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THÈME 3





����� ���	��
��������� ��������� ��������� ��� � ��� �!�"��#�$%�
&!����'(
*)

+-,/.10-243�57698;:/<=0?>A@CB*.16-,"DE+-,/.F092GDAHI@J5K.F,MLNDGO�PQ.F698NDSRT.10-L;O�UV.1W/2X6YDZ8\[I@CU�L\8\8\DAW
]^DA_9690-0-DA[

`badc e^f�g�h ikjXlmf npo4q lsrutvjVadtvewewf xye	o4qmazr{jdfv|
r}e	ov~�f"��|z��t4jzjd�"f��"|Fq"t4jzjFovru���movj�q"f"�
�?nmtv��f l��Ai��������=|1�bi��Y|�rN�V����i��

��ov���=t4nsl���f�nsf"qmadf nmqmadf�j-g4���z�(h �v�zr{jS�/������h g�g(�Fov~�f"�

�	�9 �¡M¢¤£�¥4¡G¦ `bazru��Fov�=f�n����zns§�f ¨A�©lsadf��sf l©tvª9lmf�qma�j�r{«X��f"�©�zf�§�f ¬ut4�=f"��r{j®bt4e!����lmf n
��nmov��a�r{q"��ªNt4nQovj�r{e^ovl�r{jd~TaX��e^ovj�¯bov¬{°Xr}jd~�±*²Ef�³�ns��l©ªNtAq����Qt4j�lsadf�f�§�tv¬{��l�rut4j�ª;nmt4e
����nmf ¬{¨�°Xr{jdf e	ovl�ruq�´�°Xjdt/¯¬uf���~�f xyµFo4��f"��¶�ewf�l�adtZ�z�©lmt�ov�z��nmtGovqmadf"��l�aFovl�r}jdq"t4n��·tvnpovlsf
�z¨XjFove!ruq"�Tq�t4jd��lsnpo¤r{jXlm��|�tvnT�d�sf��z¨XjFove!ruq��T��r}e(��¬;o¤lsrutvjd��lst¸~�f�jdf npovlsf�e^t4l�rut4j¹±¸²Ef
¬;o4��ls¬{¨ºnmf�§Xr{f�¯�lsa�fQnmf�q"f jAlo4�z§vovjdq�f"�btvj^ewt4lsr{t4j^f��zr{l�r{jd~z|�lsaFovlbf�jFo¤µ�¬uf�lsadfQq"t4jXl�nmt4¬1t4ª
q"t4e!��¬uf¼»�ovj�r}e	ovl�rut4j��¹µA¨½r}jAlsf�nmo4q�l�r{§�f ¬{¨�µ�¬{f�jd�Zr{jd~©ovjd��l���j�r}jd~©��¨AjXl�adf�l�ruq*t4n-qMo¤��ls��nsf"�
e^t4l�rut4j��"±

¾À¿-Á�Â�Ã/ÄÁCÅ-ÆÇÂ�ÈÊÉ Ë

ÌCÍ"ÎNÏ�Ð�Ñ·ÍIÒmÎ;ÓYÎÊÍMÏCÔ4Õ·Ö�×*ØIÙIÚÜÛ9Ý/Þàß�á�âyÚ\ÞäãÊÖ ÞäâÊá?å/á?æ·ásÖ Ù/çäÞäá�ÙGÔ¤è"é¼ê ë"ìíÓYá�ÝIÝ/ásÚYÕ=á�å/á�î
ï æ¹Î;ð·ÒmÎ;ñ-Ó�ÎNÏCÔ4ò�Î;Ó9ÍMó·ô;õ�é éJÖmß á�özåIáíç}÷ Ñ1ÙIâÊø�Øvá Ô¤è�ù è�è êCÐ�ø�Ý"ãÊúvø�ÝIÝIø ãYÍMÖ¼ÞûÝ"ãNôuÐ�Ö âÊã\ÞûÝ
ü ÞàÐ�ÏYý-ÎÊÍ�ôNý-Ó-ÏAþ-Î;Ó9ÒmÎ;Ð�ÏYýJÔ¤æ·ð�é èIÔMÿzôuè�ù ê¼ë��?ý9âÊá�Ý/ø"ú/çäáCÕ=áså/á�î�ê��
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¬�� ��§�tv¬{��l�rut4j �zf!q�f"��lmf�qma�j�r{«X��f"���dovjd��¬uf�lmf�e!�d��|Y�zf"��e^� lsadtA��f��½�z��nmf e^f jAl½q r{jd� e	oIx
lsru«G�df����N��lsr}¬{r{�movjXl���f½¬;o q"t4j�jdovru���movjdq�fº����n©¬{f"��lsnpoI��f"q�lst4r{nsf"����ov�Z»®o¤����nmtAqmadf��Qlmf jFovjXl
q"t4e!��lmf©��f�¬;oº�Z¨Ajdovewr{«G�df��Êq�t4jXlsnmovr{jXlmf��f�ltv��lsr}¬u�b�zf���r{eº��¬;ovl�rut4j�� ±��Qt4�d��z�"q�n�r{§4t4jd�
f�jd����r{lsf�¬uf���ns�"q�f�jXlmf���oM§4o¤jdq"��f"��q�t4jdq"f nsjFo¤jAl©¬;oTe^tA�zr{³�qMovl�rut4j���f�e^t4�z§�f�ewf�jXls�"±©bf"�
lmf"qmazj�ru«G�df��!q�t4jdq�f�nsj�f�jXl ¬uf^ew��¬uovjd~�fwf�l(¬��äo¤������lmf e^f jXlTr{jXlmf npo4q lsr{ª��zf"�(ewt4��§�f e^f jXlm�
��¨XjXlsad� lsru«G�df��©t4�Vo4q�«G��ru��|df�l��·f nsewf�l�lmf�jXl���f½q"tvjAl�n��4¬{f�n���f���ovj�r{e^ovl�rut4jd�Jq"t4e!��¬{f »Zf"��±
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1
��j�r{e^ovl�rut4jVt4ªíaX��e^ovj®¯bov¬{°Xr{j�~^ru�©o^q�n��dq�ruov¬9��nst4µ�¬{f�e r{jSbtvew���zlmf�n���nmov��a�r{q"�32

��ovjX¨���¨XjXlsa�f�lsr{q���q"f jdf"��r{jX§�t4¬}§�f�§Xr{n�ls�Fov¬·aA�ze	ovj��"|�ª;nmtve ���=f"q r;ov¬Üf�4·f�q�ls��r}j�l�adf�³�¬{e
r{jd�z����lsn�¨^lst(§Ar}nsl��Fov¬1nmfMo¤¬{r{l�¨^ovjd�	§Xr{��f"tT~Go¤e^f��"±��A¨XjXlsadf���r65�r{j�~ nsfMov¬}ru��lsruq�aX��e^ovj�e^t¤x
lsrutvjTru�Co�qmaFov¬}¬uf�j�~�f�2Y¯bf�ovnsf���t��d�sf��wlmt½��f"f�aA�ze	ovj ¬{tZq�t4e^tvlsrutvjºlsadovlC¯bf¯r{¬}¬zjdtvlsruq�f
ovjX¨¸ovnsl�r{ª\o4q l©r}jSl�adf(ewt4lsr{t4jÜ±87Qt/¯bf §�f nM|-¯JfTe	oM¨Vµ·f(��jdovµ�¬uf(lst�~4r{§4f ovjSt4µz��f"q lsr}§�f
nmfMov�st4jV¯aA¨�o e^tvlsrutvj�ru���j�nsfMov¬}ru��l�ruqv±J`ba�f"�sf��·t4r}jXlm�r{jdq nmf"o4�sf�lsa�f��zr:9!q���¬}l�¨�t4ª9l�adf
lpo4��°=±

`ba�fT��ls���z¨ t4ªí¯bov¬{°Xr}jd~^ewt4lsr{t4jd�Qado4��~�f�j�f�npo¤lmf"� e(��qma r{jXlmf nmf"��l�r{j tvlsadf n�³df�¬{���
���dqmaKo4�wµ�rut4ewf"qmadovj�ruq��^o¤jd� nmt4µ=t4l�ruq"��± ikl	ov���=fMovnsf"�7ovµ=t4��lw³�ª;lmf�f�j�¨4fMovns��o4~�t r}j
bt4ew�z��lmf n!��nmov��a�r{q"��|9¯r{l�a lsadf^³znm��lT¯Jt4n�° t4j ´k°Aj�tI¯¬{f"��~4f xkµdo4�sf���¶	ovj�r}e	ovl�rut4jEt4ª
aA�ze	ovj!³d~4�znmf"��±C`badf�r{jXlmf nmf"��lJªNtvn�l�a�ru��ovnsfMo�aFo4�Cjdf�§4f�nb��f"q nmfMov�sf"�wr{j!lsadf©bt4e!����lmf n
�Qj�r}e	ovl�rut4j½q�t4e!e(��j�r}l�¨�|If�§4f�jTlsa�t4�d~4a�lsadf�lpo4��°�ru�Üjdt4l-fMov��¨�|v��r}jdq"fClmf�qma�j�ru«G�df��9µFo4��f"�
t4j °Ar}jdf�e^ovl�ruq"��|í�z¨XjFove!ruq��"|íµ�rutve^f�qmaFovj�r{q"�"|ínst4µ·tvlsruq��Tovjd� f §�f�j ��r{~4jFov¬b��nmtAq"f��s��r}jd~
e	oM¨^µ=f�nmf�«X�zr{nmf��¹±

`bazru������ns§4f�¨��znmt/§Xru��f���o^q"tvew�Fo¤npovl�r{§�f���l��d�z¨®tvªí��nmf §Ar{t4�d��¯bt4n�°�r}j�lsa�fTovnmf"o^t4ª
e^t4l�rut4j�q"t4jXl�nmt4¬?r}jEbt4e!����lmf n���npov��azruq"��|·ªNtAq��d��r{jd~�t4j l�adfT�stv¬{��l�rut4j f"o4qma¸e^f lsadtA�
µ�nsr}jd~���lmt�l�adf!ovj�r{e^ovl�rut4j�t4ªbaX��e^ovj¸¯*o¤¬{°Xr{jd~z±T�Qo¤lsadf n�l�aFovj¸��nsf"�sf jXlsr{j�~�o�����nsf�¬{¨
a�ru��lmt4n�ruqMo¤¬-nsf�§Xruf ¯½|�¯Jf q�¬uo4�s��r{ª;¨���nmf §Ar{t4�d��¯Jt4ns°Vr{jXlmt�lsaznmf"f(e^ovr}j ��l�nmfMo¤e^��|-o¤jd� lsns¨
lmtT��jd��f ns¬}r{jdf�l�adf�r{jXlsn�r{jd��ruq�o4�Z§4o¤jAlmo4~�f��Qo¤jd��¬}r{e!r{lmovlsr{t4jd�Ct4ª-fMo4qma�ov����nstGo4qma;2

< �?nmtAq"f"�Z��npov¬=e^f lsadtA����µFo4�sf���t4j�°Xjdt/¯¬uf���~�f xyµFo4��f"�	°Xr{jdf e	o¤lsruqQovj�r}e	o¤lsrutvj	ovnsf
nmf §Ar{f�¯Jf"��r{jV�Zf�q�lsr{t4j>=Z±

< `badfwovlslsf�e!��lm��lst�r}jdq"t4n��·tvnpovlsfT�z¨XjFove!ruq"��q�t4jd��lsnpo¤r{jXlm�½r{j¸lsa�f!~4f�jdf npovl�rut4jSt4ª
e^tvlsrutvj�t4nlmt �d��f��Z¨Ajdovewr{q"���r{e(��¬uovlsr{t4j�ovnsf���nmf��sf�jXlsf"�Vr}j��Zf"q lsrutvj�gZ±

