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Sweden
Telephone: +46 (0)31 772 1000
Fax: +46 (0)31 772 3595
�������������	��
���
����������������

Printed in Sweden
Chalmers University of Technology
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K6LNMPO8QSRUTVO
WYXHZ.[]\�^_^a`]^ab�^aZc\�dVZUdV`]egf0[hf�[hfjiUk�lVi�lmf0^anpoqlVk�\0rU^6f�\0ds\0[ut6vsw:xydSzg{!^a`h`}|~f�^a�c�Uds\0[hlmZUf�oqlVk

b_ds�mZA^P\0[ht�X.^a`hnUfa�!�HdVf�^an�lmZ�dpnUlm�A�.`]^�i
lV\�^aZc\0[hdV`�oqlVk�b��U`hds\0[]lmZ�\0rUds\�`]^adVnUf_\�l&d��V^aZA^Pk�dV`��
[]�P^an��Nlm[hf0f�lmZ6b�lgnA^a`.{�[]\0r�n.[hf0t�lmZc\0[hZc�Ulm�Uf�n.[��
�.f0[]lmZ_dVZUn�ZAlmZA��rAlmb�lV�V^aZA^Plm�Uf*w�[]k�[ht�rU`h^P\�dVZUn
� ^a�.b_dVZUZ�[hZc\�^Pk0oBdVt�^�dVZUn���lm�.ZUnUdsk0e6t�lmZUnU[]\0[]lmZ.fP����rA^�X�ZU[]\�^�^a`]^ab�^aZc\$b�^P\0rUl�nyt�lmZUf0[hf�\0f�lVo
d�i.[h^at�^P{$[hf�^�`u[hZA^adsk���dV`h^Pk0��[uZpnU[hf�t�k0^P\0[]�ads\0[]lmZplmZpd�\�^P\�k�dVrA^anAk�dV`!b�^af0r/����Z�\0rU^�b�lgnA^a`h`h[uZA�
i.rUdVf�^V�c\0rA^�t�lmb�i.�A\0ds\0[]lmZ�lVo/\0rA^� ![hlV\��¢¡gda£sdsk0\(`hda{¤[hf¥i
^Pk0oqlVk�b�^an��ce+X�ZU[]\�^�£Vlm`h�.b�^$[hZc\�^P�Vk�dS�
\0[]lmZ_[hZ�tPdVf�^$lVo9t�lmb�iH`]^�zc��f�rUdsi
^an�tP�Ak0k0^aZc\���tPdsk0k0eg[hZA�j�V^Plmb_^P\�k�[]^afP��lVk�b_[]z�^an_f0^ab_[���Z��Ub�^Pk�[htPdV`
dVZUn¦dVZUdV`]e�\0[htPdV`�§�k�dVZA�sdska|~f�oqlVk�b��.`hdVf�[hZ¦tPdVf�^�lVo(t�lm[h`N�V^Plmb�^P\�k�[]^afP��W�Z¦dVnUdsiU\0[]£V^_t�k�[]\�^Pk�[]lmZ
lVo�b�^af0r¨k�^�XHZA^ab�^aZc\�[hf�\0rU^aZ�dsiUi.`u[]^an/�¥�.dVf0^an¨lmZ�dpi
lmf�\�^Pk�[]lVk�[(^af0\0[hb_ds\0[]lmZ�lVo�\0rU^�XHZU[]\�^
^a`]^ab�^aZc\*^Pk0k0lVk�[hZ6^aZA^Pk��Ve�ZAlVk�b�� � �Ub_^Pk�[htPdV`�^�zgdVb_i.`]^af(lmZ�f�lmb�^jb�ds�mZA^P\�lmf�\0ds\0[htjtPdVf0^af$dsk0^
iUk0^af�^aZc\�^an�oqlVk$d_t�lmb�iHdsk�[hf�lmZ�{�[]\0r�lV\0rA^Pk$dVnUdsi.\0[]£V^�XHZU[h\�^�^a`h^ab�^aZ©\$\�^at�rUZU[u�c�A^afa�

ª�«�¬�­�®V¯�°S± �$²,[hZU[]\�^�^a`]^ab_^aZ©\�b_^P\0rAl�n.fP�³d�i
lmf�\�^Pk�[]lVk�[,^Pk0k0lVka�³dVn.dsiU\0[]£V^�b�^af�r¦k0^�XHZA^ab_^aZ©\P�
b_ds�mZA^P\�lmf�\0ds\0[utjiUk0lV�H`]^ab_fP�A ([]lV\��¢¡gd8£Sdsk0\�`hda{��

´0µ/¶B·�¸a¹»ºU¸8¼m¼V½¢¾�¿¢¿�ÀNÁ�ÂPÃÅÄ�ÆuÂmÇNÁ�ÂPÈhÉmÊ]Ë�ÉmÂaÌ~Á�Í0Ã�Î�ÊÏÎ�Í0Ð
Á�ÂPÃÅÄ�ÆuÂVÇ,Æ]ÑgÂPÁ�Í�Ê]Ë�ÒPÁ
ÓÕÔ ¸8ºÏ·�¾�½�¿�Ö�¹Ï×©¹ÙØ¢¾�µ9º»¾�·�¾�×SØ Ó ¾�×SØÅ¾�½�ÐmÚ�¾�Ûc¸a½ÅØÅ·�¾�×SØ¥ÜaÝ/Þ_¸aØ Ô ¾�·�¸aØÅ¹�ß�¿�Ð ÓÕÔ ¸aº»·�¾�½�¿�à¥×m¹»á8¾�½¢¿Å¹ÏØãâ�ÜaÝ/ä.¾åß Ô ×mÜ8º»Ü8æçâ
è ¶Bé©ê�ëaì8í�î�ïÜaØ¢¾�ð�Ü8½¢æ©Ð èsñ ¾�¼V¾�×Uò
ó Ü8½¢ô�¿�õ©ÛmÛcÜç½�Ø¢¾�¼�ðsâ ÓNö�÷ ½¢¾�¿Å¾�¸8½¢ß Ô Ýh¾�ºÏº»Ü ñ ¿ Ô ¹ÏÛ�ëaøçùmò ømêçòûúaømÐ Ó Ü8×©¿Å¹ÏæçºÏ¹»Ü ö ¸aü�¹ÏÜç×©¸aº»¾*¼V¾�º»º»¾ ÷ ¹»ß�¾�½�ß Ô ¾8ÐVýBØ�¸aº»â
þSÿçÿ8ÿ�� ÂPÈhÉmÍ�Á�ÂaÈ ÆuË0Î������	��Í�Ë0È�

ÌÏÂ�Î�Î�Æ �ÕË�ÂPÈqÆuÒPÑ�
!ù����së��mÐSí�� ö ù8ømÐVí�� ö �8ømÐ©ú�����ùçø

�



�



���������	����


� 
���������������������� �

 !#"$��%'&)(*"$���+�,".-0/�".�2143���������� 5
�)6	� 7 &8/�&:9�3��'&;9�<�"=�,&)9 6>6?6>6?6>6>6?6>6?6>6@6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 A
�)6 � B �C/���-�&8DE9�<�".�,&:9 6@6>6?6>6?6>6>6?6>6?6>6@6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 ��F

G HI�+&:-+�J".���K<��.��&:�L����".-M&:NO�'"$��������9P�Q�E&)-�&:��������(R"=3���&S���+9T( �SU
V$6	� !#"$WOXY&:-+-[Z\9]&:NO�'"$�����L��9 6>6?6>6>6?6>6?6>6@6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 �T^
V$6 � _ ��������"$��`E".���a�Q����&8�2bc".�,&d�,�������e�����L��9 6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 ��f
V$6gV B �,"=-+"=��".���JDL&:�����C��<��C�T&)�����+"=-Q9 6>6?6>6@6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 ��h
V$6i^ B �,"=-+"=��<��.��&:�L����".-Q9Ybc����(R"=3���&S����9j�T"$���+�k<����C/�-�&:(l9 6>6?6>6@6?6>6?6>6>6?6>6?6 � �

U mn%'&o(R���'&:-[p@�'&Sqr���e���+���J"=���Jq����e��&s&)-�&:(R&:�L�t".�'".-e`'9T�+9  C�
^=6	� mn%'&u"=/�9j����".���v(R���'&:- 6>6?6>6>6?6>6?6>6@6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 �,w
^=6 � x "=�2�+"$���+���'".-ybc���2(;��-+"$���+��� 6>6>6?6>6?6>6@6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 �,w
^=6gV HI�Q���e��&s&:-�&:(R&:�L�P���+9T�,��&S����zS"$�����L� 6?6>6@6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 ��h
^=6i^ { (*"=3���&S����9j��")���Q�|<�����/�-�&)( 6?6>6?6>6@6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 V,F

� }~��������&:9j���+(R"$��������".���K".�'"=<'����D�����` GC 
w)6	� m�`�<�&:9P�Cb�&8���2�C� 6?6@6>6?6>6?6>6>6?6>6?6>6@6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 V �

w)6 � { <���9j�T&:�2���C����&8���2�C��&)9����Q(*"$�����L� 6?6>6@6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 V�^
w)6gV { ��"$<����eD�&d(R&:9T%E�2&Sq���&:(R&:�L� 6?6>6?6>6@6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 ^ �

