u�t`x}¥���jU¤}jU�,u}tÄ¥¦u�pqtyr���jS��u�wsw�f�j��,u�ikj�w,pyikj�pq�
z�x�w�µ¸jUtytÄ��rh|h|^x}��w�j � ��pyz���jsw,fhj��,j�pq��u!��pv��Ç6w,f�u'w�w,fhj���rhi�x}¥Qw�pqikj�x{r~w,�(u}iku{����j � x'¤}j���w,u}Ç}jS�@x�w,fhj��
w,pyikjUx}r~w���¨�¾��@u}ty�,jUu � ���,u�p � ´hw,fhjs��rh���,j�z�w@��x}tqr~w�pqx}z6pv��u�|�|h��x{|h�,pqu�w�j«w�x7u}z6u}�,��f�p¶w,jU�5w,rh�,j(µ#fhj��,j�w�fhj
��x}ikisr�zhpq�Uu'w,pyx{z�r�zhp¶w��`u}��j��^x}rhz � �]��u(rhzhpv¹�rhj#isrhtyw�py§D|�x{pyz�w`tqpyz�Ç^¨�¬ pyw�f�|^x}pqz�w�§Gw�x�§D|^x}pqz{wQtqpqzhÇ~��´{w�fhj
� j�w�jS�5w,pyx{z!x}¥�w,fhj�¥¦u�pqtyr���j«¥ºx}��w,fhj(i�u�pqz6|h��x~��jU�,��x{�¸�,jU¹�rhpq��jS��u�z6u��}�,j�jUikj�z�w£|���x}w�x~��x{tN¨

� �k�#�£
���" ��
���������
��

� ,-+ d `�i-]�^�i � ~�3
Æ�x}�7u}�,��fhpyw�jS�5w,rh��jS��r���pqzh� |^x}pqz�w�§Gw�x�§D|^x}pqz{w�tqpyz�Ç]�U´�µ¸j6|h�,x}|^x{��jIu���jS��x}z � ��x}tqr~w,pyx{z·´¸��u}��j � x}zÅw�fhj
u{�5w,py¤{j#��j � rhz � u}z����sx�¥
��x}w�f �������
	 u�z � ��������	 ¨�¾ª�Äpqzkw�fhj#®��,��w`��x{tyrhw�pqx}z·´{jUu}��f ������� pq�`��jU|htqpq�Uu'w�j �
K + 1

w,pyikjS��´]x}z
K + 1

� p54^jU��jUz{w#|h�,x~��jS����x}����¨�e�fhj � p 4Xj��,j�z���j«pq�¸w�f�u'w�w�fhjS��j
K + 1

�,j�|htqpq�Uu}�£��jUz �
w,fhj�pq�s�,jU��rhtyw,�spyzb|�u���u�tqtyjUtÄw�x­u�tqtQw�f�j��,j�|htqpq�Uu}�(x}¥�u�tqtQw,fhj!��r�����jU�,��x{��x}|^j���u'w,pyx{z��(pqz w�f�j � u�w,u'§G»�x'µ
�{�,u}|hf·¨ke�fhj��,j�¥ºx{��j{´
jUu{��f[x}|^j���u'w,pyx{z=µ#pqtqtÄ��jS��j�pq¤}j�pyw,����j�w(x�¥£pyz�|hr~w,�

K + 1
w�pqikjU�U´·w,fh��x{rh�}f­pqz{w,�,u

u}z � pyz�w�jU��§D|h�,x~��jU�,��x}����x}ikisr�zhpq�Uu'w,pyx{z���M#u{����x]x}zÅu}�kpywk�,jU��j�pq¤}jS�sw,fhj�®�����w7��j�wU´¸w�f�j�x{|�jU�,u�w�pqx}zÂpq�
j��~jU��rhw�j � u�z � pq�}zhx{��jS��w,fhjktqu�w�jU�«pqzh|hrhw,�U¨Ep�x'µ¸jU¤}jU�U´Xpqz­��x}ikjk��u}��j}´Xw,fhj��,j�|htqpq�Uu�x}¥¸u�z­x}|^j���u'w,pyx{z
µ#pqtqt`x}z�ty�=��jS��j�pq¤}j���x}ikj�x�¥#pyw,�(pqzh|hrhw,��x}z���j}´·w,fh�,x}rh�{f�u}z�pyz�w���u'§D|h�,x~��jU�,��x}�(��x{i�i�rhzhpv��u�w�pqx}z·¨�Æhx}�
w,fhj6��u}Ç}j7x}¥���pqik|htypv��pyw��}´¸��rh|�|�x���j!µ¸j!f�uK¤}j�u}zbx}|^j���u'w,pyx{z