<@? o4��l�¬{¨�|�l�adf�ov���znmtGo4qma�f"��f�jFovµz¬{r{j�~©lsadfr}jAlsf�nmo4q�l�r{§�ff��zr{l�rut4j tvª·f r{lsa�f�nCqMo¤��ls��nsf"�
t4n���¨XjXlsa�f�lsr{q�¯bov¬}°Ar}jd~(ewt4lsr{t4jd�ovnsf½��f�lmovr{¬{f"�	r{j��Zf�q�l�rut4j���±

`ba�ru� q�¬uo4�s��r{³dq"ovlsr{t4j q�¬{fMovn�¬{¨ ��adt/¯��wl�adf�f�§�tv¬{��l�rut4j ��l�nmfMo¤e t4ªQl�adf�³df�¬{�¹|b��r{jdq�f�l�adf
³�nm��lC~4nmt4�z�wtvª¹ov�z��nmtGovqmadf"�í¯Jf�nmfe^ovr{jz¬{¨���f�§4f�¬{t4�·f��!ª;nst4e �M���)=Qlmt �/�4�BAz|4l�adf��sf"q�t4jd�
~4nmt4�z� ª;nmt4e �M�����Vlst �/����Cz|?ovj�� lsadf!¬;o4��lº~4nst4��� ado4�Q���d��lTovn�ru�sf j ¯r{l�a�r{jElsadfw¬;o4��l
l�¯bt ¨�f"ovnm��±*�Zf�q�l�rut4j>D(q"t4jdq ¬{�d�zf"��µA¨^¬{ru��lsr}jd~(lsadf���nst4µ�¬{f�ew�blsaFo¤l©o¤nmf½��l�r{¬{¬·t4�=f�j�ovjd�
lsaFovl¯r}¬{¬=��jd��t4�zµ�lmf��z¬{¨	r}jd���zr{nmf�ª;�zls��nsf½nsf"��fMovnsqma�r{j�l�adf�jdf »Al�ªNf�¯ ¨4fMovns�"±
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��¬;ovlsf"�º³�~4��nmf*e^o4��fJt4ªFnsr{~4ru��¬{r{jz°Z�-q"t4jzjdf"q lmf"� µX¨ºa�r}jd~�f��"±í��t4lsr{t4jTru�Y³�nm��lCq"t4e!����lsf"�
ªNt4n©l�a�ru��´���°4f�¬uf lmt4j�¶v|¹lsaFo¤l�qMovj µ=f(�zr{����¬uoM¨�f"� r}jAlsf�nmo4q�l�r{§�f ¬{¨4±)(©jdq�f(lsadf(ovj�r{e^ovlst4nQr{�
�movl�ru��³�f"�w¯r}lsawlsadf�~4¬utvµFov¬dewt4lsr{t4j!�sf"«G�df jdq"fv|�adf�e	oM¨ q"tvew���zlmf�a�ru~4a�f�nJ«X�dov¬{r}l�¨(nmf �zx
nmf"��f�jXlpo¤lsrutvjd�*t4ª�lsa�f©e^t/§Xr{j�~(qmaFovnmo4q�lsf�nM|ZµA¨^q"tGo¤lsr{j�~ºlsadf©��°�f ¬uf lmt4j�¯r{l�a���f ªNt4nse^ovµ�¬{f
����n�ª\o4q"f���ewtZ�zf�¬{r}jd~º��°Xr{j+*Ç�M�z|��Ggz|d�)AA|d� =-,�tvn�q�¬utvlsadf��.* =v�Z|Ü� =A|d�G�Z|��0/1,Ê±
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2-r{~4��nsfT�B2í�Qn�lsruq ��¬;o¤lmf"�	³�~4��nmf�¯r}lsa�lsa�r}nsl�¨��zf"~4nsf"f"��t4ªYª;nmf�f"��t4eV±

`bazru���dov�·f n�ªNtAq����sf"�ºt4j ewf�lsa�tZ���½ªNt4n�~�f�j�f�npo¤lsr{j�~Vlsa�fwewt4lsr{t4jSt4ª��°4f�¬{f�lmtvjd�(t4ª
ovnsl�ruq��z¬;ovlsf"�	³d~4�znmf"�l�aFovl¯r{¬}¬·nsf���nsf"�sf jXlQ§Xr{n�ls�Fo¤¬·aX��e^ovjd�"±C��j�f¼»�o¤ew��¬{f�t4ª-���dqma®ovj
ovnsl�ruq��z¬;ovlsf"�º³d~v��nmfru�9��adt/¯j	tvj32Yru~4��nsf���±?��ovlsa�f�e^ovlsr{qMov¬}¬{¨½���=fMo¤°Ar}jd~�|Glsa�f��°�f ¬uf lmt4j
ru�(o�azruf�nmovnmqmaX¨Et4ª�¬utAqMov¬Cª;nmove^f��"|íf"o4qma t4ª¯a�ruqma r{�ºqmaFovnmo4q�lsf�n�r 5"f�� µA¨Sr{ls�º�=t���r}lsrutvj
ovjd� t4n�ruf�jXlmovlsr{t4j ¯r}lsa nsf"���=f"q lTlmt�r}lm�º�dovnmf jAlºª;npovewf4± `ba�f��sf�l547698:4<;>=@?A?�=>4CB�D�t4ª
�Fovnpo¤e^f lmf�ns��q"t4n�nmf����=t4jd�zr}jd~ lmt fMovqma ��f�~4nmf�f¸t4ª�ª;nsf"f���t4e t4ª½l�adf ³d~4��nsf®ru��qMo¤¬{¬uf��
lsadf^´���lpovlsf	§�f�q�lmtvnI¶�t4nTlsadf^´�~�f�jdf npov¬}r 5�f"� q"tAt4ns�zr{jFo¤lmf"�M¶	t4ªQl�adf�ovn�lsruq ��¬;o¤lmf"� ³�~4��nmfv±
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�A¨XjAl�adf"��r 5 r{jd~Se^t4l�rut4j t4ª©lsadf���°4f�¬uf lmt4j lsaX�d�^q�t4jd��ru��ls�!r}j ��f ³�j�r}jd~Sa�tI¯ l�adf���lpo¤lmf
§�f"q lmt4n�qmaFo¤jd~�f"��t/§�f nQl�r{ewf4±
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��f��sfMo¤nmqmadf nm��r}j¸µ�rut4ewf"qmadovj�ruq�� *àg�CZ|í� C<,?qmaFovnpovq�lmf nsr65"f aA�ze	ovj¸¯bov¬{°Xr}jd~�o4��lsadf ����q x
q"f"����r{t4j tvª��zaFo4�sf�����f��Fo¤npovlsf"�¸µA¨�ªNtZt4ls��l�nsr{°4f"���
	 �\l�adfTªNtZt4l©ru��r{j¸q�t4jXlpo4q l½¯r{lsa l�adf
~4nmt4�zjd���Jo¤jd�^lpo¤°�f"t 4·���� �\lsa�f©ªNtZtvlJ¬{fMoM§�f��blsadf©~4nmt4�zjd��� ±9ikj�lsa�r{�J�Fov�=f�n"|A¯Jf���f ³�jdf

1 step

lFS rFS

rTO lTO

= left footstrike = right footstrike

= left takeoff= right takeoff

support
double

support
doublesingle

support
single

support

rTO lTOrFSlFS lFS

phases

states (left) (right)

left stance left swing

right swing

0% 50% 100%

right stance

2-r{~4��nmf =
2JJaFovnpovq�lmf nsr{��lsr{q���aFo4��f"��t4ª9oT¯bov¬}°Ar}jd~Te^tvlsrutvjÜ±

o���lsnsr{��fQo4�bo½q"tvew��¬{f�lsf�q ¨Aq�¬uf�ª;nmtve o�¬{f�ª;líªNtAt4lClpov°4f"t�4�lmt�ovjdtvlsadf nJ¬{f�ª;lCªNtZtvlílpov°4f"t�4-|
¯a�r{¬{fQlsa�f��Fovnsl�tvªYl�adf�q�¨Aq ¬uf�µ=f�l�¯Jf"f�jVlsadf�lmov°�f�t�4 t4ª�l�adf�l�¯btTªNf�f�lru�bqMov¬}¬uf"��o(��lmf �Ü±
2Ftv��nJªNtAt4ls��lsn�r{°4f©ovj��^lpov°4f"t�4Vf�§4f�jXlm�tAq"q ��n*�Z��nsr}jd~(o���lsn�ru��f 29¬uf ª;lJlmov°�f�t�4 �\¬��� � |G¬uf ª;l
ªNtZt4ls��l�nsr{°4f �\¬��
	 � |¹n�ru~4aXl�lmov°�f�t�4 �\n��� � |�ovj��¸n�ru~4aXl�ªNtAt4lm��lsn�r{°�f�\n���	 �¼± `ba�ru��¬{fMo4�z��lmt
lsadf½qmaFovnmo4q�lsf�n�r 5Mo¤lsrutvj�t4ª-l�¯Jtwewt4l�rut4j	�zaFo4�sf���ªNtvn�fMo4qma�¬uf�~ �\�sf�f)2-r{~4��nsf�= ��2

��±lsadf��=f�n�rutA��t4ª9�������=t4nsl�¯a�r{qmaVr{�*nmf ªNf�nsnsf"��lmtwo4�*lsa�f�� 	������ � ��� � � � |
=Z±lsadf��=f�n�rutA��t4ª-j�t4jzx��������=t4nsl�¯a�r{qmaVr{�*°Xjdt/¯j o4�*l�adf���� ��� ' ��� � � � |

� ewt4nsf o4q"q ��npovlsfw�zf"�sq nsr}��lsr{t4j tvªJl�adf!¯bov¬}°Ar}jd~���aFo4��f"�½ru����nstI§Xr{��f"�¸µX¨ ��r{¬{�s��t4j f l
ov¬k± * gBC<,Ê±-`badf�¨½�d��fbf »Alsf�jd��rut4j(ovjd����f »Arut4j���lsf��d�YªNt4nY��f�³zj�r{jd~�¬utAq"tve^t4l�rut4j�����µzxkq�¨Aq�¬{f"�
o4�s��tZq r;ovlsf"� ¯r{lsawfMovqma�ovnsl�ruq ��¬;ovl�rut4j¹±-�Co4qma^f »Almf jd��r{t4j�����f »Arut4j	��lmf �^r{��qmadovnpo4q lmf nsr 5�f"�
µA¨¸r}lm����¬;ovq"f r{jSlsadf ¯*o¤¬{°Xr{jd~�q�¨Aq ¬uf4|Yr{ls���z�znpovl�rut4jÜ|-ovjd�Slsadfwo4���stAq�r;o¤lmf"�S¬ut/¯Jf�nºovjd�
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�����=f�n�ovjd~4¬{f¸µ=t4��j�� §vov¬{��f"�"± ��r{¬{�s��t4jKf�l�ov¬k±���ls���z¨7adt/¯ lsadf��sfS§4o¤¬{�df��VqmaFo¤jd~�f
o4q"q�t4nm�zr}jd~©lst�lsadf*§4f�¬utAq�r}l�¨ºtvª1¯bov¬}°Ar}jd~�±�²�adf�j l�adf*§�f ¬utAq�r{l�¨�r{j�q�nmf"o4�sf��"|�l�adf�z��nmovlsr{t4j
t4ª�lsadfV��t4��µz¬uf��������=t4nsl	��lpo¤lmf®��f�q�nsfMo4��f"����t/¯j�lmt 5"f�nst�|¯a�ruqma�ewfMo¤jd�wl�aFovl^l�adf
¯*ov¬}°�f n�ado4����¯r{lsqmadf"��ª;nmt4e�¯*o¤¬{°^lst!n���jÜ±