� 
�(*<�-�&:(R&:�L��"$�������E�+9T9T�'&:9 UL�
f$6	� mn%'&u".-�3C�C���e��%�( 6?6@6>6?6>6?6>6>6?6>6?6>6@6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 ^Sf
f$6 � � /O�j&)���j���C�2�+&:�L�T&)�E<����C3C�2"=(l(l�+��3 6?6>6@6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 ^SA
f$6gV � -+".9�9�&:9tbc����qr�����T&u&:-+&:(R&:�L�P(*&8��%�����9 6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 w�F

� { <�<�-+�Q�,"$���+����9Y".���a�4��(R&8�2�+�,".-M&SW�".(*<�-�&:9 �CG
� 6	� � ���C/�-+&:( � 6>6>6?6@6>6?6>6?6>6>6?6>6?6>6@6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 w�V
� 6 � � ���C/�-+&:(  6>6>6?6@6>6?6>6?6>6>6?6>6?6>6@6?6>6>6?6>6?6>6>6?6>6@6?6>6?6>6>6?6>6?6 w�A

� � �L���S-+��9T������9]".���Kb������'�2&sXY�C��1 �C�

V



^



���������	��

����������������� ��
���
�����������
! ��������#"��
�����
���
!�$����
!"��%
�����&!��������'��!��&��(���(�)���*�+��,-�*���/.0 ���1������2*���*�*������� ' 0 
3&!"�,)
),-�	�!����
��!�!4
5#6 4�718:9�;%<%=>8:9�?�@>����
BAB"���� �C���EDEFG
3
(D��!H/I

J K �|�ML��ONQPQR��MS��P�

TVU1W�XZYG[\U]W�^3_�Ua`b[dc�eZYG`3`%^3fZgihE`!Ukj
l\UafmY�l�l�Y�fnW�^!Ua`po�cq`%Yr^3fsl�_G^3Y�fE_�YiU1fZetYGfZgq^3fEY�Y�o�^3fZg 6tu fv[dcql�W
_kU1l�Y�lGwyx>cqozU{eEY�Y�h}|ZfZeZYGo�l�W�UafZeZ^%fZgicax~hZXnj
l�^3_�Ua`�hZXZY�fEcq[�YGf�U�U1fZe}W�cO��fZe�UafZl���Y�o�l�W�c{Y�fEgq^3fZYGY�o*�
^3fEg\hZo�cq�Z`3YG[�lGw(^%W�^3lpfZY�_GY�l�l�Uao�jVW�c�gqc\��YGjacqfZeQY���h�Y�o�^3[dY�fnW�l�U1fZe�XZYG|Zo�^%l�W�^3_�[dYGW�XZc
eZl�U1fZeio�U]W�XZYGo
x>cq`%`3c���UOW�XZYGcqo�Y�W�^%_kUa`�UahZhEo�cnUa_�X�x>o�cq[�Ua��c��qY1wCW�XEo�cq|ZgaX�U{x>cao�[�Ua`Bo�YGhZo�YGl�Y�fnW�U1W�^%cqf�^3f�W�YGo�[dl�cax�U
�d�a�������d�a���/���a���\���
��� 6 T�Uafnj{hZo�cq�Z`3YG[�lp_kU1fi� Y¡[dc�eZYG`3`%Y�e{�¢j{l£j�l£W�YG[�l¤c1xMx>|ZfZ_�W�^3caf�Ua`$Y�¥¢|�U1W�^3cqfEl
�¦^%W�X�ga^%�qYGf}��cq|ZfZeZUao�j�UafZe�§1cqo¨^3fZ^�W�^3Ua`y_GcqfZeZ^�W�^3cafZl 6�u f}[dcql�W¡_kU1l�Y�lGwMl�|E_�X�x>|ZfZ_GW�^3cqfZUa`BY�¥¢|�U1W�^3cqfEl
Uao�Yzh�U1o�W�^3Ua`�cqopcqo�eE^3f�Uao£jreZ^�©-YGo�Y�fnW�^!Ua`�YG¥
|ZU1W�^%cqfZl�w�l�cdW�X�U]W�Y��qcq`%|EW�^%cqfV[dc
eZY�`%l�U1o�Y¡o�Y�hEo�Y�l�Y�fnW�YGe��¢j
^3fE^%W�^3Ua`���cq|ZfZe�U1o�j\�1Ua`%|ZY�hEo�cq�Z`%Y�[dl�UafEe{l£W�U1W�^3cqfZUao�jd[dc�eZYG`3l��¢j\� ca|ZfZe�Uao£j��1Ua`%|ZY¤hZo�cq�Z`%Y�[dl�w
� caW�X
`3^%fZYkU1o¨UafZe}fEcqf���`%^3fZY�Uao«ª ��A1¬Q6O­ fZ`%jihZ|Zo�YdeZ^�©-YGo�Y�fnW�^!Ua`B[dc�eEY�`3`%^3fZg\^3l¨fZcaW�wCXZc���YG�aY�o�wBl�|E®d_�^%Y�fnWzW�c
Y���hZ`3Ua^3fVW�XZY¯_Gcq[dhZ`3Y+�E^�W�j{cax�Ua`3`$hZXnj
l�^%_kUa`y� YGX�Uk��^%cq|Zo�l�°¦^3fil�cq[dY���Y�`%eZl�c1x±hZXnj�l�^3_GlzU1fZeiY�fEgq^3fZYGY�o*�
^3fEgZwB^3f�x�Ua_�Wkw±hZXZYGfZcq[dY�f�U�UafEeshEo�cqh�Y�o£W�^3YGl¯fZYGY�e²W�c�� Y�x>cqo�[¯|E`!U1W�Y�e³�nj�eZ^�©-YGo�YGfZ_�Y1w�^%f¢W�Y�gqo�Ua`~cao
^3fnW�Y�gqo�c1��eZ^�©-YGo�YGf¢W�^!Ua`-Y�¥¢|�U1W�^3cqfZl 6p­ fZ_�Y¨W�XZYz[\U]W�XZYG[\U1W�^3_�Ua`)[dc�eZYG`�X�Ualp� YGY�f�x>cao�[¯|Z`3U1W�YGeO^3f{l�|Z_�X
U¤��Ukj¯W�X�U1W�^%WMX�Ual±U�l�cq`%|EW�^%cqf)waW�XZY¦^3fnW�YGo�YGl�W�^3lMW�XZY�f´W�c¨l�cq`%�aYp^�W 6Mµ ^3fZ_GY��qYGo�j«l�YG`3eZca[�UafdUaf�U1`%j¢W�^%_kUa`
l�ca`3|EW�^3cqfQ^%l�cq�EW�U1^3f�Ua�E`3Yaw-f
|E[�YGo�^3_�Ua`B[dYGW�XEc�eZl¤W�Ua¶aY«c��qYGo�U1f�Ua`%j¢W�^3_kU1`ycqfZYGl�x>o�cq[·ga^%�
^3fZgOU1hZhZo�ck��^��
[�U1W�Y1w ���]��¸�¹��/�nº��3� l�cq`3|�W�^3cafZl 6C» XZY¦Uaf�Ua`�j
l�^3ly^3lM_�Uao�o�^3Y�e«cq|�WBh�Ual�l�^3fEg¨W�XZo�ca|ZgqX¯W�XEY�x>cq`3`%c��¦^%fZg��ZUal�^%_
l�W�UagqYGl�°~¼ ��½±¾ ���a��¸ ¾ �aº��3��� wZ¼ �q½ �d�a�������d�a���/���a�¢�\���
��� wZ¼ Vn½ �a�3¿�� ¾ �����~�\���
��� w�¼ ^n½±À ¹
�\� ¾ �/���a�¢¿��]�Á¹
���/� À.6
» XZYd_�cq[dhZ|EW�Y�e�l�ca`3|EW�^3cqfQ^%l¨W�X¢|Zl�W�XZYdUahZhEo�ck��^3[�U1W�^%cqfQcax�W�XZY«^3fn�aY�l�W�^3gnU]W�Y�eÂhZXnj
l�^%_kUa`BhZo�cqh�Y�o�W�^3YGl
^3frW�XZY¨o�YkU1`)hZo�ca�Z`3YG[Ã|ZfZeZYGo¦_�cqfZl�^3eZYGo�U1W�^3cqf 6