o
µ#pyw�f¼x{zhtq�­x{zhj�pqzh|hrhw�|h�,x � r���j � �]�

pyw,�ª|h�,j � jS��jS����x}�
o′
¨ � x{z���p � jU�@w,fhjs�,j�|htqpv��u�x}¥

o
µ#fhpq��f[pq�ªu}�,��pq�}zhj � w�x!|h��x~��jU�,��x{�

p
¨�±D¥Qx{zhjsx}¥Äw�fhj

�,j�|�typv��u{�`x}¥
o′
pq��u�tv��x�u}�,��py�{zhj � w,x

p
´{w,fhj�z!w�f�j ������� ¥º�,x}i

o′
w�x

o
µ#pqtytXzhx}w£�^j���jU|htqpq�Uu'w�j � u�z � µ#pqtyt

w,fhj��,j�¥ºx{��j���jªpyik|htqj�ikj�z�w,j � u{�`u���pqzh�}tqj@pqz�w���u'§D|h��x~��jU�,��x{�Q��x}iki�rhzhpv��u'w,pyx{z·¨8±²z � j�j � ´�w�fhjª��jU|htqpq�Uu}�Qx}¥
w,fhpv� ������� µ¸x{rht � x}zhtq�!�^j�r���j � py¥

p
µ£x}rht � ¥¦u�pqtG´��hrhwªpqz6w�fhpv�ª�Uu}��j�w�fhj���jU|htqpq�Uukx�¥

o
u}�,��pq�}zhj � w�x

pµ£x}r�t � z�x�w�zhj�j � w�f�pq�«pqzh|hr~wS¨�±²z°w,fhj��,j�¤{j�����j���u}��j}´XpG¨ j{¨y´Xpy¥£u}tyt�w�fhjk�,j�|htqpv��u}��x�¥
o′
u}��j�u}�,��pq�}zhj � w�x