(©jdf��znmt4µ�¬{f�e�r{j���¨XjXlsa�f"��r65�r}jd~!nsfMov¬}ru��lsruq�¯*o¤¬{°Xr{jd~(ewt4l�rut4j	r{�*lsadf��=f�j�f�lsnmovlsr{t4j�t4ª
lsadf½ªNf"f l�r}jXlmt lsadf�~4nmtv��jd�¹±���jd��f nQl�adf½aA¨X�=t4lsa�f"��r{��l�aFovl�lsa�f�ªNf�f�lQ��t!j�t4l©��¬{r{��f4|zl�adf
r{jdf�«X�dov¬{r}l�¨¸q"t4jd��lsnmovr{jXlm�º���=f"q�r}ª;¨Xr{jd~�l�aFovl(l�adf^ªNf�f�lT��adt4��¬{� ��lmo/¨ ovµ=t/§�f	lsa�f	~4nmtv��jd�
e	oM¨Tµ=fQq�t4jX§�f�n�lmf��	r{jXlmt�f"«G�Fov¬}r{l�¨ q"tvjd��l�npovr}jAls��a�t4¬u�zr}jd~��z��nsr}jd~½lsadfQ�������=t4n�lJ��ado4�sf��"±
�VtZ�zf�¬{r}jd~	��tv��µ�¬ufº�������=t4n�l�ru��o^��nst4µ�¬{f�e���r{j�q"fTq"tvew���zlmf�n�ovj�r{e^ovl�rut4j®ov¬u~�tvnsr{l�a�ew�"|
lsaFovlQfMov��r{¬}¨�q"tv�·f½¯r{l�a®t4�=f�j�qmaFovr{j��"|FaFoM§�f(�zr:9!q���¬}l�¨�aFovjd�z¬}r{jd~ q ¬ut���f"��¬{tZt4���"±`ba�r{�
ru��t4jdf½t4ª-lsadf½nmf"o4�st4j���¯aX¨�¯*o¤¬{°Xr{jd~Tewt4lsr{t4jd��ovnsf�adovnm��f n�lmt e^tA��f�¬Ül�aFovj�ns��jzj�r{jd~z|
ªNt4n¯a�ruqma�lsa�f�nmf�r{�*jdtw�zt4��µ�¬{f��������=t4n�lM±

`ba�f�«G�df���l�rut4j�t4ªAaFovjd�z¬}r{jd~*r}jXlmf�nmo4q�l�rut4j��·¯r{l�a�l�adfC~4nmtv��jd��¬uf"o4���¹�d�Ülmt�o��l�npovlsf"~4r{q
«X��f"��l�rut4j 2���adt4��¬{��¯Jf½�d�sf½��aX¨A��ruq"ov¬{¬}¨GxkµFo4��f"����r}e(��¬;o¤lsrutvj	lmtTadf ¬{�Vq"t4e!����lsf½nsfMov¬}ru��lsruq
e^t4l�rut4j���� `badf	ovjd��¯Jf�nºru���zjdq�¬{fMovn"± 2-r}nm��lM|-l�adfw�dovnsl���¬;oM¨4f"� µX¨ �Z¨Ajdovewr{q"�½ru�½¬uf��s�
r{e!�·t4n�lpovjXl�r{j�o�¯*ov¬}°Xr{jd~ºewt4l�rut4jwlsaFovj^r{j�t4l�adf�nbaA�ze	ovj�ewt4l�rut4jd������qma�ov�bns��jzj�r{jd~z|
����ew�zr{jd~!t4n��Zr{§Xr{jd~ *&=vg<,y±��Zf"q�t4jd�¹|=lsadfº¯boM¨���t4ewf�µ=tZ�z¨�¯bov¬{°A�©lsf�¬}¬u���d�©e(�dqma ewt4nsf
t4j a�ru���¤adf�nT�=f�ns�st4jdov¬{r}l�¨ ovjd� ewtZtA�¹|?¯a�r{qma ¯r}¬{¬Jµ·f	µX¨ f��s�sf jdq"f�§�f ns¨ �zr:9wq ��¬{lºlmt
f�§vov¬{�dovlmfQovjd�^lst�ewtZ�zf�¬k± 7©ov¬}ª¹t4ª·lsadf©ewtA��f�¬{�C�znmf"��f�jXlmf���r{j^l�a�ru�C�Fov�=f�nJ�d�sfQ�z¨XjFove x
ruq"��|=¯a�r}¬uf½lsadfºt4lsadf n©aFo¤¬{ªC��t^j�t4lM±Qikj lsadfº³znm��l�qMo4��f4|Üo^~4tZtA����r{e(��¬uovlmtvn��znmt/§Xru�zr}jd~
o4q"q ��npovlsf�e^tA��f ¬{¬{r}jd~ºtvª9q�t4jXlpo4q lm� �Iª;nsruq lsr{t4j�¯r{l�a�lsadf½~4nst4��jd��¯r{¬}¬·µ=f�nmf�«X�zr{nmf��¹±�`badf
e	ovr}j ��nmt4µz¬uf�e ¯r{¬{¬zµ·f�lmt½³�jd�!�Fovnpo¤e^f lmf�n�r 5�f"�!q"t4jXlsnst4¬{¬{f�ns�Cl�aFovl�~�f jdf�nmovlmf�e(�d��q���¬uovn
o4q�l�rut4jd��t/§�f�nºlsr{ewf4±V`badf��sf�o4q lsrutvjd�º��adt4��¬{� e	o¤°�fwl�adf^aX��e^ovj ewtZ�zf�¬C¯*o¤¬{°S¯a�r{¬{f
e	ovr}jXlpovr}j�r{jd~!r{ls�½µdov¬;ovj�q"f4±,7Qf nmfv|Ylsf"qma�j�r{«G�df"����f�§4f�¬utv�·f��Er{j¸l�adf!nst4µ=t4lsr{q"��q"tvewe(�Zx
j�r{l�¨EªNt4nTlsadf�q�t4jXlsnmtv¬�t4ªQµzr{�=f"� nmt4µ=t4ls�(e	oM¨ adf ¬{� �\¯Jf�¯r{¬}¬�o4���znsf"��� l�a�ru�Tr{�s����f�r}j
�Zf"q lsrutvj�g � ±Cikªío(°Xr{jdf e	o¤lsruq½o¤j�r{e^ovlsr{t4j^ewf�l�adtA��r{��qmadt��sf jÜ|dlsadf�ewtZ�zf�¬¹¯r}¬{¬¹ewt���l�¬{¨
nmf�¬}¨½t4j(�zf"�sq nsr}��lsr{t4jd��t4ª�¯bov¬{°Xr}jd~�ewt4l�rut4jd�Ü���dqma!o4��lsadt4�sfJ�znmt/§Xru��f���r{j�µ�r{t4e^f�qmaFovj�r{q"��±

� � ����
�� ����� � �����"� �½��� ���

`badfí³�nm��l9��f�lYt4ªAlmtAt4¬u�Ü��f §�f ¬ut4�=f"�½ªNt4nÜewt4lsr{t4j½���=f"q r{³dq"ovlsr{t4j½r{jºbt4e!����lmf n��Qj�r}e	o¤lsrutvj
ru��µdo4�sf�� t4j �zr}nmf"q lTovj�� r{jX§�f nm�sf	°Xr}jdf�e^ovlsr{q"��±�²Ef^³�ns��l(��nsf"��f�jXlTlsadf��sf	lstZt4¬{�"|9ovjd�
lsadf jV¬{tZt4°^ovll�adf�¯*oM¨�lsa�f�¨�¯Jf�nmf�ov�z��¬{r{f"��lmtTlsa�f�~4f�jdf npovl�rut4j�t4ªYaX��e	o¤j�¯bov¬}°Ar}jd~�±
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Qr{nsf"q�l-°Xr{jdf e	ovl�ruq��9q"tvjd��r{��lm�-r{j(���·f�q�r}ª;¨Ar}jd~©l�adf*��lmovlmfJ§�f"q lmt4n?t4ª1ovj!ovn�lsruq ��¬;o¤lmf"�½³d~4�znmf
tI§4f�n�lsr}e^fv±^`ba�r{�½���=f"q�r}³dqMo¤lsrutvjEr{�½�����Fov¬}¬{¨ �zt4jdf ªNt4n�o���e	ov¬}¬í�sf lºtvª�´�°4f�¨Gxkª;nmovewf"�/¶¤|
¯a�r{¬{f©r{jXlmf ns�=t4¬;o¤lsrutvj^lmf�qma�j�r{«X��f"�Qovnmf©���sf"��lmt ~�f jdf�nmovlmf�r}jzxkµ=f�l�¯Jf"f jV�=t���r{lsr{t4jd��±í`badf
e	ovr}jw�znmt4µ�¬{f�ew�bo¤nmfQl�adf���f���r{~4j�t4ªÜq�t4jX§�f j�ruf jAl°4f�¨Gxkª;nmovewf"�"|zovjd�	l�adf©qmadtvruq"fQt4ªYo4��f¼x
«X�dovlmf©r}jXlmf�n��·tv¬;ovl�rut4j!lmf�qma�j�ru«G�df��"±J`badf�¬;o¤lslmf nb��nst4µ�¬{f�eV|zovj��	r{j	�Fo¤nslsr{q���¬uovn�lsadf�¯boM¨
t4nsr{f�jXlpovl�rut4j��Jq"ovj	µ=fQnmf ��nmf��sf jAlsf"�Vovjd�^r}jXlmf�n��·tv¬;ovlsf"�wado4�Jµ=f"f j�¯ru��f ¬{¨!��l��d�zruf�� * �G�<,Ê±

©f"��ru~4j�r}jd~½°�f�¨ �=t���r}lsr{t4jd�íru�í�d���Fov¬{¬}¨(¬uf ª;l�t4jXlmt�l�adfQovj�r{e^ovlst4n�� �íaFovjd�¹|Zovjd�!lsadf�«G�Fov¬Çx
r{l�¨	tvª-nsf"���z¬{lsr}jd~Te^tvlsrutvjd�*��f�f���¬}¨���f��=f�j����Qtvj�azru����°Xr{¬}¬u��±?ikjVe^ovjX¨	q"o4�sf��"|1oM§vovr{¬uovµ�¬uf
��aX¨Z��ruq"ov¬-ovjd�Vµzrut4ewf"qmaFo¤j�ruq"ov¬Ü°Xjdt/¯¬uf"�z~�f����dqmaSo4��lsadf�qmaFovnmo4q�lsf�n�r 5Mo¤lsrutvj�t4ª-e^tvlsrutvj
��aFo4��f"����f��sq�n�r{µ=f"�®r}j¸�Zf�q�lsr{t4j ��±&=!ªNt4nQaA�ze	ovj�¯*ov¬}°Xr{jd~�|1qMo¤j adf�¬}�®lsadf(ovj�r{e^ovlst4n�lmt
q�nmf"ovlmf�nsf�¬uf §vovjXl°�f�¨Gxyª;npovewf"��±