Ä�Y«XZY�o�Y«h cq^%fnW�cq|EW�W�XZY¯W�YGo�[ ��¸n¸ ¾ �GÅq���d�a���/� À °�fZcOY�¥¢|�U1W�^3cqfZl¨eZYGl�_Go�^3��Y«hZXnj
l�^3_�Ua`Bo�Y�Ua`3^�W�j�Y+�¢�
Ua_�W�`%jawMf�Ua[dY�`�j�W�XZY�_�cq[dhZ|EW�Y�e³l�ca`3|EW�^3cqf�^3l�l�|Z�
Æ�YG_GW´W�c � ¾�¾ � ¾�6 ÄÇX�U]W¯�~Y\_kUa`%`�YGo�o�cao�^3l�Ua_GW�|�Ua`%`%j
W�XEY�l�|E[Ècax±l�YG�aY�o�U1`M^3fZeEY�h�Y�fZeZYGfnW�_�cqfnW�o�^3�E|EW�^%cqfZl�eE|ZYzW�c\W�XZY�l�YG�aY�o�Ua`yhZXZUal�YGl�caxB[dc�eZYG`3`%^3fZgZw�eE^3l£�
_�o�YGW�^3ÉkU]W�^3cafzU1fZe�_Gcq[�hE|EW�U1W�^3cqf 6CÊ Y�gqUao�eZ^%fZgbW�XZ^%l�w1Uaf¡^3fnW�YGo�Y�l£W�^%fZg�eZY��qYG`3cqhZ[dY�fnWC^3f�Ë~cq[dhZ|EW�U]W�^3caf�Ua`
T�U1W�XZY�[�U1W�^3_�lb^%lbW�c«[�Y�Ual�|Eo�Y�W�XZY¡l�Y��qYGo�Ua`$_�caf¢W�o�^%�Z|EW�^%cqfZlbcaxCW�XZY¨YGo�o�cao�w�^3fOcqo�eZY�obW�c�YGl�W�^%[\U]W�Y¤W�XEY
Ua_G_�|Zo�Ua_Gj´c1x W�XZY¦f
|E[�YGo�^3_�Ua`El�cq`3|�W�^3caf«UafZe«l�|ZgagqY�l£W�_Go�^�W�Y�o�^!U�W�c¡^%[�hEo�c��qYb^�W 6CÌ U]W�Y�o±cqf´��Yb�¦^3`3`
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��cq|Z`3eV� Y¡W�c�_�cqfZl�^3eZYGo�`%^3[d^%Wb_GcqfZeZ^�W�^3cafZlpU1W�^%fE��fZ^�W�Y¡eZ^3l£W�UafE_�Y�lGw-fZY��qYGo�W�XEY�`3YGl�l�U1f¢jV[dc�eZYG`3`%^3fZg�x>cao
_�ca[�hZ|�W�U1W�^3cqf�U1`ÔhE|Zo�h�cql�YGld¼�Y 6 g 6 ��fE^%W�YzY�`%Y�[dY�fnW�[dYGW�XEc�eZl ½ o�YG¥¢|Z^3o�Y�l¤fZYG_�YGl�l�U1o�^3`�jQUaf�U1hZhZo�ck��^3[�U]�
W�^%cqf�c1xBW�XZY¯^%fE��fZ^�W�YzgqY�cq[dYGW�o�jO�¦^%W�XQU���fE^%W�Y�cqfZYaw �nj�^%f¢W�o�c
eZ|Z_�W�^3caficaxB��_�W�^%W�^3cq|El���cq|ZfZeZUao�^%Y�l¤U]W.�l�|E®d_�^3YGfnW�`%j|/d�Z^3g´eE^3l�W�UafZ_GY�l 6
% $ % � �������*2����+� ��
¥�N�
�$2��6�*�

����/	0���0-

	�fnW�^3`�fZc��¨wBY�`3YG_GW�o�cq[�UagqfZY�W�^%_�YG¥
|ZU1W�^%cqfZl�XZU��aYr� YGY�f³_GcqfZl�^%eZY�o�Y�e²^3fÂW�XZY�x>cqo�[�caxb��o�l�W´cao�eZYGo
eZ^�©-YGo�Y�fnW�^!Ua`bYG¥
|ZU1W�^%cqfZl«^3fn�qca`%�
^3fZg�W�XEY{�aY�_GW�cqo�l } w �Âw � U1fZe _�6 ÄÇXZY�ftUafmYG`3YG_GW�o�cq[�UagqfZY�W�^3_
hZo�cq�Z`3YG[ ^%l¤eZY�l�_�o�^3��Y�eÂ�¢j�W�XZYGl�Y´�qYG_GW�cao¨�ZY�`3eEl�w$^%W�^%l¤l�U1^3eQW�X�U]W¨U � �����B;k� ¾ �´¹����a���/� À ^%l�|Zl�YGe 6´u f
��YG`3etx>cqo�[¯|Z`3U1W�^%cqfZl�w�W�XZYi_GcqfZl£W�^%W�|EW�^��qYio�Y�`3U1W�^%cqfZl�¼ V$6	��Fn½ ��¼ V)6 ��Vq½ Ua`%`3c��ÃW�c�Y���hZo�Y�l�lOYG¥
|ZU1W�^%cqfZlÍ^%f
W�YGo�[dl¦caxycafZ`%j�W��~c«��Y�`%eO¥
|ZUafnW�^%W�^3YGl�w�Y 6 g 6 } UafZe _ wZcqo } UafZe
� 6

Ï eZ^%© Y�o�Y�fnW¡UahZhZo�cnUa_�X�_kU1fQ� Y¯W�cr_�cqfn�qYGo�WzU\��o�l�W�cqo�eZY�o�eE^%© Y�o�YGfnW�^!U1`ChZo�cq�Z`%Y�[ ^3fn�qcq`��
^3fZg\W���c
��YG`3ed¥
|ZUafnW�^%W�^3YGl�^%fnW�czU¡l�Y�_�cafZeÍcqo�eZY�o�hZo�ca�Z`3YG[�^3fn�qca`%�
^3fZg¨cqfE`%j´cqfEYp��YG`3ed¥¢|�UafnW�^�W�j 6B» XZ^%l�^%l±[\UaeEY
h�cql�l�^3�Z`%Y��¢jÍ^3fnW�o�c�eZ|E_�^3fEgdhEo�cqh�Y�obl�_kUa`3Uaobcqo��qYG_GW�cqo�h�caW�Y�fnW�^3Ua`3l 6Mu fVl�|Z_�XiU«_kU1l�Yaw�^�W¦^3lbl�Ua^3erW�XZU1WpU
¸��]��� À �����a�|;k� ¾ �´¹
���a���/� À ^3l�|Zl�YGe 6´µ YG�qYGo�Ua`Cx>cqo�[¯|E`!U1W�^3cqfZlp_kU1fQ� Y´gq^��qYGf)w)^3fV�¦XZ^3_�X�h�caW�YGf¢W�^!Ua`%l�_�Uaf
��YpeEYG��fZYGeÍl�YGh�Uao�U1W�YG`%j´cqo±_Gcq[¯�Z^%fZY�e«W�cqgaYGW�XEY�o�^3f«eZ^%© Y�o�Y�fnW�o�YGgq^3cqfEl�c1x-W�XEYpeEcq[\U1^3f)w¢Ua_G_�cqo�eZ^3fEg¨W�c
W�XEY¯f�U1W�|Zo�YzcaxBW�XZYzhZo�ca�Z`3YG[ÈU1fZe�W�XEY�W�cqh�cq`%cqgq^3_�Ua`)hZo�cqh�Y�o�W�^3YGl�cax±l�|Z_�XQo�YGgq^3cqfEl 6�µ cq[�Yzh c1W�Y�fnW�^!Ua`
x>cqo�[¯|Z`!U]W�^3cafZl�Uao�Y¨[�YGf¢W�^3cqfEY�eO^3frW�XEY¨x>ca`3`3c��¦^%fZg 6

B �,".-+"$�v&:-+&:�����2�+��<��.��&:�L����".-M".���KD�&)���T����(R"=3��'&S���Q�k<��.��&:�L����".-
­ �¦^3fZgOW�cOW�XEYd[�UagqfEYGW�^%_ �¡U1|Zl�l ��l¡`!Uk�¨w$W�XZY´�qYG_GW�cqoz��YG`3e _ ^%l¡l�cq`3YGfZcq^%e�Ua`¦¼>É�Y�o�cVeE^%�qYGo�gqYGfZ_�Y ½ ^%f
W�XEY��¦XZcq`%Y\l�^3[dhZ`%j�_GcqfZfZYG_GW�YGe²l�h�Ua_GY 6iu W�^3l¨W�XZYGf³h cal�l�^%�Z`3YdW�cVY���hZo�YGl�l«^%Wz^3fÂW�YGo�[dl�cax¦U �a�����*� ¾
�d��Î À �����/��¸��]�*� À �����a� wZ^ 6 Y 6 U«eE^%© Y�o�YGfnW�^!U1�Z`3Y¤�aY�_GW�cqobx>|ZfZ_�W�^3caf { l�|Z_�X{W�X�U]W

_ D ��� { I ¼ V$6gV �q½
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» XZYGf)w�x>o�cq[ 	�U1o�Uae�Ukj �	lp`3Uk� UafEeVeZY���fZ^�W�^3cafÂ¼ V$6gV �q½ wZ^%Wbx>cq`%`3c��¦l~W�X�U1W