|���x~��jS����x}��� � pq��w�pqz���w#¥º��x{i
p
´~w,fhj�z�w,fhj ������� ¥º�,x}i

o′
w�x

o
µ#pytqt
��j(�,j�|�typv��u�w�j �

K + 1
w,pyikjU�U¨

e�fhj«u � ¤'u}z{w�u��{j#x�¥Xw�fhj«��jS��x{z � ��x{tyr~w,pyx{z�pq�`w�f�u'w`zhx�w�pqi�jUx}r~w��¸u}��j@��x}ik|hr~w,j � ´{w�f�j�|h�,x}|�u}�{u�w�pqx}z
x}¥¸w,fhj���w,u�w�j�x�¥£¥¦u�r�t¶w��­��x}iki�rhzhpv��u'w,pyx{z�rhzhpyw,�(pv�(zhx}wszhjU��jU�,��u}���{´3u�z � w,fhj��,jU��|�x{z���jkw,pyikj7u�w�w�fhj
x~�U��rh�,��jUz���jIx}¥�u�¥¦u�pqtyr���j°pv�!i�pqzhpqi�u�tG¨ ©ªz³w�fhj=x�w�f�j���f�u�z � ´�w,fhj=��x}ikisr�zhpq�Uu'w,pyx{z x'¤}j��,fhjSu � pq�
�{��jSu'w,j��(w,f�u�zÂµ#p¶w,fbw�f�j7®�����w���x}tqr~w�pqx}zb��pyz���j!w�fhjU��j�u��,j7ikx}�,j�pqz{w,j���§G|���x~��jS����x}����x}ikisr�zhpq�Uu'w,pyx{z���¨
±²z6|�u}��w,pq��rhtvu��S´hp¶¥�w,fhj�u�����fhpyw�jU��w�rh�,j�r���jU�@uki�rht¶w,p¶§D|^x}pqz{wªtypqzhÇX´hw,fhjs��x{ikisrhzhpv��u�w�pqx}z��#��j�z�w@x'¤{j���w�f�pq�
ikj � pyr�i*u��,j(��jU��pvu�tqpq¯�j � ´]��x�w�fhj(x'¤{j��,fhjUu � pqz{w,��x � r���j � pv�#�}�,jUu�w�j��£w,f�u�z�pyz�w,fhj�®�����w@��x}tqr~w�pqx}z·¨
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[ 8�^�_63u56c�~-i-]6f�� 3uc6`�i-<>="i-^
¾ª�#pqz!w,fhj�®�����w@��x}tqr~w�pqx}z3´~w�fhj(f�j�rh�,pq��w�pv�«|h�,x}|^x{��j � ¥ºx}��w�f�j���jS��x}z � ��x}tqr~w,pyx{z!pqik|htyjUikj�z�w,�@u��{��jUj � �
tqpv��w7�,��fhj � r�typqzh��¨³e�fhjIu�tq�}x{��pyw�f�i<pq�k�{py¤{j�z¼pqz Æ8py�{rh��jI����´¸u}z � pywk¥ºx}tqtyx'µ@����tyx���jUty��w,fhj6fhj�r���pv��w,pq�
|���jS��jUz{w,j � ¥ºx}�£w�fhj�®��,��w���x}tqr~w,pyx{z!pqz�Æ8pq�}rh�,jTmWm}¨Äe�fhj�i�u�pqz � p 4Xj��,j�z���jU����x}z���j��,z7w�f�j���x}ik|hr~w�u'w,pyx{z
x}¥Xw�fhj«����fhj � rhtqpyz���|h�,jU�,��rh�,j@u'w`w�fhjªi�pv���,x�§²��w�j�|ki7n]z·¨ mªu}z � w�f�j�pqi�|�tyjUi�jUz�w,u'w,pyx{z�x�¥Xw�f�j�x}|^j���u'w,pyx{z
u�w�w�fhj(ikpv���,x�§²��w,j�|�i�n~z·¨ l�¨

� ��	6Y�íKã ÷Gã ê�þåã21�ï�÷NâKïQþåãåäN÷Nä·ç�ëhý�ê�íSîKãåî'ê,÷Nï¸ê�íSî«äGýGâKï�îKìKþåï�î�ç���ï�èGê,÷Nãåç5íKä >
Osched(0) = ∅

�
Ocand(0) = {o ∈ O | pred(o) = Osched(0)}� í�	 * ( &"./� íKç�÷�ï 0 �U÷�ñ
Ocand(n) 	��0 � í�	�� �Xç 0 �KìS÷Nï8÷NâKïQäGýDâSï�îSìKþåãåí�� �Kè¦ï�äGäNìKèNïÄëyç5è·ï�ê�ýGâ�ç���ï�èNê,÷Nãåç5í(ç�ë

Ocand(n)
ê�íKî

é5ï�ï��«÷NâKï��'è¦äN÷
K + 1

è¦ï�äNìKþ ÷Nä3ëyç5è·ï�ê�ýGâ�ç���ï�èNê,÷Nãåç5í >
∀oi ∈ Ocand(n), ∪l=K+1

l=1 {σopt(n)(oi , pil
)} = minK+1

pj∈P
{σ(n)(oi , pj)}

P (K+1)(oi) = ∪l=K+1
l=1 {pil

}0 � í�	 � � ï�þåï�ý²÷·÷GâKïQð�ï�äN÷3ý�ê�íKîKãåî'ê,÷Nï`ç��}ï�èNê,÷Gãåç5í >
σbest(n)(o) = maxoi∈Oimpl(n) ∪l=K+1

l=1 {σopt(n)(oi, pil
)}

0 � í�	 �¸á·âKïÄç���ï�èGê,÷Nãåç5í
o
ãåä3ã 0 �Sþåï 0 ï�í�÷Gï�î@ç5íª÷NâKï��'è¦äN÷ K + 1