`ba�f�f »Zq�¬}�d��r}§�f��d�sf�tvª-�Zr{nmf�q�l°Xr{j�f�e^ovlsr{q"�Je^ov°4f"�*r{lb�zr69!q ��¬{l*lst o4����q"tvjd��l�npovr}jAls�
lmt�l�adfQewt4l�rut4jÜ|X���dqma�o4�Jl�adt���f©���=f"q r{ª;¨Xr{j�~�lsadovlbl�adfQªNf�f�l*��adt4��¬{�^jdt4l��=f�jdf lsnpo¤lmf©r}jAlst
lsadf�~vnmt4��j����z��nsr}jd~ºl�adf������z�·t4n�l*��aFov�sf"��±b`ba�f"�sf�q�t4jd��lsnpo¤r{jXlm�*e^oM¨!µ=f��stv¬{§�f��	�d��r}jd~
r{jX§�f nm�sf�°Xr}jdf�e^ovlsr{q�ov¬{~�t4n�r{lsaze^��± 7Qf nmfv|ze^tvlsrutvj����t4ªÜlsadf�f jd��¬{r}j�°!t4ª-o(qmaFovr{j �Nrufv±
o�ªNtAt4l �¹ru�Y���=f"q r{³df��(µA¨�lsa�f*ovj�r}e	o¤lmt4nÜr}jº¯Jt4ns¬{�(q"tAt4nm�Zr{jFovlsf"��±9`badfb��¨A��lsf�e�q"t4e!����lsf"�
lsadf�§vovnsruovlsr{t4j�� 4�t4ª¹l�adfQ��lpovlsfQ§4f"q�lst4n �Nrufv±9lsadfQt4nsr{f�jXlpo¤lsrutvjd�íµ·f l�¯bf�f�j�r{jXlsf�nsewf"�Zr;ovlsf
¬{r{jz°Z���Ylsadovl?¯r{¬}¬Zewf"f lílsadfq�t4jd��lsnpo¤r{jXlM±9`badfnmf�¬uovlsr{t4j(µ=f�l�¯Jf"f jwl�adfJ´�e^ovr{jºlpo4��°¹¶���
ovjd��lsadf�ovj�~4��¬;o¤n��zru����¬;o4q�f�ewf�jXlm���54(lpo¤°�f"��lsa�f½ªNtvnse 2

�� 6����54 ��� �
¯adf�nsf��Vr{�Jlsa�f���o4q�t4µ�r;o¤j	e	o¤lsnsrÇ» t4ªÜl�adf©��¨Z��lmf e * �G�<,Ê±���ru�Cjdt4lb�zr{nsf"q ls¬{¨ r}jA§4f�n�lsr{µz¬uf4|
�z�df½lmtwl�adf��zr64=f�nsf�jXl©�Zr{ewf�jd��rut4jd�tvª� o¤jd� 4 �\r{f4±Jl�adf�nsf�r{�Qo¤j�r{jz³�j�r{l�¨	t4ªíovj�~4��¬;o¤n
�·t���r{l�rut4jd��o¤lC��tvr{jXlm�*l�aFovl�¬ufMov��lst!l�adf��movewf�*ovnslsf"��ruovj��·t���r{l�rut4j�t4ª?o ªNtAt4l �¼±J�Zt!l�adf
e^t���lª;nmf�«X��f�jXls¬}¨	�d�sf�����t4¬{��l�rut4j�r{� 2

�54 6������������8���� ���!� D"�$# ��= �

¯adf�nsf�� � ru��lsadf��d�sf �d��tvxyr{jX§�f nm�sfºt4ª?lsa�fT��o4q�t4µ�r;o¤j�e^ovlsn�r}»%�-|�� ru�Qo!�=f�jFo¤¬{l�¨�q"tvjzx
��lpo¤jAl"|&�^ru�lsa�f�r{��f�jXlsr}l�¨	e^ovlsn�r}»=|dovjd�'�$#!ru��o q"t4j���lsnmovr{jXl�lmt ewr}j�r{e!r 5�f4|AqMov¬}¬uf���l�adf
�sf"q�t4jd�do¤ns¨	lmo4��°1±�`ba�ru���f"q�t4jd�dovn�¨	lpov��°^r{�*f�jzªNt4nmq�f"��t4j�lsadf�jX��¬}¬¹���do4q"f½t4ª�lsa�f½e^ovr}j
lpo4��°=±C`baX�d��|zlsa�f©�sf�q"t4j��	lmf�n�e ��tZf��bjdt4lbo 4=f"q lblsa�f�o4qma�r{f�§�f e^f jXl*t4ªÜl�adfQe^ovr{j!lpov��°1|
¯aFovlmf §�f n�l�adf��sf�q"t4j��dovns¨�lmo4��°(�$# r{�"±���f�jdf npov¬}¬{¨�|)�$# r{�*�d�sf���lmt!o4q"q�t4��jXl�ªNt4n9��t4r}jXl
ovjd~4��¬uovn*¬}r{e!r{lm��t4n�lmtTe!r{j�r}ewr65"f��st4ewf�f�j�f�nm~4f�lsr{q½q�nsr}lmf nsr;oZ±
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�Vt���l	t4ª½lsadf�°Xr}jdf�e^ovlsr{q®ov�z��nmtGovqmadf"�	�d��f"��ªNt4n�~4f�jdf npovl�r{jd~ ��¨XjAl�adf�l�ruq aX��e^ovj ¬ut¤x
q"t4ewt4lsr{t4j nmf ¬{¨ tvj µ�r{t4ewf"qmaFovjzruqMo¤¬*°Xjdt/¯¬uf"�z~�f4|o¤jd� q�t4e(µ�r}jdf��zr{nsf"q l^o¤jd� r}jX§�f�ns�sf
°Ar}jdf�e^ovl�ruq"�JªNt4n�q"t4e!����l�r{jd~(ewt4l�rut4jd��±

ikj^lsadfQf�ru~vaAl�ruf��"|Xe^f lsadtA���J¯Jf�nsf���f §�f�¬{t4�=f"�	lmtºov��lst4e	o¤lsruq"ov¬{¬}¨(~�f jdf�nmovlmf�ª\ove!r{¬{r{f"�
t4ª-°4f�¨Gxkª;nmovewf"��ª;nmt4e�µ�rut4ewf"qmadovj�ruq"ov¬¹r}j�ªNt4nse^ovl�rut4jd��|Al�aX�d���znmt/§Xru�zr}jd~TfMo4��¨�ls��jzr{jd~ t4ª
lsadf�nmf�����¬}lsr}jd~®e^tvlsrutvjÜ± `ba�r{�Tru�T��t4j�f	lsa�nst4�d~4a ³�j�r}lmf���lmovlmf�e^o4qma�r}jdf"�Tq�t4jXlsnmtv¬{¬uf��
µA¨ azru~4a ¬uf §�f ¬��dovnpovewf�lsf�ns�!���dqma�ov�w��lmf�� ¬uf jd~4lsa ovj�� ��lmf�� ª;nmf�«X��f�jdq ¨�±�`badf�³�ns��l
ov����nstGo4qmaVt4ª9l�aFovl�q�¬uo4�s��ru����f ³�jdf"��µX¨��·f ¬{l 5"f�n * D4gz| D¤� ,y±Jikl�f�e(µ=f"����µ�r{t4e^f�qmaFovj�r{qMov¬
°Aj�tI¯¬{f"��~4f t4ª½¬utAq"t4ewt4lsr{t4j r{jXlmt a�r{f�nmovnmqma�r{qMov¬©q"t4j�q���n�nmf�jXl���lmovlmf®e^o4qma�r}jdf"�w¯a�ruqma
q"t4jXlsnst4¬Clsadfw~Govr}l�tvªoV��¨XjAl�adf�l�ruq	��°�f ¬uf�lst4jÜ±�� °�f�¨Gxy�·t���ls��nsf^ru��o4���stAq�r;o¤lmf"�SlmtVfMo4qma
��lpo¤lmf4±�`badf��sf½�·t4��ls�znmf"��ovnsf�¬{r{j�fMovn�¬{¨ r{jXlmf ns�=t4¬;o¤lmf"��lst �znmtA�z�dq"f�r}jzxkµ=f�l�¯Jf"f j®ovj�~4��¬;o¤n
§4o¤¬{�df��"±

� ³�ns��l½ewf�lsa�tZ�®ªNt4n½f jd���znsr{j�~�jdtvjzxk�=f�jdf lsnmovlsr{t4j ¯r{l�aSl�adf ~4nmtv��jd�¸¯a�r{¬{fº�d��r}jd~
�zr{nsf"q�l�°Xr{jdf e	o¤lsruq��Qq�t4jd��ru��ls�Qr}j�qmaFo¤jd~4r{j�~^lsadf½nmtAt4l�¬{r}e(µ�t4ª?lsa�fº��°4f�¬{f�lmtvj ¯adf�j®l�adf
�������=t4n�l�ªNtAt4l�qmadovjd~�f�� 2�ovl½fMo4qmaEªNtZtvl�x���lsn�r{°�fv|¹lsadfTjdf ¯��������=t4nsl½ªNtAt4l�µ=f"q"tve^f��½l�adf
nmtAt4lM|?r}lm���=t���r{lsr{t4j µ=f�r}jd~®³z»Zf"� r{j ¯Jt4n�¬u� q"tAt4ns�zr{jFo¤lmf"��±S`ba�ru�(ewf�l�adtZ�Eru�º�d��f"� µX¨
�Jns�d�zf�ns¬}r{jVovjd�®*ov¬{§4f�n�l)* /1,Ê|d¯adtw��r{e(�z¬;ovlsf½ovjVr}jX§�f�n�lmf����·f jd�z��¬}��e ªNt4n�q�t4ew�z��lsr}jd~
nmfMo¤¬{ru��lsr{q(e^t4l�rut4j ªNtvn�l�adfw��lpovj�q"f xy¬uf�~�±	ikj l�aFovl½�Fov�=f�n"|9t4jz¬{¨ t4j�f½��t4r}jXl�tvªblsa�f^���z�zx
�·t4n�l©¬{f"~^ewt/§�f"��ovl�o	~4r}§�f j lsr{ewf4|F¯a�r{qma e	oM¨�¬uf"o4��lmt���¬{r{~4aXls¬{¨�o¤nslsr}³dq�ruov¬Üewt4lsr{t4jd�"±
�Jns�d�zf�ns¬}r{j	ovjd��*ov¬}§�f nsl�* �<,1r{e!��nmt/§�f�lsadfQlmf"qmazj�ru«G�df�µX¨w��r{eº��¬{lmovjdf"tv�d��¬}¨ ��r{eº��¬;ovl�r{jd~
ov¬{¬�lsa�f���f�~4nmf�f"��t4ª�ª;nsf"f���t4eV|*¬ufMov�zr{jd~SlmtE��ewtZt4l�a�ovj�� �Fovnmove^f lmf nsr 5"ovµ�¬{f�¯bov¬{°Xr}jd~
~Govr{ls�"±��Qt4lsf l�aFovl�l�adfT�movewf(°Xr{jd�¸t4ªbov���znmtGo4qmaSaFo4��ewt4nsf(nmf"q�f�jXls¬}¨®µ=f"f�jS�d��f"�¸ªNt4n
lsadf�ovj�r}e	o¤lsrutvj	t4ªYaX��e	o¤jVn���j�j�r}jd~ *à�<,Ê±