��� $c} v � {� � & D F
\

¼ V$6gV,Vn½

UagnU1^3f«_�cqfEl�^3eEY�o�YGeÍ^3f«W�XEYp�¦XZca`3Y¦l�h�U1_�Y 6�µ ^3fZ_GY�^%o�o�c1W�U1W�^3cqf�U1`���YG`3eZl�cqf\l�^3[dhZ`%j�_�cqfEfZY�_�W�Y�e\eZcq[�Ua^3fZl
Uao�Y¡_GcqfZl�Y�o��1U1W�^%�aYawZ��Yz_�UafV^%fnW�o�c
eZ|Z_GY¨U ¿����a��� ¾ ���3����� ¾ �/��¸��]��� À �����a� 	dw�eZY���fZY�e�Ual

� � 	 D } v � {� � \ ¼ V$6gV�^¢½

�¦XZ^%_�Xv^3l«W�XZYVgqY�fEY�o�U1`3^3É�U1W�^%cqf²cax¤W�XZY�_G`!Ual�l�^3_�Ua`¦o�YG`!U1W�^3cqf } D � � 	 |Zl�Y�e ^3fsW�XZYVl�W�U1W�^%_V_�Ual�Y 6
� `3YG_GW�o�cql�W�U1W�^%_¦hZo�cq�E`3Y�[dl±_kUafdW�XZYGfÍ��Y�l£W�|ZeZ^%Y�e��¢jdl�cq`%�
^3fEg 	 ^3f«W�XZY ���3����� ¾ �/� 
 �]�3¿�¿�� À � ¿�����¹E�a���/� À

� � ¼ � � 	 ½ D � � \ ¼ V$6gVSwq½

eZYGo�^%�aY�eOx>o�cq[ �¡Ua|El�l �	l¦`!Uk�Ò�¦XZY�f�UahZhZ`�j�^%fZg¯W�XEY¡l£W�U1W�^3_¨eZY���fZ^%W�^3cqfrc1x 	 6

u f\gqY�fZYGo�Ua`�w�fEY�^%W�XZY�o { fZcao 	 U1o�Yp|ZfZ^3¥¢|ZYG`%jdeZY���fZY�e 6�u W~^3l�¶¢fZc��¦fÍx>o�cq[ �pY�`3[dXZcaW�É �	l�W�XZY�cao�Y�[
W�XZU1WCW�XZY�eZYG��fE^%W�^%cqf¡caxZcqfEY��aY�_GW�cqoyo�Y�¥¢|Z^%o�Y�lÔW�XZY�l�h�Y�_G^%��_�U1W�^%cqf�c1xZ��caW�Xz^%W�l$_G|Zo�`
UafZez^%W�lCeZ^��qYGo�gqYGfZ_�Y1w
W�XEY�o�Y�x>cqo�Y�Urx>|Zo�W�XZY�o¡_�cqfEeZ^%W�^3cqf�cqfÂW�XZY«eZ^��qY�o�gqY�fE_�Y\c1x { XZUal¡W�cV��Yd^3[dh cql�Y�et¼ În�a¹aÎa� À Î ½�6d» XZ^%l
gnUa|EgqYV_GcqfZeZ^�W�^%cqfm^%l\_�XZcal�Y�f l�c�W�X�U1WÍhEo�cqh�Y�o«W�YGo�[dl��1UafZ^%l�Xt^%fmW�XZYVx>cqo�[¯|Z`3U1W�^%cqf³cax¡T�U�����Y�`%`��	l
Y�¥¢|�U]W�^3cafZl¯�nj}W�XZYÍ�qYG_GW�cao´h caW�Y�fnW�^3Ua` {d6 	�cqozl�W�U1W�^%_\hZo�cq�Z`3YG[�lGwMW�XZY\l�^3[dhZ`%Y�l�W�_�cqfEeZ^%W�^3cqf�^%l�W�XEY
l�c]��_kU1`3`3YGe�f �]¹��3�]�dº�În�a¹qÎ
�

� � { D F
\

¼ V$6gV,fn½

�¦XZ^%_�X [\U1¶aY�l { UafEe 	 ��Y�`%`��ÓeZYG��fEY�e |EhÑW�ctUaf U1eZeZ^%W�^%�aYÂ_GcqfZl£W�UafnW 6 Ê YG�¦o�^%W�^%fZg²W�XZYÂl�W�U1W�^%_
T�U]�
��Y�`%`�� Ï [�h�Y�o�Y �	l~YG¥
|ZU1W�^%cqfÍ�nj\eEYG��fZ^�W�^%cqfQ¼ V$6 V �q½ w
UafZe\|Zl�^%fZg¯gnUa|EgqY´¼ V$6 V�fn½ w¢�~Y�gqYGW�W�XZY �a�����*� ¾

 �]�3¿�¿�� À � ¿¯����¹E�a���/� À

� H { D � � � ¼ V$6gV � ½

x>cqoB[�UagqfZY�W�cql£W�U1W�^3_bhZo�cq�Z`%Y�[dl 6 	�cqoMW�^3[dY�eZYGh YGfZeZY�fnW~hZo�cq�E`3Y�[dl�w¢U�[dcqo�Y¦_Gcqfn�qY�fE^3Y�fnW�_�XZcq^%_�Y¦^3lBW�XEY
l�c]��_kU1`3`3YGeE: � ¾ � À �ml�În�a¹aÎ
� Y���hZo�YGl�l�Y�ei�nj

� � { D � ��� � 	� � \ ¼ V$6gV,hn½

�¦XZ^%_�Xio�YGeZ|Z_�YGl�W�c�W�XEY´Ë~cq|Z`%cq[¯�{gnUa|ZgaY¡x>cqobW�XZY�l£W�U1W�^3_¨_kUal�Y 6�µ YGYrª ��f]¬ cqozª ^�^a¬ x>cqo¦eZYGW�Ua^3`%l�U1� cq|�W
gnUa|Egq^3fZg�UafZeVW�XZY¯_Gcqo�o�Y�l�h cqfEeZ^3fZg\Y���hZo�YGl�l�^3cqfZl�caxBW�XZY¡W�^%[�Y¨eZYGh YGfZeZY�fnWzT�U�����Y�`%`��	l¤Y�¥¢|�U]W�^3cafZl�^%f
W�YGo�[dl$caxEh�caW�Y�fnW�^3Ua`3l { UafZe 	 6ÔÏ x>cao�[¯|Z`3U1W�^%cqf¤�nj¤W�XZY��aY�_�W�cqo { ^%l$UahZhZo�cqhZo�^!U1W�YMx>cqo � � hEo�cq�Z`%Y�[dl�w
��Y�_kU1|Zl�Y { ^%lycqo£W�XZcagqcqf�Ua`nW�c�W�XEY�eZcq[�Ua^3f-w1Y 6 g 6�{ D������ x>caoChZo�cq�Z`%Y�[dlCeZY���fZYGedcaf�W�XZY�F��¢�ÓhZ`!U1fZY 6
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x &:�����C��&:-�&)���T���+��<��.��&:�L����".-M"=���a9T�,"=-+"=��(R"=3���&S���+�|<��.��&:�L����".-
Ï l±Ua`%W�Y�o�f�U1W�^��qY~W�c¤W�XZY { � 	Òx>cqo�[¯|Z`!U]W�^3caf)w1^%f¯W�XZYb¥¢|�U1l�^��Ól�W�U1W�^%_�_kUal�Yb^%WB^%lMh�cql�l�^3�Z`%Y~W�c�^%f¢W�o�c
eZ|Z_GY

caW�XZY�o�l�_kU1`!Uao~UafZe\�aY�_GW�cqo�h�caW�YGfnW�^!U1`3l 6Bµ ^3fZ_GY�W�XZY�_G|Zo�o�Y�fnW¦eZY�fEl�^%W�j � ^%l�l�cq`3YGfZcq^%e�Ua`(^3f�l�h�Ua_GYawEW�XZY�o�Y
Y���^%l�W�l¦^%fOx�U1_GW�U¯�qY�_�W�cqo m w�_kUa`%`3Y�e �a������� ¾ ���3����� ¾ �/�b¸��]��� À �����a� wEl�|Z_�X{W�X�U1W

� D ��� m I ¼ V$6gV,An½

» XZYGo�YGx>cao�Yaw(l�|Z�Zl�W�^%W�|EW�^%fZgV¼ V$6gV,An½ ^%f{T�U]�
�~YG`3` � Ï [dh�Y�o�Y ��l¦`3U��¨w��~Y¡X�Uk�qY

��� ¼ � � m ½ D F
\

¼ V$6i^SFn½

l�c«W�XZU1WpU ¿����a��� ¾ �d��Î À �����/��¸��]��� À �����a� � _�UafV��Y�^3fnW�o�c
eZ|Z_�YGe{�¦^�W�XOeZY���fZ^%W�^3cqf