�SèNç�ý�ï�äNäGç5è¦ä�ý�ç 0 �KìS÷Nï�îê,÷ 0 � í�	���ê�ä
æ
ï�þåþ~ê�ä
÷GâKïQý�ç 010 ìSíKãåý�ê,÷Gãåç5íKä
ã 0 �Sþåãåï�î@ð�ñ@÷GâKï�äNï¸ê�äNäGã��5í 0 ï�í�÷Gä�	
0 � í�	 � # �}îKê,÷Gï�÷NâKïQþåãåäN÷Nä·ç�ëhý�ê�íSîKãåî'ê,÷Nï¸ê�íSî�äGýDâSï�îSìKþåï�î«ç���ï�èGê,÷Nãåç5íKä >

Osched(n) = Osched(n − 1) ∪ {o}
Ocand(n + 1) = Ocand(n) − {o} ∪ {o′ ∈ succ(o) | pred(o′) ⊆ Osched(n)}��'�	A* ( &".8�
Æ8pq�}rh�,j�����AÄnh��fhj � r�typqzh�kfhj�r���pv��w,pq�ª¥ºx{��w�fhj���jU��x}z � ��x{tyrhw�pqx}z·¨

e�fhj��,��fhj � rhtqj«|���jS����rh�,j
σ
pq����x}ik|hrhw�j � �]��A

σ(n)(oi, pj) = S(n)(oi, pj) + ∆(oi, pj) + E(oi) − R

µ#fhjU��j�w,fhj���x{ikisrhzhpv��u�w�pqx}z[w�pqi�j!��x}ik|hrhw�j � ¥ºx{��u!|���j � jU��jU�,��x{� Á pyz
S(n)(oi, pj)

Ã«pv��w,fhj�ikp¶§
z�pyi�rhi x�¥�w,fhj���x}iki�rhzhpv��u'w,pyx{z w�pqikjU��µ#pyw�f;jSu}��f �,j�|�typv��u¼x�¥�w,fhj=|���j � jU��jU�,��x{�U¨ e�fhj­��j�tqjU��w�j �
x{|�jU�,u�w�pqx}z7pv��pqi�|�tyjUi�jUz�w�j � u'w�ikpq����x}§D��w�jU|7i7n]z·¨ lkx}z7w,fhj

K + 1
|h�,x~��jU�,��x}���`��x{ik|hr~w�j � u�w£ikpv���,x�§

��w�jU|[i7n]z·¨ m}´
u{��µ£j�tqtÄu}��w�fhjk��x{i�i�rhzhpv��u�w�pqx}z°x{|�jU�,u�w�pqx}z���pyik|htqpyj � �]�6w�f�jU��j��,��fhj � r�typqzh�{�U¨(¾��ªµ¸j
f�uK¤}j@�,u�p � ´�¥ºx{�QjUu{��fk��x}rh|�tyj Á |h�,j � jS��jU�,��x}�S´�x}|^j���u'w,pyx{z��,j�|�typv��u�Ã5´ ��������	 u��,j@u �h� j � py¥
u}z � x}z�ty��p¶¥·u}tyt
w,fhj��,j�|htqpv��u}��x}¥�w�fhj�|���j � jU��jU�,��x{��u}��j(x{z � p 4Xj��,j�z�w�|���x~��jS����x}���U¨Q±D¥Äp¶w�pv�#zhx}w@w�f�js��u{��j{´hpN¨ j}¨q´�py¥�w�fhjU��j
j��~pq��w,�#u��,j�|htqpq�Uu�x�¥3w,fhj(|h�,j � jS��jS����x}��x}z!w�f�j���u}i�j�|h�,x~��jS����x}�S´{z�x ������� pv�#u �h� j � ¨

� ,
x }U] .���gh/ � ~�3
¬­j�u�|�|hty��x}rh�@��jU��x}z � fhj�r���pv��w,pq�ªw,x�w,fhj(j��hu}i�|�tyj�x�¥ÄÆ8py�{rh�,j(�"m}¨
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I A