��jdt4l�adf�n�¯*oM¨¸lmt�e	o¤r{jXlpovr}j¸f »AlsnmoVq�t4jd��l�npovr}jXlm��t4j l�adf!ªNtAt4l½�=t���r}lsrutvjSr{��lmtV���sf
r{jX§�f nm�sfw°Ar}jdf�e^ovl�ruq!ov¬u~4t4nsr}lsa�ew�5* =�Az|���| C1,Ê±��btv��¬{r{q!f l(o¤¬k±�* �1,J³znm��l��d�sf^oV��lpovjd��ovnm�
�zr{nsf"q�l°Xr}jdf�e^ovlsr{q"��ov�z��nmtGovqmaÜ|F~�f�jdf npovl�r{jd~T°4f�¨Gxk�=t���r}lsr{t4jd�*lsadovlQovnmf�r{jXlsf�ns�=t4¬uovlmf��¹±í�
´�¬uf�~vx�q�t4nsnsf"q lsrutvjY¶w��nmtAq"f��s�!ru� lsadf j �d��f"� lstSewtZ�Zr{ª;¨ r}jA§vov¬}ru� r}jzxkµ=f�l�¯Jf"f j �·t4��ls�znmf"�32
r{ªJo	ªNtZt4l��=f�j�f�lsnmovlmf���lsadf ~4nst4��jd�¹|Yovj¸r}jA§4f�ns�sf °Ar}jdf�e^ovl�ruqTov¬{~�t4n�r{lsaze r{�½ov����¬}ruf��®lmt
e^tA�zr{ª;¨ºr{lm���·t4��r{l�rut4j¹|Xl�aX�d�bewtZ��f ¬{r}jd~½q"t4jXlpovq�l*¯r}lsa	l�adf©~4nst4��jd� �\�sf�f 2-ru~v��nmfQg
� ±9�©�
��adt/¯j r{j * D1,y|?l�adf��sf�q"t4j��dovns¨Elpo4��° ��nst/§Ar{��f"� µX¨ r}jX§�f�ns�sf	°Xr{j�f�e^ovlsr{q	ov���znmtGo4qma�f"�
e	oM¨^µ=f��d�sf��Vlst e^ovr}jAlmovr{j^lsadf½qmaFovnmo4q�lsf�n �à��µFov¬uovjdq"fv±
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Leg Correction

Prediction

kinematic
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High-level Parameters Handling

2Yru~4��nsf½g 2��A¨Xjdt4����ru��t4ª9�bt4�z¬{ruq �à�*¬{tZq�t4ewt4lsr{t4j	��¨Z��lmf e�±

�%
�� � ��'��  �' '������
bt4ew�dovnmf�� lmt�l�adf��zr{nsf"q lT��f"��ru~4j tvª°�f�¨Gxyª;npovewf"��|Cl�adf	°Xr{jdf e	o¤lsruq lmf�qma�j�r{«X��f"�T��nmf¼x
�sf�jXlsf"� ovµ=t/§�f¸nmf ¬{¨7t4j o q�f�nslmovr{jK��jd�zf�nm��lpovj��zr{jd~ t4ªºl�adf¸µFo4��r{q ¯*ov¬}°Xr{jd~ e^tvlsrutvj
e^f�qmaFovj�r{��ew�"|Üovl©¬ufMov��l�ª;nst4e o^���znmf�¬}¨��zf"�sq nsr}��lsr}§�fT�·tvr{jXl�t4ªC§Xruf ¯½±(`badf «G�Fov¬}r{l�¨�t4ª
lsadf�e^t4l�rut4j l�aA���bnmf ¬{ruf��Jtvj^lsa�f©«G�Fov¬}r{l�¨ t4ª¹l�adfQewtA��f�¬��\r{f4±Ylsadf�³�j�r{lsfQ��lpovlsfQe^o4qma�r}jdf
lsaFovlC��¨XjAl�adf"��r 5�f"�Jl�adfe^tvlsrutvj � |¤npovl�adf�nClsadovj!t4j	o¤j^o¤nslsr{��l �à�í��°Ar}¬{¬{�"± (©jdf�t4ª1lsa�f�e^ovr}j
o4�z§vovjXlpo4~4f"�!t4ªQl�adf"��fVewtZ�zf�¬u�(r{�Tlsadf�a�r{~4a ¬{f�§4f�¬��Fovnmove^f lmf nm�Tlsadf ¨ ��nmt/§Xru�zf �\���dqma
o4��§4f�¬{tZq r{l�¨�|1��lsf�� ¬{f�jd~4l�aÜ|Ff�lsq � |1¬uf"o4�zr{j�~ lst^lsa�fº~�f jdf�nmovlsr{t4j�tvª?ª\ove!r{¬{r{f"�t4ª?�zr64=f�nsf�jXl
~Govr{ls�"±S�Qjdtvlsadf n!o4�z§vovjXlpo4~4f	ru�ºl�adf�¬ut/¯ q"t���l t4ª©q�t4e!����lpo¤lsrutvjd�"±E`badf�q"t4e!��¬{f »Ar{l�¨
t4ª9r}jA§4f�ns�sf�°Xr}jdf�e^ovlsr{q½ov¬u~4t4nsr}lsa�ew�bru��� 8���� Db¯r}lsa�nmf"���·f�q�lQlmtwl�adf½jA�ze(µ·f n©tvª=��t4r}jAls�
�Ê�z�df½lmt lsa�f�r}jA§4f�ns��rutvj�t4ª-lsadfº��o4q�t4µ�r;o¤jVe^ovlsn�r}» � |Zµ���lQ��r{j�q"f�lsadf�ov¬{~�t4nsr}lsa�e�ru��d���zx
ov¬{¬}¨	�d�sf�� ªNt4n©tvjdfº¬uf�~�|Flsa�r{�©��tAf"�©j�t4l©aFoM§4fTovj®r}ew�=t4nslmovjXl©f�4·f�q�l�tvj®lsadf�f39!q�r{f�jdq ¨
t4ª9q�t4e!����lpo¤lsrutvjd�"±

��t���lT��adt4n�lmq"tvewr}jd~��ºq�t4ewfwª;nmtve l�adf	~�f�t4ewf�lsn�ruq!r{jXlmf ns�=t4¬;ovl�rut4jS��nstZq�f"�s��¯a�ruqma
ru���d��f"�EªNtvn½~�f�jdf npovl�r{jd~�r}jAlsf�n�e^f��zr;ovlsfºª;npo¤e^f�� 2½ovjd~v��¬;ovn�l�npo¤��f�q�lst4nsr{f"�½ovnsf r}jd��f �·f jzx
��f�jXls¬}¨ q�t4ew�z��lmf�� ªNt4nTfMovqmaS��t4r}jXlM|Cov¬}lsadt4��~4a lsa�f�nmf���adt4��¬{� µ·f�o ��lsnmtvjd~ q"t4�z��¬{r}jd~
µ·f l�¯bf�f�j ��t4r}jXl�e^t4l�rut4j��"± �Vt4nsf"t/§�f nM|�l�adfSr}jXlmf�n��·tv¬;ovl�rut4j �znmtAq"f"����e^oM¨ ³�¬}lmf�n�l�adf
r{jXlsn�r{jd��ruq®�z¨XjFo¤ewr{q"��t4ª�lsadf ¬utAq"tve^t4l�rut4j¹|*¬ufMov�zr{jd~ lst o ¬{t��s��t4ª�nmf"ov¬{r{��eV± ? o4��l�¬{¨4|
ov¬{l�adt4�d~4a ewt���lTlmf�n�npovr}jd�!ovnmf�jdtvl��FovlM|Clsa�f�nmf�ru�(j�tEf"o4��¨ ¯boM¨ lmt¸~�f�j�f�npo¤lmf�¯*o¤¬{°Gx
r{jd~!e^t4l�rut4j�t4j¸ownst4�d~4a lsf�n�npovr}j�ª;nmtve�l�adf"��fTov����nstGo4qmadf��"±�`badfTov�dov��lmovlsr{t4j®t4ªíl�adf
¯*ov¬}°(lmt�����qma	lmf nsnpo¤r{jd�?¯Jt4��¬{�waFoM§�f�lmt½µ=f�f¼»A��¬{r{q�r{l�¬{¨º��f"��q�nsr}µ·f��w¯a�r}¬uf��f���r{~4j�r{j�~½l�adf
e^tA��f�¬y±
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`badfJ�zf"~4nsf"fbtvªznmf"ov¬{r{��e tvªdo¯*ov¬}°Xr{jd~�e^tvlsrutvj�r{�ÜadfMoM§Xr{¬}¨���f��=f�j��dovjXl?t4ªZlsadfCnmf����=f"q l?t4ª
��aX¨Z��ruq"ov¬d¬;oM¯��"±!
Q¨XjFove!ruq"�Co¤����nmt�o4qmadf"�íe^oM¨ºµ=f����sf"�!f�r}lsadf níªNt4n�o4���Zr{jd~½q"tvjd��l�npovr}jAls�
lsaFovlC~v�Fovnpo¤jAlsf"fQo�q"f�n�lpovr}j nmfMo¤¬{ru��e lstºo���nsf"��f ³�jdf"�we^t4l�rut4j¹|�t4níªNt4nC�zr}nmf�q�ls¬}¨(��¨AjXl�adf x
��r 5 r{jd~(l�adf�¯*o¤¬{°1±í�©�r{j�l�adf���nmf §Ar{t4�d���sf�q�l�rut4jÜ|�¯Jf�³�nm��l�~4r{§4f½o ��adt4n�lQ~v¬ut4µFo¤¬·nmf §Xruf�¯
t4ªQl�adf��z¨XjFove!ruq"�T��r{e(�z¬;ovl�rut4j lsf"qma�j�r{«G�df"� µ·f ªNt4nmf���f��sq nsr{µzr{jd~¸lsadf�ov�z��¬{r{qMovl�rut4jd��lmt
aA�ze	ovj�¯bov¬{°Xr}jd~�±

��
�	 � ������� � ����� ��� ��� ��'�� ��� �����&�	��'
�Qf�¯lst4j � ��¬uoM¯��Jo¤nmf°Xjdt/¯j�o4�ílsa�f�ª;�zjd�dovewf�jXlpo¤¬d��nsr}jdq�r}��¬uf*tvª·�z¨XjFo¤ewr{q"�"±?`badf�¨T¬}r{j�°
lsadfªNt4nsq"f"� �\nsf"���Ü±?lmt4ns«G�df"�CªNt4nCnmt4lmovlsr{t4jd���-lmt½lsadfnmf�����¬}lsr}jd~�ewt4l�rut4j �Nnmf"���Ü±?nmtvlpovl�rut4j �
ª;nmt4e�lsadf½f"«G�Fo¤lsrutvj;2

� 6�� ?
	� �Êg
�
¯adf�nsf � nmf ��nmf��sf�jXls�Jlsa�f�ªNtvnmq"f�ov�z��¬{r{f"�Tlmt�ovjwt4µz��f"q lM|�� r}lm�?e^o4�s��ovjd�	� l�adf��sf"q�t4jd�
��f�n�r{§vovlsr}§�f(¯r}lsaSnmf"���·f�q�l�lmt�lsr}e^fTt4ª�lsa�f!�=t���r}lsr{t4j §�f�q�lmtvn � ±^`badfwf�«G�Fovlsr{t4jS¬utAt4°A�
��r{e!r{¬uovn�ªNt4nnmt4lmovlsr{t4jd��|Z¯adf nmf½lmt4ns«X��f"�Qovjd��ovjd~4�z¬;ovn�=t���r}lsr{t4jd�ovnsf�¬{r}j�°�f���µX¨ 2