� D m � � � I ¼ V$6i^ ��½

	y^%Y�`3eVY�¥¢|�U1W�^3cqfEl¤_kUafiW�XZY�fQ��Y¯Y+�EhEo�Y�l�l�YGe�^%f�W�YGo�[dl¤cax m �nj�_�cqfZl�^3eZYGo�^%fZg 	(Uao�U1e�Ukj¢� ��YGfZo�j �	l¤`!Uk�
UafZe³W�XZYO[\UagafZYGW�^3_ �¨Ua|Zl�l �	ld`3Uk�¨w�W�XZYO_�cqfZl£W�^�W�|EW�^%�qYro�Y�`3U1W�^%cqfZl � � } UafZe _ � ��w�UafZe²eZY���fZ^%W�^3cqfEl
¼ V)6 V,Aq½ UafZe�¼ V$6i^ ��½�6BÏ lpU«o�Y�l�|Z`%W�wE��YzgqY�W

��� ¼ �� ��� m ½ v � �� � ¼ m � � � ½ D ��� $ �� ��� & ¼ V$6i^ �q½
UafZe

� � ¼ m � � � ½ D F I ¼ V$6i^SVn½

� c1W�Y\W�X�U1W m UafZe � Uao�Y�fZcaW´|ZfE^3¥¢|ZYrUafEe)w±Uaf�Ua`%cqgqcq|El�`%jQW�c { wBU�gnU1|ZgqYÍ_GcqfZeZ^�W�^3caf}X�UalzW�cQ��Y
l�h�Y�_G^%��YGe 6 �Ccal�l�^%�Z`3Y�gnUa|ZgqYGl�x>cqo m Uao�Y�W�XZY´Ë~cq|Z`3ca[¯��gnU1|ZgqYaw-o�Y�¥¢|Z^%o�^%fZg\ÉGY�o�creE^%�qYGo�gqYGfZ_�Y¯x>cao m w
cqo�W�XZY Ì cao�Y�fnW�ÉzgnU1|ZgqY

� � m D���� � �� � \ ¼ V$6i^,^¢½
cqo�W�XZY¨_�cqfZeE^%W�^%cqf

m � � D F
\

¼ V$6i^8wq½

�¦XZYGo�Y � ^3l¦Uaf{Uao��Z^%W�o�Uao£j\�qYG_GW�cqob��Y�`%e{W�X�U1W¦eZc
Y�l¦fZcaWpX�Uk�aY¡_G`3cql�Y�eO��Y�`%eV`%^3fZYGl¨ª ^8w]¬Q6

u f�� c1W�X´W�XZY { ��	 UafEe m � � x>cao�[¯|Z`3U1W�^%cqfZlGwq� ca|ZfZe�Uao£j«UafZe�^3fnW�YGo�x�Ua_GY¦_�cqfZeE^%W�^%cqfZlp¼ V$6 V�Fn½ �+¼ V$6gV ��½
UafZe}¼ V)6 � � ½ ��¼ V$6 ��Fn½ XZU��aY¡W�c«� Y¨Y���hZo�Y�l�l�Y�eQ^%fÍW�YGo�[dlpc1xCW�XZY¨l�_kU1`!Uao¦UafEe{�aY�_GW�cqo¦h c1W�Y�fnW�^!Ua`%l¡ª ^,^]¬c6

	�|Zo£W�XZYGo�x>cqo�[¯|Z`!U]W�^3cafZl¦cax�T�U]�
��Y�`3`���l�Y�¥¢|�U1W�^3cqfZl�_�cq|E`3ei��Y¯^3fnW�o�c
eZ|Z_�YGeQ^3f{W�Y�o�[�l�cax±h c1W�Y�fnW�^!Ua`
¥¢|�UafnW�^�W�^%Y�l�UafZe�[d^���YGe�UahEhZo�cnU1_�XZY�l�_�cq|Z`%e���Yz_GcqfZl�^3eZYGo�Y�e�^3f{eZ^%© Y�o�Y�fnW�hZUao�W�l�caxCW�XZYzeZcq[�Ua^3f 6�u f
W�XEYpfEY��
W�l�Y�_�W�^%cqf)wq��Y�hZo�Y�l�Y�fnW�U1f�U1`%W�YGo�f�U]W�^%�aY~x>cqo�[¯|Z`!U]W�^3caf¯��Ual�Y�edcqf´W�XZY¦fZcaW�^3cqf´c1x W���czeE^%© Y�o�YGfnW
l�_�Ua`!U1o¡[�UagqfEYGW�^%_¯h�caW�YGf¢W�^!Ua`%l�wÔUal¨^%W¨XZUalz��Y�YGf}|Zl�Y�e�^3f�W�XZY«hZo�Y�l�YGfnW���cqo�¶iW�cVeZYGl�_Go�^3��Ydl�cq[dY V �
[�UagqfZY�W�cql£W�U1W�^3_¤[dc�eEY�`3l 6
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u f�W�XZo�Y�Y��ÓeZ^3[dY�fEl�^3caf�Ua`Ml£W�U1W�^3_dhZo�cq�E`3Y�[dl�w { U1fZe m hZo�YGl�YGf¢W´UOx>|Z`%`M�qYG_GW�caozx>cqo�[·W�X�U1Wz^3l¨fZc1W
�qYGo�jÂYG®d_G^3Y�fnW�^3fÂ[�cql£W¡_kUal�Y�l 6Vµ ^%[�^%`!Uao�`%jrW�cVW�XEY�YG`3Y�_�W�o�cql�W�U1W�^%_d_�Ual�Yd�¦XZY�o�YÍU 	¨�Óx>cao�[¯|Z`3U1W�^%cqfi^%l
gqYGfZY�o�Ua`3`�j�|El�Y�eOx>cqo V � [�c
eZY�`%l�w�^3fÍ[�UagqfZY�W�cql£W�U1W�^3_�hZo�cq�E`3Y�[dl�^�W�^3l~_�cqfn�qYGfZ^3YGfnWpW�c´^3fnW�o�c�eE|Z_�Y�W���c
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¼ V$6 w�An½

�¦XZYGo�Y � � � ��� 
 D �-� ��� 
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fZcqf
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 ¼ V$6gf,Fn½

�¦XZYGo�Y ��� _ ��� � ����
 ^3lzU�h�cq^3fnW¡�E��Y�e²Uao��Z^%W�o�Uao�^3`%j 6ru x ��� � ��� 
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��� � � � � � ��� � ��� � ��� 
 ^3l�_GcqfZfZYG_GW�Y�eiU1fZeO_�cqfZeE^%W�^%cqf�¼ V$6 f�Fn½ ^3lb^%[�h�cql�Y�ercqf ��� � ����
 wEx>cqo�_GcqfZl�^%l�W�Y�fZ_�j��YzX�Uk�aY¡W�c«���rW�XZY¨_GcqfZeZ^�W�^3caf

�y¼ � ½ D V � �

� �

� � � C � cqf ��� � � � �<I ¼ V$6gf �q½

u fOW�XZY¨caW�XZY�o¦_kU1l�Y�lGw(cqfZY¨[\Ukj\l�h�Y�_�^�x�j

�C¼ � ½ D �C¼ ��� ½ caf ��� � � � �
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¼ V$6gf,Vn½

�¦XZYGo�Y ��� ^%l¯Uih�cq^3fnWz�E��Y�esUao��E^%W�o�Uao�^%`%jQ^%f ��� � � � �*w±Ual�l�|Z[d^3fZgVx>cqo¯^3fEl�W�U1fZ_�Y �C¼ ��� ½ D F)6Âµ Y�Yr^%f
	y^%gq|Zo�Y � U�h�cql�l�^3�Z`%Y � � l�_�XZYG[\U1W�^3_Vo�Y�hEo�Y�l�Y�fnW�U]W�^3caf cax�W�XZY�eZcq[�Ua^3f)w~^3ftW�XZYil�^%[�hE`3Y�o«_�Ual�YQ^%f
�¦XZ^%_�XV��caW�X � � UafZe ���²Uao�Y¨_�cafZfZY�_�W�YGe 6

µ Y�_GW�^3cqf ^=6i^ hEo�Y�l�Y�fnW�l{W�XZYÂ_�ca[�hZ`%YGW�Y�Uaf�Ua`�j
W�^3_�Ua`�x>cqo�[ cax´U V � � ca|ZfZe�Uao£j �1Ua`3|ZYQhEo�cq�Z`%Y�[
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! � = � � D o caf � �

\ ¼ ^=6 ��½

�¦XZYGo�Y ��� � �}U1fZe ��� � ��Uao�Y¡hZUao�W�lbcaxCW�XZY¨� ca|ZfZe�Uao£j � D �-�¤w(l�|E_�XVW�XZU1W ��� � � � D � 6
�Bo�cq�Z`3YG[ ¼ ^$6 ��½ ^%lzUOgqYGfZY�o�Ua`3^%É�Y�e �Ôcq^3l�l�cqf�[�c
eZY�`C�¦^%W�XÂ[d^���Y�eÂfZcqf��ÓXZcq[dcqgqYGfZY�cq|El � ^%o�^%_�XZ`3Y�W��

� YG|Z[�UafZft��cq|ZfEe�Uao�jsU1fZet^%f¢W�Y�o£x�Ua_�Y{_�cqfEeZ^%W�^3cqfZl«^%fsW�XZY�|ZfE¶
fEc��¦fy= D =C¼AF \ � \�� ½�6 � % UafZe �
eZYGfZcaW�Y¡W�XZYzfZcqo�[\Ua`$|ZfE^%Wp�qY�_�W�cqo�l�U1W ���¨UafZe���h�cq^3fnW�^3fZg«W�c��~Uao�eZl�W�XZYzY��
W�YGo�^3cao�caxyW�XZYzeZcq[�Ua^3fZl� % w 
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� w�UafZe`� o�YGl�h�Y�_�W�^%�aY�`�jqw �¦XE^3`3YX= % UafEe ! % eZY�fEcaW�Y�W�XZYz�1Ua`%|ZY�l¯¼�cqop`3^%[�^�Wb�1Ua`3|ZYGl ½ cqf����

cax�W�XZY¯x>|EfZ_GW�^3cqfZl�=}UafZe ! x>o�ca[ÈW�XEYdl�^3eZYGl�cax�YkUa_�X � % w 
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�:6¯» XZYV¼�o�YkUa` �Ó�1Ua`3|EY�e ½ x>|ZfZ_GW�^3cqfEl
! D ! ¼ F \ � \�� ½ UafZe � D�� ¼AF \ � \�� ½ eEYG��fZYGemcaf��¤w C D C�¼ F \ � \�� ½ UafZe�1 D 1$¼ F \ � \�� ½ caf ����woBD o ¼ F \ � \�� ½ cqf � � U1fZe = D = �b¼AF \ � \�� ½ cqf ���²Uao�Y¨gq^%�aY�fOe�U1W�U«l�U1W�^%l�x�j
^3fEgd_GY�o£W�Ua^%f{o�Y�gq|E`!Uao�^%W�j
hZo�cqh YGo�W�^3Y�l 6 	�cqo¯W�XZYÍx>ca`3`3c��¦^%fZgZwM��YVU1l�l�|E[�YrW�XZU1W´W�XZYOeZ^�©-|El�^3caf³_�c
YG®d_�^%Y�fnW ! D ! ¼AF \ � \�� ½ ^%l
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­ |Zo¨^%f¢W�Y�fnW�^%cqf)w�^%f�W�XZ^3l¡Ë~XZUahEW�YGo�wÔ^3l�W�cOeZYGo�^��qYdUO�1Uao�^!U1W�^3cqfZUa`Ôx>cao�[¯|Z`3U1W�^%cqficax�hZo�cq�Z`3YG[ ¼ ^=6 ��½
x>cqo�Ud��fE^%W�YzY�`%Y�[dY�fnW¤U1f�Ua`%j
l�^3l�w�W�cÍ� YzUahZhE`3^3YGeVW�c\l�ca[�Y V � [�UagqfZY�W�cql£W�U1W�^3_¨[dc�eZYG`3l¦W�X�U]W�_�Uafi��Y
�
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eZY�`-�¦^�W�X{fZc«^3fnW�YGo�x�Ua_GY�lzª V � ¬ w�_�cqfZl�^3eZYGo�^%fZg«� caW�X
eZcq[�Ua^%fZl � I UafZe �%H 6z» X
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�)6B» XEY�f)wZ��Y¡UahZhZ`�j ��o�Y�YGf��	l�W�XZYGcqo�YG[ W�c´W�XEY

W���c´^3fnW�YGgqo�Ua`(YG¥
|ZUa`3^�W�^3YGl�UafZeÍl�hZ`3^�W�W�XZY�_Gcqo�o�Y�l�h�cqfZeE^3fZg¯l�|Zo�x�U1_�Y¤^%f¢W�Y�gqo�Ua`3l�c��qYGo%�-� % ^3fdW�XZY�l�YG�aY�o�Ua`
h�Uao£W�l¦cax����~w � � UafZe ����eZY���fZYGe��njrW�XZY¨o�Y�`!U]W�^3caf

�-� % D ¼9�-� % � ��� ½ � ¼L�-� % � � � ½ � ¼L�-� % � ��� ½ \ 
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� I ¼ ^=6 �a½

	y^%f�Ua`3`�jqw�|Zl�^3fZg � YG|Z[\U1fZfi_�cafZeZ^%W�^3cqfElp��caW�XQU1WpW�XZYz^3fnW�YGo�x�Ua_GY¯UafZeVW�XZYz� cq|EfZe�Uao£j�U1fZeil�|E[�[d^3fZg
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� À �«¿�¹����{�>�E�a� = D = � � À ��� � À � = I D =-H vxC � À ���d¼ � À �����¤¿�� À ¿��¯�<;¨� ¾ �
��� ½ �
u fÂW�XZ^%l¨[�c
eZY�`M�¦^�W�XÂ^3fnW�YGo�x�Ua_GY�lGwÔW�XZY�l�cq`3|�W�^3cafs= D =C¼ F \ � \�� ½ ��Y�`%cqfZgql�W�cE5@H]¼L� ½ �Z|�W�fZc1W¡W�c� I ¼9� ½ w � YG_kUa|Zl�Y¯caxBW�XZY�hZo�Y�l�Y�fZ_GYdc1x±U\fZcqf
��É�YGo�c¡Æ�|E[�h�x>|EfZ_GW�^3cqfECOcaf�����^3fVW�XZYz�Zo�l�W¤^3fnW�YGo�x�Ua_GY

_�cafZeZ^%W�^3cqfmcaxd¼ ^=6 ��½�6Ò» X
|El�w�UalÍU}fZU1W�|Zo�Ua`pl�YGW�W�^%fZg}x>cqodcq|Zod�~Y�Ua¶ml�cq`3|�W�^3caft^%W�[�Ua¶aYGl\l�YGfZl�YiW�c
^3fnW�o�c
eZ|Z_�Y�W�XZY�x>cq`3`%c��¦^%fZg ¸��/����� �B�3¿�� µ cq��cq`3Y��Íl�hZUa_�Y
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� _`5@H]¼L� ½ °
� ? R�� _ � I ¼9� % ½ \ 
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� �aI ¼ ^=6g^n½

� Y�fEcaW�^%fZg��nj�� % D �>? R�� w�x>cqo�
 D �
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� wZW�XZYz_�cq[dh cafZY�fnWpx>|ZfZ_GW�^3cqfEl�caxMUafnj�� _ � I ¼9� I \ �%H ½ w(W�XEYeZY���fZ^%W�^3cqf M � M , { 5SR { � R c I D M � I M , { 5eR { I v M ��H M , { 5eR c I ¼ ^=6 wa½

_kU1f���Y�W�XZY�f¯_�XEcql�YGf´UalCU�f�U1W�|Zo�U1`
fEcqo�[ 6 Ë~caXZY�o�Y�fnW�`�jqw1��Y~^%fnW�o�c
eZ|Z_GY�W�XZY�l�|Z�Zl�h�Ua_GY � I��� �
� ¼L� I \ �%H ½cax�x>|ZfZ_�W�^3cafZl�� _ � I ¼L� I \ �%H ½ �¦XZcql�Y«W�o�Ua_�Y ����cqf ���v�aU1fZ^3l�XZY�l 6\µ ^3[d^3`!U1o�`%jrW�cOl�h�Ua_GY�l � I� ¼9� ½UafZe���I��� � � ¼9� ½ wZx>cqobY�Ua_�X�� _ �¨I��� � � ¼L� I \ �%H ½ ^�W¦^3lbYkU1l�jÍW�c�hZo�c��qY�W�X�U]WpW�XZY¨eZYG�ZfZ^%W�^3cqfM � M , {��� # � 5SR { � R c I D M � I M , {��� # � 5eR { I v M ��H M , {��� # � 5eR c I ¼ ^=6 fq½
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� I��� �
� ¼9� I \ �%H ½ W�cqgqY�W�XZYGo��¦^�W�XVW�XZY�^%fZeZ|Z_GY�eQfZcao�[Ãx>o�ca[ ¼ ^=6 wq½ w(�¦^%W�X�� % U1l
_�ca[�h�cqfZYGf¢W¦x>|ZfE_GW�^%cqfZlbcax�� cqf � % w 
 D �
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u fÒ¼ ^=6gVn½ wMeE^%© Y�o�YGfnW�`%jÂx>o�ca[�W�XZYrl�ca`3|EW�^3cqf = _�� I ¼L� I \ �%H ½ wMW�XZY\W�YGl�W¯x>|EfZ_GW�^3cqfZl b ��Y�`%cqfZgVW�c��I��� �
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eZY�l¯eEYG��fZYGe²�¢j
W�XEYdW�o�^!U1fZgq|Z`3U1W�^%cqf �	�nwC�¦^%W�X�^%fnW�Y�o£x�Ua_�YdfZc
eZY�l¡^3fE_�`3|EeZY�et¼�_�Ua`3`%Y�e ; ¾ ��� À ���
��¿ ½�6�u f�W�XEY�eZY���fZ^�W�^3caf
caxbW�XZYÍeZ^%l�_�o�YGW�YÍ[�c
eZYG`/wCW�XZYÍ^%f¢W�Y�o£x�Ua_�YÍ_GcqfZeZ^�W�^%cqf6= I D =-H v CQ^3lz^3fZl�Y�o£W�Y�e³^%fnW�c�W�XZYÍl�W�o�|Z_�W�|Zo�Y
caxBW�XZY´`3^%fZYkUaopl�j
l£W�Y�[{w�^3f�cqo�eZYGo�W�c\_�cq[dhZ|EW�Y¯eZ^3o�Y�_�W�`%jOW�XZY���fZ^�W�Y¯YG`3YG[�YGf¢W�UahZhZo�c���^%[\U1W�^3cqf4= �´cax
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eZY¨cax ��� 6�» XZY¡_�cq[dh cafZY�fnW�l¦cax � cqf{fZc�eEY�lp� YG`3cqfZga^3fZg¯W�c ���¤U1o�Y¡Ual�l�c�_G^!U1W�Y�e{Y�^�W�XZYGo
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	y^3gq|Eo�Y � ° Ï W���c1��eZ^%[�YGfZl�^%cqf�Ua` hZo�c�Æ�Y�_GW�^3cqfOcaxÔW�XEY¡[dc
eZY�`)eEcq[\U1^3f