D

B

E OC

P1 P2

P3

L1.2

L1.3 L2.3

(a) (b)
Æ8pq�}rh�,j���mWAQn]jS��x{z � j��hu�ik|htqjWA Á u�Ã�u�tq�}x}�,pyw�fhi u}z ��Á ��Ã£jUz���u}|���r�tqu�w�j � u�����fhpyw�jS�5w�r���j«�}��u�|hf3¨

e�fhpv�¸pq�Qw�fhj«��u}i�jªu�tq�}x}�,pyw�fhi �}��u�|hf�u}�Qw�fhjªj��hu�ik|htqj@x}¥�n]jU��w�pqx}z7�h¨å�(u}z � w�fhj«u�����fhpyw�jU��w�rh�,j@u�tv��x
f�u}�`w�fh�,j�j«|h�,x]��jU�,��x{�,��M��hr~w�p¶w#r���jU�¸w�f���jUjª|^x}pqz�w�§Gw�x�§D|^x}pqz{w£typqzhÇ~��pqz���w,jUu � x�¥8us�hr���¨Ä¾@��u�pqz·´�w�fhj�r���j��
�,jU¹�rhpq�,jU��w�x!w�x}tqj���u'w,j�x{zhj�|�jU��i�u�z�j�z�wª¥¦u}pytqrh�,j�x}¥¸u!|h��x~��jU�,��x{�U¨(e�fhjkj��~jS��r~w,pyx{z=��f�u}�,u{�5w�jU��pv��w�pv���@x}¥
jSu}��f ��������R �
����R������
��� u}z � ������� u��,js��|�jS��py®�j � ����w,fhj�¥ºx{tytqx'µ#pyz���w,u}�htyjS��¨ªe�fhjsj��]jS��r~w,pyx{zIw�pqikjU�
u}��jªw�f�j���u}i�j(u{��pyz°n]jS�5w�pqx}zI��¨ �"A

x}|^j���u'w,pyx{z
w�pqikj(rhzhpyw,� ± ¾ � � 3 & ©

�7m m � ( � ( m m{¨ �
�¸� m � m}¨å� ( m m m{¨ �

��
��

�

�b(
∞

� m}¨å� m m m
∞

� u'w,u�§ � j�|^j�z � jUz����
w,pyikj(rhz�p¶w�� ±

.
¾ ¾

.
� ¾

.
� ¾

.
3 �

.
& �

.
& 3

.
& &

.
©

0�m}¨å� m}¨å�}� �h¨å� �h¨å� m ��¨ � ��¨ � �h¨ w m
0��~¨ ( m}¨å�}� �h¨å� �h¨å� m ��¨ � ��¨ � �h¨ w m

� �
�

�

0�m}¨ ( m}¨å�}� �h¨å� �h¨å� m ��¨ � ��¨ � �h¨ w m
©ªrh����jU��x{z � fhjUrh�,pq��w�pv�s�{py¤{jU�@w�fhj � pv��w,��pq�hr~w,pyx{z[x�¥£Æ�pq�}r���jk�}�~¨'&`u{��f ������� pq�«�,j�|htqpv��u'w,j � w�µ#pv��j

u}z � w�fhjS��j��,j�|htqpq�Uu}�£u��,j«u{����pq�}zhj � w�x � p54Xj��,j�z�w#|h��x~��jU�,��x{�,�U¨�e�fhj�pqz�w�j���§D|h��x~��jU�,��x{�¸��x{ikisrhzhpv��u�w�pqx}z��
pqik|htqpyj � ���[w�fhpv� � pv��w��,py�hrhw�pqx}zbu��,jk��jU|h�,jU��j�z�w�j � µ#pyw�fb��x}tqp � tqpyz�jU�U¨!e�fhpv�(w,pyikpqzh� � pvu��}��u�i ��x}�,�,jU��§
|^x}z � �£w�x7u�¥¦u�pqtqrh��j�§N¥º�,j�j«j��~jS��r~w,pyx{z·¨