� 6�� ? 	4����4������4 �\� �

¯adf�nsf � r{� l�adf�lmt4ns«X��f4|��½lsadf�r{jdf nsl�r;o®e	o¤lsnsrÇ»=|��4 ru� lsadfVovjd~v��¬;ovnT§4f�¬{tZq r{l�¨ ovjd� 	4
lsadf!ovjd~v��¬;ovn�ovq"q"f ¬uf npovl�rut4jÜ±���� ¢��Z¥4¡��! #"�£ � � ¥G  r{��lsadfwov����¬}ruq"ovlsr{t4j t4ªJlsadf��sf ¬;oM¯��
¯a�ruqma qMov¬{q���¬uovlmf	l�adf�e^tvlsrutvj ~�f�jdf npovlsf"� µX¨ oS~4r}§�f j ªNt4nsq"fv± btvjA§4f�ns��¬{¨4|�� "�$%�A¢¤ &�
�# #"�£ � � ¥G  e^f lsadtA���q"ov¬uq ��¬;ovlsf�lsadf�ªNt4nsq"f���l�aFovl¯Jt4��¬{�V~�f jdf�nmovlmf�oT~4r}§�f�j�ewt4lsr{t4jÜ±

`ba�f�f�«G�Fovlsr{t4jd�o¤µ·t/§�f�adtv¬u�	ªNt4n�o(��r{jd~v¬uf���t4¬{r{�¹±C�A�=f"q r{³dq�ewf�l�adtZ�z� *&=�DZ|�=Z|·�/�Z|¹� ,
aFoM§�fTµ·f�f�jS�d�sf��Slst�ov����¬}¨�lsa�f"�sf f�«X�dovlsr{t4jd��lmt�ovjEovn�lsr{q���¬uovlmf�� ��°�f ¬uf lmt4jÜ|ÜewtZ�zf�¬uf��
o4�ºo�a�ruf npovnsqmaX¨¸t4ª*nsr{~4ru�¸��t4¬{r{��� �\jFovewf�¬}¨®lsa�fw¬{r}e(µd���©q"t4j�j�f"q�lsf"� µX¨���t4r}jAls�"±�� ª;��¬{¬
��f"��q�nsr}��lsr{t4j t4ª�lsadf��sf�e^f lsadtA���(r{�(µ·f ¨�t4jd� lsa�f���q"t4�=f�t4ª�lsa�r{�(�Fov�=f�nM± ²Ef�µ�nsr{f ��¨
��f"��q�nsr}µ·f�l�adf�l�¯bt µFo4��ruq½ov���znmtGo4qma�f"�"±

`ba�f^³�nm��lºewf�l�adtZ�E¯*o4��r{jXlsnstZ�z��q"f"�EµA¨Si��so�o4q"�(ovjd� bt4a�f�j * =BD1,bovjd� nsf�¬{r{f"��t4j
o ? o4~4npo¤jd~4r;o¤j ªNt4n�e	ov¬}ru��e�± �Q��r{jd~ ~4f�jdf npov¬}r 5"f�� q"tAt4ns�zr{jFo¤lmf"� �Êf"o4qma7¬{r{eºµ ovj�~4��¬;o¤n
�·t���r{l�rut4j ru� f¼»Z�znmf"���sf��7r}j r}lm� ª\ovlsa�f�n�� � ¬utAqMov¬�q�tZt4ns�zr{jdovlmf���¨A��lmf�e� |*o ´�~4f�jdf npov¬}r 5"f��
e	o4���Je^ovlsn�r}»�')( qMovj�µ=f�q�t4ew�z��lmf��¹±�bt4e!����lsr}jd~�ewt4l�rut4jwlsadf j�ewfMo¤jd�b��t4¬{§Xr{j�~Tovj
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f"«G�Fovl�rut4j�t4ªílsadf�ªNt4nse 2�� 6 ( ? 	 |1¯a�f�nmf�� jdt/¯ nsf���nsf"�sf jXlm��ow~�f jdf�nmov¬{r65"f���ªNt4nmq�f
§�f"q lmt4n �\q"t4j���ru��lsr}jd~�t4ª=ov¬{¬Alsa�f�zr64=f�nsf�jXl?ªNt4nsq"f"�Co¤����¬{r{f"�Tt4j f"o4qma!�st4¬}ru�(tvª1l�adf��¨A��lmf�e�
ovjd�  ru�Ül�adfJ~4f�jdf npov¬}r 5"f��ºq�tZt4ns�zr{jdovlmf?§4f"q�lst4nM±í�Ar{jdq�f�l�adfCe	ovl�nsrÇ» ( �zf��=f�jd���9t4j�l�adf
nmf�¬uovlsr}§�f��=t���r}lsr{t4jd�t4ª-lsadf½�stv¬{ru�z�"|�r{l�qmadovjd~�f��©t/§�f nQl�r{ewf½ovjd��aFo4��lmt µ·f�r{jX§4f�nslsf"��ovl
fMo4qma!lsr}e^f*��lmf �Ü±?ikjX§�f nm�sfQ�z¨XjFove!ruq��íqMovjwfMo4��r{¬}¨�µ=fq"t4eºµ�r{jdf��T¯r{lsa!�zr}nmf�q�lC�z¨XjFove!ruq��
�d��r}jd~�l�a�ru��ewf�lsa�tZ� 2�o�§vov¬{�dfír{�-~4r}§�f jºlmt��stve^f�t4ªzl�adfJ�zj�°Xjdt/¯jd� 	 ¯a�r{¬{f�lmo4~�~4r}jd~�o4�
��j�°Xjdt/¯j �stve^f�q"t4e!�=t4jdf�jXls�Qt4ª��!±`bazru��¬ufMov����lst^o¤j�r{e^ovlsr{t4jd�b¯a�f�nmf�lsadf½e^tvlsrutvj
t4ª�q"f nslpo¤r{j���f�~4nmf�f"�*tvªÜª;nmf"f���t4e ru�J���=f"q�r}³df"��µX¨!lsadf©���sf�nb¯a�r{¬{fQt4l�adf�n-��t4r{jXl�e^t4l�rut4j��
ovnmf½ov�zlmt4e^ovlsr{qMov¬}¬{¨ q�t4ew�z��lmf���ª;nst4e ov�z��¬{r{f"��ªNt4nmq�f"��±

��jdt4l�adf�n�o¤����nmt�o4qma�lsaFo¤loM§�t4r{���Jl�a�ru�Jf »A�=f�jd��r{§�f�e^ovlsn�r}» q�t4e!����lpo¤lsrutvj^¯bo4�b³�ns��l
r{jXlsnstZ�z��q"f"� µX¨S�*ovn 5"f ¬�ovjd�S�*ovn�n$*&=1,Ê±!�Co4qma ��t4¬{r{�®ru��r}jd��f��=f�j���f�jXls¬}¨ ��r}e(��¬uovlmf��¸ovl
fMo4qmaElsr{ewf(��lmf��¹±	�9»Alsnpo�ªNt4nmq�f"��ovnsf l�adf�j q"t4e!����lsf"�¸lmt�~4�FovnmovjXlmf�fwq�t4jd��l�npovr}jXlm�½t4j
��t4r{jXlm��±�`badf"��f ªNtvnmq"f���nmf"��lmt4nsf(lsadf���t4r{jXl�q�t4jd��l�npovr}jXlm�"|�o¤jd�®lsadf(j�f »Al�lsr}e^f���lmf � q"ovj
lsadf j�µ=f���r{e(��¬uovlmf��¹±b�Q���zr}jd~!r}jX§�f�ns�sf��z¨XjFove!ruq"��ru��ov¬{�st!��l�npovr{~4aXlsªNt4n�¯*ovns��¯r}lsa�lsa�r{�
e^f lsadtA� 2ío�ewt4l�rut4jwru�b���·f�q�r}³df"�	ªNt4nJ�Fovn�lm�*t4ª���t4¬{r{���"±?`badf�t4lsa�f�nm�JªNt4nb¯a�r{qma�e^tvlsrutvj
ru�*q�t4ew�z��lmf��	µA¨^��r}e(��¬;o¤lsrutvjÜ|G¯r{¬{¬1lsa�f�j�µ=fQ´�����¬}¬uf���¶�µX¨	l�adf©�d��f�n�xkq"t4jXl�nmt4¬}¬uf"����t4¬{r{���"±

��
�� � � �������"� ' �"' � � ��� �"'0��� �����"���$� ����' ��� �"� �"�
(�j�f*ov���znmtGo4qmaºªNt4n9µ=f�jdf ³�lsr}jd~©ª;nst4e lsadfJnmfMo¤¬{ru��e t�4=f�nsf"�(µX¨º�Z¨Ajdovewr{q"��¬;oM¯��-¯r}lsadtv��l
aFoM§Ar}jd~®lmt ���·f�q�r}ª;¨ lsa�f	ªNt4nmq�f"�(lsadovl q�nsfMovlsf	lsadf	ewt4lsr{t4j r{�ºlmt �d��f��z¨XjFove!ruq��To4� o
q"t4jd��lsnmovr{jXlM± ��t4lsr{t4j ru�(³�ns��l!q"t4e!����lsf"� o ��lpo¤jd�dovns� °Xr{j�f�e^ovlsr{q^e^tA��f ¬k± � �=t���l�x
��nmtAq"f��s��r}jd~!��lpov~�f�lsadf j�qma�f"qm°A�©lsa�f½�zaA¨A��ruqMo¤¬Ünmf�¬{f�§vovjdq�f½t4ª-ewt4l�rut4jÜ±

`ba�f���¨Z��lmf e t4ª���two¤jd�®�*ov�z¬uf n)* =�CA| = /-, �Ê��f"f�³d~4��nsf�� �b�d��f"��r{jX§�f nm��fº�z¨XjFove!ruq��
lmtTq"tvew���zlmf©lst4nm«G�df��*jdf"f���f"��lmt(�=f�n�ªNt4nse o(~4r{§4f�j�ewt4lsr{t4jÜ±9`badf�¨	l�adf�j�§4f�nsr}ª;¨wl�adf�r}n
§4o¤¬{ru�Zr{l�¨ �Ê��tl�adf�¨�e^ovr}jAlmovr{jQµFov¬uovjdq"fCo¤jd�½q"t4e!ªNt4nsl��^��tlsadf ¨�°�f�f�����t4r{jXlÜ��lsnsf"�s����jd�zf�n
o½l�a�nmf���adt4¬{� � � ±C��t4lsr{t4j ru�Cq"t4n�nmf�q�lmf��wr}ª=jdf�f"��f��¹|X¯r{lsa!aFovj��Zxkl���jdf"�wq"tAf39!q�r{f�jXlm�Clsadovl
¬{r{jz°�°Xr{j�f�e^ovlsr{qb�·t4��r{l�rut4j��?t4ª1lsadf���¨XjXlsa�f�lsr{q©ovq�lmtvnílmt�r{jX§�f nm��fQ�z¨XjFo¤ewr{q"�?nmf�����¬}lm��±"2Ftvn
r{jd��lpovjdq�f4|zl�adf���¨AjXl�adf�l�ruq�o4q�lst4n�ov�zlmt4e^ovlsr{qMov¬}¬{¨(o4�v���d��lm�*a�r{�b�·t4��ls�znmf�µX¨^µ=f�jd�Zr{jd~(a�r{�
�·f ¬{§Xru��r{ª*adfwru�ºadtv¬u�zr}jd~�o�a�fMoM§X¨ ¯Jf�ru~vaAl"± 
Q��n�r{jd~ o�¯bov¬}°Ar}jd~�q ¨Aq�¬ufv|ílsadf^r}ew�do4q�ls�
¯r{lsa!lsa�fQ~4nst4��jd�!e	o¤°�f�r{l��zr69!q ��¬{lClmt�q"tvew���zlmf�lsadf�f"«G��r}§4o¤¬uf�jXlCªNt4nsq"f"�bovjd�!lmt4ns«X��f"�
ovlTq"tvjAlmo4q�lTl�r{ewf4±���tEo¤jd� �*o4�z¬{f�nT��r{e!��¬{r}ª;¨¸lsadf	��nst4µ�¬{f�e µA¨ o4�s����ewr}jd~¸o�¬{r}jdfMo¤n
�zru����¬;o4q�f�ewf�jXl�t4ªAlsadfCq�t4jXlpo4q lY�=t4r}jAl�tvj�l�adfíªNtZt4l��Z��nsr}jd~lsadfC���z���·tvnsl���aFo4��f4±-� ewt4nsf
��nmf�q�ru��f��st4¬}��lsr{t4jÜ|9µdo4�sf�� tvj ovj r{jXlmf npo4q lsr{t4j ewtZ��f ¬ *À�-/1,J¯a�ruqma r}jdq�¬}�d��f"�ºq"t4¬}¬{ru��rut4j
��f�lsf"q�l�rut4jEovj�� bt4�z¬ut4e(µ ª;n�ruq lsrutvj ¯r{lsa¸l�adf ~4nmt4�zjd�Sr{���d�sf��SµX¨ 2Fov��nsfTf�l�ov¬y±�*À�/�<,Ê|
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Generation