_�cafZeZ^%W�^3cqf³f¢|Z[�� YGo´cax�W�XZYOl�W�^%© fZY�l�ld[�U1W�o�^�� wM�¦XZ^%_�Xs��cq|Z`%e²caW�XZYGo��¦^%l�YOgqo�c�� Ual´W�XZYr[dY�l�Xml�^3ÉGY
��Y�_�ca[�YGl���fZYGo 6Ñu f ª ��V�¬��n6 Ë�U1^�UafEe � 6�µ U1[¯|ZY�`%l�l�cqfvl�|EgqgqY�l£Wrl�ca[�YV[�Y�W�XZc
eZl�w~`3^3¶1YiUaeEeZ^%W�^%�qY
µ _�Xn�~Uao�W�É¯[�Y�W�XZc
eZl�UafZe{[¯|Z`�W�^3gao�^3eÍW�Y�_�XZfE^3¥¢|ZY�lGw W�X�U1W�_kUafV� Y¡|Zl�YGeQUalph cal�l�^%�Z`3Y¨hZo�Y�_GcqfZeZ^�W�^3cafZY�o�l
x>cqo±W�XZY�l�W�^%© fZY�l�l~[�U1W�o�^�� 6yÏ l�h�Y�_GW�l�Ua��cq|EW�W�XEY�^3[dhZ`%Y�[dY�fnW�U1W�^3cqf´c1x)W�XZY�eZ^3l�_�o�YGW�Y�[�c
eZYG`Ô¼ ^=6	��An½ w�^%f
cq|Zobl�h YG_�^���_�U1hZhZ`3^%_kU1W�^3cqfEl�x>cqob[�UagqfZY�W�cql£W�U1W�^3_¤hEo�cq�Z`%Y�[dl�wE�¦^%`3`)��Y�eZYGl�_�o�^3��Y�eV^3fVË~X�UahEW�Y�o f$6
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» XEYzYG`3Y�_�W�o�cq[\U1gqfZYGW�^3_�[dc�eEY�`�l�W�|ZeZ^%Y�e�^%f{W�XZY¡hZo�YGl�Y�fnW��~cqo�¶r^3lpU«h�Uao�W�^3_G|Z`!Uaob_�Ual�Y¡caxCW�XZY¡gqY�f
�
Y�o�Ua`-��cq|ZfEe�Uao�j��1Ua`3|ZY�hZo�ca�Z`3YG[·¼ ^=6 ��½ x>cqo�l�h YG_�^!U1` �1Ua`3|EY�l�cax$W�XZY¤e�U1W�U�x>|ZfZ_�W�^3cafZl � \ C \ 1 \ o UafZe,= �
o�YG`!U1W�Y�erW�c«[�UagqfZY�W�^%_�hZo�cqh�Y�o£W�^%Y�l 6

u f¯W�XZY�x>ca`3`3c��¦^%fZgZw��¦XZY�f«cq[d^%W�W�YGe)w1^�Wy^%lMUa`���Ukj
ly^%fnW�Y�fEeZY�e¯W�X�U1WBU1`3`¢[\U]W�Y�o�^!Ua`¢o�Y�gq^%cqfZl�waUa`3`¢��cq|ZfZe
�
Uao�^3Y�l~UafZeÍ^%fnW�Y�o£x�Ua_�YGl~l�U1W�^%l�x�j«W�XZY .�gqc
c�e2/�hZo�cqh YGo�W�^3Y�l�cax$o�YGgq|Z`3Uao�^�W�j«l�h�Y�_�^���Y�er^%f µ YG_GW�^3cqf ^$6 �,6y» XZY
^3fnW�Y�fnW�^%cqf ^3lÍfEc�� W�c³^%fn�qY�l£W�^%gnU1W�YVW�XZYQ��Y�X�Uk�
^3ca|Zorcax¡[\U1gqfZYGW�^3_{��Y�`%eZlr^3fvl£W�U1W�^3_i_GcqfZeZ^�W�^%cqfZlÍ^%f
UQo�YGgq^3cqf³c1x�l�h�Ua_GY{_GcqfnW�Ua^%fZ^3fEgQhZo�YGl�_�o�^3��Y�es_�|Zo�o�YGf¢W�l 6²Ì YGW)� � ) � ��YÍW�XZYOo�YGgq^3caf³caxp^3fnW�YGo�Y�l£W
�¦^%W�XO� cq|EfZe�Uao£j �BwZ_�cq[dh�cql�YGeVcaxC[�U1W�YGo�^!U1`3l�W�X�U1WpUao�Y�l�cax�Wp[dY�eZ^3UEwZU1`3`-`%^3fZY�Uao�w�XZcq[dcqgqYGfZY�cq|El�U1fZe
^3l�caW�o�cqhZ^%_awql�c¡W�X�U1WBW�XEYp[�UagqfEYGW�^%_bh YGo�[dYkUa�E^3`3^�W�j � ^%l±U¡hE^3Y�_GYG�¦^%l�Y¦_�cqfEl�W�U1f¢W�h�cql�^�W�^��qY�x>|ZfZ_�W�^%cqf)wn^ 6 Y 6
_�cafZl�W�UafnW¨cqfQYkUa_�X�[�U1W�YGo�^3Ua` 6�Ì Y�W�|Zl�l�|ZhZh�cql�Y¯W�X�U1W¤W�XZY�o�Y¯Y���^3l£W�l¨UÍ_GcqfZeZ|Z_�W�cqo�eEcq[\U1^3f�� � � �
�¦XZYGo�YOUi_�|Eo�o�YGfnW ��c��¦l¯�¦^%W�X³eZY�fZl�^%W�j ��� 6�Ì YGW´|Zl´hZUao�W�^%W�^%cqf�W�XZYreZca[\Ua^%f}^%f}W��~cQ[�U1W�Y�o�^3Ua`±o�Y+�
gq^%cqfZl�� I UafEey�%H�l�|Z_�XtW�X�U1W��%H\_GcqfnW�Ua^%fZl)� � UafZey� I ^3l´l�^3[dhZ`%j}_�cqfEfZY�_�W�Y�e-w¦UafZeseZY�fZc1W�Y{�¢j
��� D �-� I � �-�%H�W�XZY¨^3fnW�YGo�x�Ua_GYz��YGW���Y�YGf�W�XEY�[ 6 � Ua_�XVcaxyW�XZY¨eZcq[�Ua^3fZl � % _kU1f���Y¡_Gcq[dh cql�Y�e{caxl�Y��qYGo�Ua`$[�U1W�YGo�^!U1`3l 6

Ï _�_Gcqo�eZ^%fZg�W�c�W�XZY{eZcq|Z�Z`%YOh caW�Y�fnW�^3Ua`�x>cqo�[¯|Z`!U]W�^3caf³hZo�YGl�Y�fnW�Y�ev^%f µ YG_GW�^3cqf V$6g^ w���YV_�UaftfZc��
�¦o�^�W�YdT�U�����Y�`%`��	l¨Y�¥¢|�U1W�^3cqfZl¨^%f�W�Y�o�[�l¨cax~UÍW�caW�Ua`B[\U1gqfZYGW�^3_¯h�caW�Y�fnW�^3Ua` �}cqf � I U1fZe}Uro�Y�eZ|Z_GY�e

V,F



h�caW�YGf¢W�^!Ua` �tcqf �%H�w)o�Y�`3U1W�YGe�W�cÍW�XZY¯[�UagqfZY�W�^3_¡��Y�`%eQ�nj³¼ V$6 w ��½ UafZes¼ V$6i^ � ½�6�» XZY´gqc��qYGo�fZ^%fZgreZ^%x!�
x>Y�o�Y�fnW�^3Ua`-YG¥¢|�U1W�^%cqfZlbU1o�Y�W�X
|El �Ccq^%l�l�caf���lbYG¥¢|�U1W�^%cqfZl¨¼ V$6 w �q½ UafEeÂ¼ V$6 w�Fn½ x>cqo �{caf � I U1fZe
�}cqf �%Ho�YGl�h�Y�_�W�^%�aY�`�jqw(^3fÍ�¦XZ^%_�X �	�±�1UafE^3l�XEY�lpl�^3fE_�Y�W�XZYGo�Y¡Uao�Y�fZc�h�Y�o�[\U1fZY�fnWp[\U1gqfZYGW�l 6