���+íh���I�N�N�
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8.9

0
I

C

A

I

O

A

O

B

ED
E

B
D

C

P1 P2L1.2 L1.3 P3 L2.3

Æ8pq�}rh�,j��}�"A�Æ8pqz�u�t·¥¦u�rhtyw�§Gw�x{tyjU�,u}z{w#�,��fhj � r�tyj«¥ºx}��w,fhj���jU��x{z � j��hu�ik|htqj}¨

e�fhpv��w�pqi�pqzh� � pvu��}��u�i ��fhx'µ@�#w,f�u'w���x{i�j���x{i�i�rhzhpv��u�w�pqx}z��ªu��,j�zhx�w«r���j�¥ºrht�pqzIw�fhjku�����jUz���j�x}¥
¥¦u}pytqrh�,jU�U¨ Æhx{��j��hu�ik|htqj}´¸w�fhj=��x}iki�rhzhpv��u'w,pyx{zÂx}¥ªw,fhjI�,jU��rht¶w7x}¥ªw,fhjIx}|^j���u'w,pyx{z Á 3s´`�b({Ã�w,x�w�fhj
x{|�jU�,u�w�pqx}z Á &�´��7mKÃ#pv�@zhx}wªr���j � ��pqz���j(w,fhjs�,jU��rhtywª��j�z�w��]� Á 3s´^�¸�{Ã@u��,�,py¤{jU�£®�����wS¨7p@x'µ£j�¤{j��S´~w�fhjS��j
��x}ikisr�zhpq�Uu'w,pyx{z��£ikuK����jS��x}ikj�r���j�¥ºrht � rh�,pyzh��u�¥¦u}rht¶w���j��~jU��r~w�pqx}z·¨

e�fhj � pvu��{�,u}i x�¥�Æ�pq�}r���j(��(���f�x'µ@�`w,fhj«w���u�z���pqj�z�w��,��fhj � rhtqj«µ#f�j�z��¸������u}��fhjU��u'¥�w,j���j��~jS��r~w,pyzh�
������� ¾�¨

0

10.3

A

I

A

I

C

C B

D

P2L1.2P1 L1.3 P3 L2.3

E

O

failure

Æ�pq�}r���j���(�AÄe�pyikj � j��]jS��r~w,pyx{z!x}¥�w,fhj���jU��x{z � j��hu�ik|htqj�µ#fhj�z��¸�k����u}��fhjS��¨

¾ª��j��~|�jS�5w,j � ´}w�fhj � u�w,u«��jUz{wÄ�]�su}tyt]w,fhj ��������	 w�x'µ�u�� � w�fhj£¥¦u}rht¶w��s|h��x~��jU�,��x{���¸�«u}��j � pv���Uu�� � j � ¨
e�f�jª�,��fhj � r�tyj���x{���,jU��|�x{z � pqzh��w�x�w�f�j«��rh����jU¹�rhjUz{w£p¶w,j���u'w,pyx{z��`pv�`w�fhj���u}ikj�j��h��j�|~w£w�f�u�w¸w,fhj«r���jUtyjS���
��������	 f�uK¤}j � pv��u}|h|�jSu��,j � ¨

Y�Zr�[Y �



���������
	���
��������������������
�������! "�!#����$�%�'& l�m

� ,�� }U]6gh~J:7<?i-< a	�Z=�_63 8�3u^�ab]�5 . ��gh/ ��~-3
e�f�j�x'¤{j��,fhjUu � pyz�w��,x � r���j � �]�6w�f�js¥¦u}rht¶w�§Nw,x}tqj���u�z���jspv�«iku��~pyi�u�t�pqz°w,fhj���j�z���j�w�f�u�w«�^x�w,f=��x}ik|hr~§
w�u'w,pyx{z���u�z � ��x{i�i�rhzhpv��u�w�pqx}z��«u��,j�j��~jU��rhw�j � pqz=|�u}�,u}tytqj�tG¨sÆ8pq�}rh�,jk��l���fhx'µ@�ªw�f�j�w,pyikj � �,��fhj � rhtyj
x{�~w,u}pyz�j � µ#p¶w,f=Ð�Ñ�Ò·ÓkÔ@Õ=pyz!w�f�j(zhx}z�¥¦u�r�t¶w�§Nw,x}tqj���u�z�w��Uu}��j}¨

0

8
O

B C

A

I

D

E

P2 L2.3 L1.2 P1 L1.3 P3

Æ8pq�}rh�,j��'l�A"��x}z�¥¦u�rhtyw�§Gw�x{tyjU�,u}z�w��,��fhj � rhtyj«¥ºx{��w�fhj���jU��x}z � j��hu�ik|htqj}¨
±²z w,fhpv��|�u}��w,pq��rhtvu����Uu}��j}´�w�f�j[x'¤}jU��f�jUu � pv�7w,fhj��,j�¥ºx{��j