Kinematic locomotion

Motion modification

Inverse Dynamic

Balance Control

Comfort Control

2Yru~4��nsf�� 2��A¨Xjdt4����ru��t4ªYlsa�f½¬{tZq�t4ewt4lsr{t4j	��¨Z��lmf e ª;nst4e ��t!ovjd�V�*o4�Z¬uf�n"±

¯a�ruqma���nstI§Xr{��f�lsadf�lst4nm«G�df�q ��ns§4f"��lsaFo¤lq"t4n�nmf����=t4jd��lmt oºª\ove!r{¬}¨ t4ª��Fovnpo¤e^f lmf�n�r 5�f"�
°Ar}jdf�e^ovl�ruq©ewt4lsr{t4jd��±

�Q���zr}jd~ �z¨XjFove!ruq"�q�t4jd��lsnpo¤r{jXlm�*lst °Xr}jdf�e^ovlsr{qMov¬}¬{¨ q�t4ew�z��lmf���ewt4l�rut4j	nsf"����¬{ls��r}j
o½~4tZtA�(q"tvew��nst4e!ru�sfJµ·f l�¯bf�f�j^nsfMov¬}ru��e�ovj��!q�t4jXlsnst4¬k|���r{jdq�fr{l?adf ¬{�d�?l�adf�ovj�r}e	o¤lmt4n-lmt
��f"��ru~4j!e^tvnmf*nmf"ov¬{r{��l�ruqbewt4lsr{t4jd�?¯r}lsadt4�zlCqmaFovjd~4r}jd~½a�ru�í¯bo/¨ tvª·r{jXlsf�npovq�lsr}jd~�¯r{l�a!l�adf
��¨A��lsf�eV± 7Qt/¯bf §�f nM|ztvj�¬{¨ o�¬{r}ewr}lmf��(�sf lbt4ª·�z¨XjFove!ruq���q�t4jd��lsnpo¤r{jXlm�CqMo¤j^µ=fQov����f"�!lsa�r{�
¯*oM¨ �\ªNt4n�r{jd��lpovj�q"f4|Ylsadfwf34=f"q lm�(t4ª*~4npoM§Xr{l�¨¸ªNt4n�ns��jzj�r{jd~Vt4n�~�f�l�lsr{j�~���� ovjd� ��t/¯j
��lpo¤r{nm�Q¯bt4�z¬u� µ·fT�Zr69!q���¬}l�lmt	µ=f(lpo¤°�f�jSr{jXlst�o4q"q�t4��jXl �¼± �Vt4nsf"t/§�f nM|�lsadf(l�¯Jtvx���lpo4~4f"�
��nmtAq"f��s���nmtA�z�dq�f"��f »Al�npoTq"t4e!����lmovlsr{t4jd�o¤jd����tZf��*jdt4l�~4�dovnpovjXlsf"f�lsa�f�q"t4jX§�f nm~�f jdq"f
t4ªlsadf!��nmtAq"f��s�32^oVjX��eºµ·f nTt4ª���lsf��d�ºq"t4��¬{� µ=fwjdf�f"��f�� µ=f�ªNtvnmfwl�adf	q�t4nsnsf"q�l�rut4j��ºt4ª
lsadf�°Xr{jdf e	o¤lsruq�e^tA��f ¬¹¬uf"o4��lmt!o(��aX¨Z��ruq"ov¬{¬}¨^§vov¬{r{�^ewt4lsr{t4j �\r}e	o4~vr{jdf�ªNt4n*r{j���lpo¤jdq"f�o
§Ar}nsl��Fov¬íovq�lmtvn�lsn�¨Ar}jd~	lmt�q�t4jXlsnst4¬?µFov¬uovjdq�fTovl�f"o4qma¸lsr{ewfº��lmf �E¯a�r}¬uf�¯*ov¬}°Xr{jd~���t/¯j
��lpo¤r{nm��� ±�² fCjdt/¯ ��nsf"�sf jXl?lmf�qma�j�ru«G�df��-l�aFovl-�zr{nsf"q�l�¬{¨���nstZ�Z�dq"fCnmf"ov¬{r{��lsr{q �Ê�z¨XjFo¤ewr{qMov¬}¬{¨
�st4��j����be^t4l�rut4j��"±

��
�� � ��� � ��� � � � � ����' � ���"����� '
`badfwq�t4e(µ�r}jFovl�rut4j tvª*�zr}nmf"q l�ovjd�¸r{jX§�f nm�sf °Xr{jdf e	o¤lsruq��½ov¬{¬{t/¯����Fovnsls�½t4ª*o¤nslsr{q���¬uovlmf��
³d~4��nsf"��lmtwªNtv¬{¬ut/¯7��nsf"��f ³�jdf"�®°4f�¨Gxkª;nmovewf"�Vl�npo¤��f�q�lst4nsr{f"�"|dµ��zl©��tAf"��jdt4l���nst/§Ar{��f�ovjX¨
adf�¬}� ªNt4n���f ³�j�r}jd~	lsadf��sf(l�npo¤��f�q�lmtvnsruf��"±�²�r{l�°Xr{j¸ovj�� ��ov�s�5* DZ� ,-��nmt4�=t���fTo^jdf�¯%ªNt4n�x
e(��¬;o¤lsrutvj t4ªbl�adfT��nmtvµ�¬uf e�|Üq"ov¬{¬{f"��´����Fo4q"f lsr}e^f q"tvjd��l�npovr}jAls�/¶ 2�l�adfTµFo4��r{qTru��f"o�r{��lmt
q"t4e!����lsf©lsadfQ³d~4��nsf©e^tvlsrutvj�ovjd�	l�adf©l�r{ewf�§vovn�¨Ar}jd~ºe(���sq��z¬;ovn*ªNtvnmq"f��*t4j�l�adf©¯adt4¬{f
ovj�r{e^ovl�rut4j���f"«G�df jdq"fºr}jd��lsfMo4��t4ª9��t4r{j�~!r}l��sf"«G�df jXlsr;o¤¬{¬{¨^r{j�lsr{ewf4±�`badf��zr{�sq�nsf�lsf�§vov¬Çx
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�df"��t4ªCªNt4nsq"f��"|¹§�f ¬utAq�r}lsruf���ovj��®�·t���r{l�rut4jd�Qt/§�f�n�l�r{ewf(ovnsf(�sf l�r{jSo^§4f�ns¨�¬;ovns~�f�§4f"q�lst4n
t4ª-�zj�°Xjdt/¯jd�"±*� ��f�lQt4ª9q�t4jd��lsnpo¤r{jXlm�µ=f�l�¯Jf"f�j�lsadf��sf½��j�°Xjdt/¯jd�©r{����=f"q�r}³df"�·±b`badf ¨
r{jdq ¬{�d��f 2

< q"t4j���lsnmovr{jXls�©t4j®r}j�r{l�r;ov¬y|z³�jFo¤¬?ovj�� �st4ewf�r}jXlmf�n�e^f��zr;o¤ns¨��=t���r}lsrutvjd�©o¤jd��§�f ¬utAq�rÇx
lsr{f"�"|Zlsa�nst4�d~4a�¯a�ruqma�lsa�f½���sf�n�q�t4jXlsnmtv¬u�*lsa�f½ewt4l�rut4j��

< q"t4j���lsnmovr{jXls�ºlsaFo¤lº¬{r}ewr}l�e(�d��q���¬uovn(ªNt4nsq"f"��|ít4nºl�aFovl(ewtA��f�¬Jq"t4jXlmo4q�l(¯r}lsa l�adf
~4nmtv��jd���

< lsadf �Qf ¯lmt4jzr;ovj ��aX¨A��ruq"ov¬�¬;oM¯��TlsaFovl!��nstI§Xr{��f�o¸q"tvjd��l�npovr}jAl!µ=f�l�¯Jf"f�j ªNt4nmq�f"�
ovjd� �·t4��r{l�rut4j��CovlCl�¯bt�q"t4jd��f"q ��lsr}§�fQl�r{ewf��lsf��d��±J`bazru�Cq"t4j���lsnmovr{jXlCru��o4�z��f"�!ªNt4n
fMo4qma�r{j���lpo¤jAlr}j�lsr{ewf4±

`badf§�f"q lmt4nJt4ª1��j�°Xjdt/¯jd�Cru�íq�t4ew�z��lmf��w�z�znsr{j�~½ovjwr}lmf npovl�r{§�fbq"t4jd��lsnmovr{jdf��wtv��lsr}ewr65Mo¤x
lsrutvj ��nmtAq"f��s�"±!`ba�r{��ru����t4j�f µX¨ ���·f�q�r}ª;¨Ar}jd~�o�q"t���l�ª;�zjdq�l�rut4jÜ|¹¯azruqmaSru��lsa�f�jSewr}j�r}x
ewr65"f"�·±½`ba�ru��ª;��j�q�lsr{t4j®r{��t4ª;lmf j¸�sf l�lmt	lsa�fT����e t4ª��s«G�Fovnsf"� e(�d��q���¬uovn�ªNt4nsq"f"��t/§4f�n
lsr{ewf4|G¯a�r{qma	ewfMovjd��lsaFo¤lJl�adf©��¨Z��lmf e ru�Clsn�¨Xr{jd~�lmt�³zjd�^lsa�fQewt4lsr{t4jwl�aFovlJ���=f�jd�z��o4�
¬{r{l�ls¬{fºf�j�f�nm~v¨So4���·t�����r}µ�¬uf(~vr{§�f jEl�adfT�d�sf n�xk��f�³�j�f"� ~�t�ov¬u��±T��l�¨A�zruqMo¤¬�ov����nstGo4qmaSªNt4n
�st4¬}§Ar}jd~�o�q"t4j���lsnmovr{j�f"�St4��lsr}ewr65Movl�rut4jV��nmtvµ�¬uf e ru��l�adfw�Zf"«G�df jXlsr;o¤¬��©�Fov�znpovl�ruqT�?nstvx
~4npove!e!r{jd~©ewf�l�adtA� 29o¤lJf"o4qma^r}lmf npovl�rut4jÜ|vlsadf�q"t4��l�ª;��jdq�l�rut4j r{�Ce!r{jzr{e!r 5"f��º³�ns��lM|Gl�adf�j
lsadf�f�n�nmt4nQt/§�f�n�ov¬{¬�q�t4jd��lsnpo¤r{jXlm��ru�ewr}j�r{e!r 5�f"�¹±J`ba�r{����nstZq�f"���©ru��ov���z¬{ruf���r}lmf npovl�r{§�f ¬{¨
��jXlsr{¬·lsadf�ovj�r}e	o¤lmt4nJru��mo¤lsru��³df"�·±