» crl�Y�W¨� ca|ZfZe�Uao£ji_GcqfZeZ^�W�^3cafZl�w��~Y´h�U1o�W�^�W�^%cqf��²^3f�W���c�¼�Ual�l�|Z[dY�e�_GcqfZfZYG_GW�YGe ½ h�Uao£W�l � � U1fZe
��� l�|Z_�X²W�XZU1W � � � ��� D �±w±eZYGh YGfZeZ^%fZgQcqf��¦XZYGo�YOfZcqo�[\Ua`�UafZe³W�UafZgqYGf¢W�^!Ua`�_�cq[dh�cqfZY�fnW�l¯cax
W�XEY�[�UagqfZY�W�^3_r��YG`3etUao�Y{¶¢fZc��¦f 6 Ä�Y{^3fnW�o�c�eZ|E_�YVW�XZY{h�Uao�W�^!Ua`b��cq|ZfEe�Uao�^%Y�l � � � I D � � � �-� I w
��� � I D ��� � �-� I U1fZe
� � � H D � � � �-�%H�w ��� � H D ��� � ���%H\cqfm�¦XZ^%_�X ¼ V$6gf ��½ �+¼ V$6gf �q½ U1fZe
¼ V)6 w�Aq½ ��¼ V$6gf,Fn½ Uao�Y�o�Y�l�h�Y�_�W�^��qY�`�j�U1l�l�^%gqfZYGe 6 Ë~cqfZl�^3eZYGo�^3fEg�^3f ����W�XZYd^3fnW�Y�o�x�U1_�Yd_�cqfZeE^%W�^%cqfZl\¼ V$6 w�Vn½
UafZe}¼ V)6 w�fq½ wE��Y¨X�Uk�qY¨��f�Ua`%`%jdW�XZY�x>cq`%`3c��¦^3fZg�eZ^%© Y�o�Y�fnW�^3Ua`)��cq|ZfZe�U1o�jÍ�1Ua`%|ZY�hZo�ca�Z`3YG[ cqf �¤°
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¼ ^=6 ��Fn½

^3fsW�XZYV|ZfZ¶¢fZc��¦fZl �ÒUafZe � cqfmW�XZY�^%o�o�Y�l�h YG_GW�^��qYieEcq[\U1^3fZl�� I UafZe
�%Hkw��¦XZY�o�Y � � _ ���OU1fZe��� _���� � HzUao�Y«���EYGe�Uao��Z^%W�o�Uao�^3`�j 6 	C^3gq|Zo�Y � l�XZc��¦l¯Url�_�XZY�[�U1W�^%_ � � �aY�o�l�^3caf}cax�W�XZY«[dc�eEY�`BeZc1�
[�Ua^3f 6±u f�¼ ^=6 ��Fn½ � � o�Y�hEo�Y�l�Y�fnW�l�W�XZY¡l�cq|Eo�_�Y¡[�UagqfZY�W�^3_¤�ZY�`3e{^3fnW�Y�fZl�^%W�jOeZ|ZY¨W�c ��� wZ�¦XZ^%_�X�_kU1f���Y
_�ca[�hZ|�W�Y�e{|Zl�^3fZg´W�XEY ��^3caW£� µ Uk�1Uao�W�`!Uk� ¼ V$6i^Shn½ wZUal¦eZY�l�_�o�^%� YGeV^%f�ª � � ¬c6

µ ^3fZ_GY¤hZo�ca�Z`3YG[·¼ ^=6 ��Fn½ ��Y�`%cqfZgql�W�c¯W�XEY¤_�`3Ual�l¨¼ ^=6	��½ �¦^�W�XÍe�U]W�U � \ C \ 1 \ o UafZe�= ��o�YG`!U1W�Y�e\W�c
� �
�nj\eE^%© Y�o�YGfnW�^!U]W�^3caf�cqo�`3^%fZY�^%fnW�Y�gao�U1W�^3cqf)wn��Y¤_kU1f\W�XZYGo�Y�x>cqo�Y¤|El�Y�W�XZY���YkUa¶«x>cqo�[�|Z`!U1W�^3cqfV¼ ^=6 Vq½ x>cqo�U
��fZ^�W�Y�YG`3Y�[dY�fnWpl�ca`3|EW�^3cqfr�nj �¨Ua`3YGo�¶¢^3freE^3l�_Go�Y�W�^3É�U1W�^%cqf)wEUa_�_Gcqo�eZ^%fZg´W�c«W�XZY¨eZ^%l�_Go�YGW�Y�x>cqo�[·¼ ^=6	��An½�6

­ fZ_GY�W�XEYQh caW�Y�fnW�^3Ua`3l �ÑU1fZe � X�Uk�qYi��Y�YGfÇ_�cq[dhZ|EW�Y�e �njtl�cq`3|�W�^3caftcax¡[dc�eZYG`¯¼ ^=6 ��Fn½ w¦U1fZe
_�cafZl�YG¥
|EY�fnW�`�jQW�XZY¯��YG`3eZl � UafZe _ Uao�Y´¶¢fZc��¦f)w$gq`%cq��Ua`Ô¥¢|�UafnW�^�W�^%Y�l¤cax�hZXnj
l�^%_kUa`B^%fnW�Y�o�Y�l£W¨_kUaf���Y
W�XEY�fÇY�l£W�^3[�U1W�Y�e)wbx>cqo�Y��EUa[dhZ`3Y�W�XZY �d��Î À �����/��� À � ¾ Î �26 �¨^��qYGfÇU�[\U1W�Y�o�^!Ua`¦eZcq[�Ua^%f � � ) � w
Ual�l�|Z[d^3fZg´W�X�U1W _ ^3lb`3^%fZYkU1o�`%jdo�Y�`!U]W�Y�eOW�c �ÂwEW�XZY�W�caW�Ua`-[\UagafZYGW�^3_¤YGfZY�o�gajrl�W�cqo�YGeV^%f � eZ|EY¨W�c �
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u f²Ë~X�U1hEW�YGo � wM[dc
eZY�`p¼ ^=6 ��Fn½ �¦^%`3`±��Y\UahEhZ`3^%Y�e�W�c�l�cq[�YdW�YGl�W¯_�Ual�YGl´UafZe}[\UagafZYGW�^3_«Y�fZYGo�gq^%Y�lzcqf
[�U1W�YGo�^!U1`ZeZcq[�Ua^3fElM�¦^3`3`���Y¦W�XZYpo�Y�x>Y�o�YGfZ_�Y�gq`3ca��Ua`�¥¢|�UafnW�^�W�^%Y�l±_�cq[dhZ|EW�Y�edx>o�cq[ cq|Eo�	 � T l�cq`%|EW�^%cqf)w
^3frcao�eZYGo~W�c´_Gcq[�hZUao�Y�W�XZY�^%o~�1Ua`3|EY�l~�¦^�W�XÍW�XEY�cqfZY�lbYGl�W�^3[�U1W�YGer�¢j\caW�XEY�o���fZ^�W�Y¤YG`3YG[�YGf¢W�[�Y�W�XZc
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(a) edge bisection (c) Bank bisection(b) centroid
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(b) centroid(a) edge bisection (c) Bank bisection (d) face bisection
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For each element:
    compute elemental stiffness matrix;
    compute elemental RHS due to source field;
    compute (possible) elemental RHS due to interface

Compute source field
by Urankar’s method

Read tolerance
Read refinement factor

Global FE assembly

Do Neumann nodes exist?

Compute source field
by Gaussian integration

Compute line integrals on Dirichlet nodes
Substitute Dirichlet values at RHS

List all boundary Dirichlet nodes
List all boundary Neumann nodes
List all interface nodes

Is conductor a coil with
polygonal cross section?

Compute line integrals on interface nodes

Do Dirichlet nodes exist?

Write nodal potential of reduced domain on file
Write nodal potential of total domain on file

Solve FE linear system

number of refinements?
Is iteration j less than max

For each element:
    compute local error indicator Adaptive method?

Write nodal field of reduced domain on file 
Write nodal field of total domain on file

Compute normal source field on Neumann nodes
Add Neumann condition to RHS

START

Is union of total materials
simply connected?

Choose uniform/adaptive
refinement method

For each boundary surface:
    set Dirichlet/Neumann type

For each material domain:
    set total/reduced type

Adaptive method?

Does union of reduced materials
contain all conductor regions?

j = j+1 j = 0 Read max number of mesh refinements 
Read order of Gaussian quadrature 

Compute global error estimator

For each element:
    mark refinement level

STOP

Error less than
tolerance?

Refine marked elements according to level
Define new mesh

Refine all elements uniformly
Define new mesh 

Compute magnetic field on total/reduced domain
Compute magnetic energies on materials

Compute gradients of total/reduced potential

Read geometry
Read physical data
Read mesh

YES

YES

NO

NO

YES

NO

NO

YES

YES

YES

NO

YES YES

NO

NO

NO

NO

YES
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