8.9 − 8 = 0.9
¨ ±²z w,fhj°¥¦u}rht¶w�§Nw,x}tqj���u�z�w

�,��fhj � rhtqj}´·��x}ikj���x}ikisr�zhpq�Uu'w,pyx{z��ªw,u�Ç{j�|�tqu{��jku�tyw�fhx{rh�}f=w�fhjU�[u��,jsz�x�w(zhjU��jU�,��u}���{¨�©ªz°w,fhj�x�w,fhj��
f�u�z � ´�w�f�j7��jS��|^x}z���jkw,pyikj7x}¥£w,fhj�¥¦u}rht¶w������]��w�jUi pv�(ikpqzhpyikpq¯�j � ´Ä��pqz���j���jS��rhtyw,�su��,j7��jUz{w�µ#p¶w,fhx}r~w
µ�u�pyw�pqzh�[¥ºx}��w�fhj�w,pyikj�x{r~w,� Á ��jUj�Æ8pq�}rh�,jI��({Ã�¨bÆhx{��w,fhjI��u}ikj!�,jUu{��x{z·´�w�fhjI���~��w,j�i���rh|h|^x}��w,��w�fhj
u}���,pq¤Ku}t3x}¥¸��jU¤}jU�,u}t3¥¦u}pytqrh�,jU�«u'w«w�fhj��,u�ikj�w,pyikj���pqz���jsw,fhj��,j�pv�«zhx��,pv��Ç~��w�f�u�w«w,fhjk��rhi1x�¥`|^j�z � pyzh�
w,pyikjUx}r~w���x'¤}j���w,u}Ç}jS�Qw,fhj � jU��pq��j � �,jUu}t¶§Gw�pqikj���x}z���w���u�pqz�w,�U¨

e�fhpv�Ä��x}tqr~w�pqx}z�pq�Äu}|h|h�,x}|h�,pvu'w�j¸w�x(u}z�u�����fhpyw�jS�5w�r���j£µ#fhj��,j£w�fhj@��x}ikisr�zhpq�Uu'w,pyx{zsrhzhpyw,�Äu}��j��^x}rhz �
�]�6��jU¤}jU�,u}t
|�x{pyz�w�§Gw�x}§G|^x}pqz�w�tqpyzhÇ~��µ#fhpq��f°u}tytqx'µ |�u���u�tqtyjUt3��x{ikisrhzhpv��u�w�pqx}z��U¨#Æhx{��isr�t¶w,p¶§D|�x{pyz�w�tqpqzhÇ~��´
w,fhj�x'¤}jU��fhjSu � pyz�w��,x � r���j � �]��w�fhj��,j�|htqpq�Uu'w,pyx{z!x}¥8��x{ikisrhzhpv��u�w�pqx}z!x}|^j���u'w�pqx}z��¸i�uK�7�^j�pyik|^x}��w,u}z{w
�^jU�Uu�r���j�x�¥�w�fhj���j��,pqu}typq¯Uu�w�pqx}z!x�¥ ��������	 x}z6uk��pqzh�{tyj�tqpyzhÇX¨

e�fhj � ��uKµ#��u}��Ç=x�¥@r���pqzh�[|^x}pqz�w�§Gw�x�§D|^x}pqz{w�typqzhÇ~��pq��w�f�u'w�pqz�w�jU��ikpyw�w�jUz�w�¥¦u}pytqrh�,jU��u�z �b� j�w�jS�5w,pyx{z
ikpv��w�u�Ç{jU�@�Uu�zhzhx}w��^j���jS��x'¤{j��,j � ¨£±²z � jUj � ´^µ#fhj�z°u7|h��x~��jU�,��x{�#pq� � j�w,jU�5w,j � w,x7�^j(¥¦u�rhtyw��}´�w�f�jsx�w,fhj��
f�jUu�tyw�f]�!|h��x~��jU�,��x{�,�£µ#pqtyt·r�| � u�w�j(w,fhj�pq�ªu}����uK��x�¥8¥¦u�r�t¶w��!|h��x~��jU�,��x{�,�U´hu�z � µ#pqtyt3zhx�wª��j�z ��� u'w,u�u}z]�{§
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