7�t/¯bf §�f�n"|lsa�r{�!ewf�l�adtZ� ��� 4·f nm�wª;nst4e �sf §�f npov¬�¬{r}ewr}lpovl�rut4jd��± 2-r{ns��l�¬{¨�|Clsa�fVa�r{~4a
q"t4e!����lmovlsr{t4jFov¬1q"tvew��¬{f »Ar{l�¨!t4ª�l�adf���nmtvµ�¬uf e �Êovjd��lsa�f©¬;ovns~�fQjX��eºµ·f n�t4ªÜ��j�°Xjdt/¯j �
¬{r{e!r{ls��lsadf^¬{f�jd~vlsa t4ªQovj�r}e	o¤lsrutvj ��f"«G�df�j�q"f"��± `badf����·f�q�r{³�qMovl�rut4j o¤jd� lsadf^jX��ewf�n�x
ruqMo¤¬*r{jXlmf�~4npo¤lsrutvj ��lmf �d�wovnmf�jdt4jZxkr{jXlsf�npovq�lsr}§�fv|�¯a�r{qma e^ov°�f��Tr{l �zr:9wq ��¬{lTlstEf e(µ=f"�
lsadf��sf*lmf�qma�j�r{«X��f"�ír{j o¤j!ovj�r{e^ovl�rut4j���f"��ru~4j ��¨A��lmf e�±?�bf"q"ov�d�sf�q�t4jd��l�npovr}jXlm�íovj��T~�tGov¬{�
e	oM¨	µ=f�j�t4jzxk¬}r{jdf"ovnM|Alsadf½�d��f�n�ru�jdt4lQ~4�FovnmovjXlmf�f"�Vl�aFovl�lsa�f�jX��ewf�n�ruqMo¤¬Ü��nmtAq"f��s��¯r{¬{¬
q"t4jX§�f nm~�f�lmtSovj o4q"q�f���lmovµ�¬{fV��t4¬{��l�rut4j¹± �Zf"q�t4jd�¹|*��r{jdq�fV�Z¨Ajdovewr{q"�Tru�(l�nmf"ovlmf�� o4�!o
q"t4jd��lsnmovr{jXl�µ·f l�¯bf�f�j ��j�°Xjdt/¯jd��|Üovjd�V��r}jdq"f½lsadf���¨A��lsf�e�q"t4e!��nst4ewr{�sf���µ=f�l�¯Jf"f jSov¬{¬
q"t4jd��lsnmovr{jXlm��lstVµ=fwo¤µ�¬ufTlmt�³�jd� o���t4¬{�zlsrutvjÜ|��z¨XjFove!ruq"��¬uo/¯���e^oM¨®jdt4l�µ·f f jAl�r{nsf�¬{¨
nmf"���·f�q�lsf"�	¯adf j�l�adfQ���sf�n*��lmtv�d�Jl�adf©r{lsf�nmovlsr{t4jd� �\l�a�ru��e	oM¨Tjdt4lJµ·f©o���nst4µ�¬uf e r{ª·l�adf
ovj�r{e^ovlst4n¹ru�z������lY¬utAt4°Xr{jd~*ªNt4n�§Xru���Fov¬GnsfMov¬}ru��e� ± ? o4��ls¬}¨�|¤��r{j�q"f�f�§�f ns¨�q"tvjd��l�npovr}jAl�r}j�l�adf
ovj�r{e^ovl�rut4j�e(�d��líµ=f���=f"q r{³df��V¶"o���nsr{t4nsr�¶v|4q�t4¬{¬}ru��r{t4jd�-ovjd� q"tvjAlmo4q�ls�íµ·f l�¯bf�f�j	tvµz��f"q lm�
ovnmf(ewtZ�zf�¬uf��®µX¨ q"t4j���lsnmovr{jXls��t4jE�=t���r{lsr{t4jd��lsaFovl�a�t4¬u�¸�z��n�r{jd~����·f�q�r}³dqTlsr{ewfºr}jAlsf�n�x
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§4o¤¬u�"±w`ba�r{�½�znmf�§4f�jXlm��lsadfT�d��f^t4ªbovj ov��lmtve	ovl�ruqTq�t4¬{¬}ru��r{t4j ��f lmf�q�lsr{t4j ovjd�¸nmf"���·tvjd�sf
e^tA�z��¬{f��z��n�r{jd~Tlsa�f�o¤j�r{e^ovlsr{t4jÜ±

btvadf�j *Ç� DC,T��nmf��sf jAlsf"� o¤j�r}ew��nst/§�f"� ewf�l�adtZ� ªNt4nS��t4¬{§Xr{j�~����Fo4q�f xylsr{ewf q"tvjzx
��lsnmovr{jXls�"± ikl!nmf ¬{r{f"� t4j ´����do4q"f lsr{ewf�¯r{jd�ztI¯��M¶�¯a�r{qma�ovnsf���f"��ru~4jdf�� r}jAlsf�nmo4q�l�r{§�f ¬{¨4|
ovjd�®f jFovµ�¬{fºlsadfº�st4¬}��lsr{t4j®t4ª�ow~4r{§4f�j �Fovn�lM|1r{j ���Fo4q"f o¤jd�®lsr}e^fv|=t4ªíl�adfTovjzr{e^ovlsr{t4jÜ±
�%¯r}jd��t/¯ ru����f ³�jdf"� tvj ow����µzxk�sf�l©t4ªí��f�~4nmf�f"��tvª?ª;nmf�f"��t4e o¤jd�®t4j®ow���zµzxkr}jAlsf�n�§4o¤¬
t4ªQl�r{ewf4±E�Qj r{lsf�npo¤lsr{§4f�t4��l�r{e!r 5Mo¤lsrutvj ��nstZq�f"�s� ��fMovnsqmadf"� ªNt4nTª;��jdq lsr{t4jd�T��f��sq�n�r{µ�r}jd~
lsadf^ewt4l�rut4jEt4ª�fMo4qma �zf"~4nsf"f�t4ªª;nsf"f"�zt4e r}j lsa�f^¯r{jd�ztI¯½|?l�aFovl�ewr}j�r{e!r 5�f"��o�~�tGo¤¬
¯a�r{¬{f�e^ovr{jXlmovr{j�r}jd~ o^��f�l�tvª?¯bf ru~4aXlsf"� q"tvjd��l�npovr}jAls�"±Q`badf(��t4¬{��l�rut4j�ªNt4n©fMo4qma ���Fo4q�f x
lsr{ewf©¯r}jd��t/¯ nsf���nsf"�sf jXlm��o(�Fo¤nslsruov¬¹��t4¬{�zlsrutvj�t4ª9l�adf�f�jXlsr}nmf�ovj�r}e	o¤lsrutvjÜ±?`badf½~4¬{t4µFov¬
�st4¬}��lsr{t4jÜ|¹q�t4jXlsr{jX�dtv�d��r{jS���Fovq"f!ovjd�¸lsr}e^fv|·ru��t4µzlpovr}jdf"� µX¨¸q"t4eºµ�r{j�r}jd~^l�adfT�Fovnsl�r;ov¬
¯r{jd��t/¯��í��t4¬{��l�rut4j��"± 
Q�dflmt�§Xru���Fov¬Fo¤jd�(jX��e^f nsr{qMov¬ZªNf"f"�ZµFo4qm° t4jTl�adf*��nmt4~4nmf��s��r{t4j t4ª
ovj�r{e^ovl�rut4jÜ|�lsadfJovj�r}e	ovlst4nÜq"ovjTo4�z��jdf ¯ q"t4j���lsnmovr{jXls�"|Ir{jdq nmfMov�sf�t4nY��f"q nmfMov�sfJ�znmf�§Xr{t4�d�
q"t4jd��lsnmovr{jXl9¯Jf�r{~4aXlm��|Gt4n?ewtZ�zr}ª;¨�r{jXlmf nsewf"�zruovns¨½��t4¬{�zlsrutvjd�"±9`badfovj�r}e	o¤lmt4nYlsaX�d�?r}jAlsf�n�x
o4q�ls�Jo¤jd�^~4�zru��f��Cl�adf�t4��lsr}ewr65Movl�rut4j�r{jwt4nm�zf�nClmt½e	o¤°�fr{l�q"tvjA§4f�ns~�fQlst�o¤j�o4q�q"f��zlpovµ�¬{f
�st4¬}��lsr{t4jÜ±

�Af�§�f npov¬�tvlsadf nr{e!��nmt/§�f e^f jXlm�*aFoM§�f½µ=f"f�j���nst4�=t��sf��V���dqma®ov�*lsadf�nmf ªNt4nseº��¬;ovl�rut4j
t4ªClsadf f�§4t4¬{�zlsrutvj¸t4ªJl�adfT��f�~4nmf�f"�½t4ª�ª;nmf"f���t4e r}j a�ruf npovnsqma�ruq"ov¬9¯boM§�f ¬uf�l�nmf ��nmf��sf jAlmo¤x
lsrutvj * g)=-,Ê±�`ba�r{��nsf���nsf"�sf jXlpovl�rut4j ov¬{¬{tI¯���l�adfw��ru~4jzr{³dq"ovjXl�nsf"�z��q�lsr{t4j tvªblsa�f^q"tvew���Zx
lpovl�rut4jFo¤¬íq"t���lM± �Qf�§4f�n�lsadf ¬uf"���"|ío�e	oI��t4n½�znpoM¯µFovqm°Etvª*���do4q"f¼xklsr}e^fTq�t4jd��lsnpo¤r{jXlm����l�r{¬{¬
nmf�e^ovr}jd� 2�q"t4¬}¬{r{��rutvjd�©¯r{l�aEl�adf!f�jX§Xr{nmtvj�e^f jXl(ovnsf!j�t4l���f�lsf"q�lsf"� ovj��ElsnsfMovlsf"� ov��lmt¤x
e	ovl�ruq"ov¬{¬}¨�±Ü`badf ¨(o¤nmf���r{e!��¬}¨�q"t4j���ru�zf�nmf�� o4�Yq"t4jXlpovq�l?q�t4jd��lsnpo¤r{jXlm��|vlsadovlíovnsfJ���·f�q�r}³df"�
ª;nmt4e�l�adf�r}nJµ=f"~vr{j�j�r}jd~�lmt�lsadf r{n�f�jd�wµA¨ l�adf©o¤j�r{e^ovlmtvnM±9�Vt4nmf�t/§�f�n"|zlsazru�íe^f lsadtA� aFo4�
jdt4lTµ=f"f�j �zr{nsf"q ls¬{¨ ov����¬}ruf�� lst aA�ze	ovj ¯bov¬{°Xr{j�~¸¨4f�l"± �Q¬}¬*lsa�fVo¤µ·t/§�fVov���znmtGo4qma�f"�
lmf�j��^lmt�t�4·f nJl�adf�o¤j�r{e^ovlmtvn�o�lmtAt4¬dlmt�r{jXlmf npo4q lsr{§4f�¬}¨Te^tA�zr{ª;¨�lsadf���nmtAq"f��s�*tvª¹e^tvlsrutvj
q"t4e!����lmovlsr{t4jÜ±�ikj¸q�t4jXlsnpov��lM|=lsadfºj�f »Al�ov����nstGo4qmadf���lsaFo¤l�¯bf(¯r}¬{¬Y��f��sq�n�r{µ=f(��nmtv�·t���f
������	 ����� � ����$ .�� �½ewtZ�zf�¬u�TtvªQaX��e^ovj ¬utAq"t4ewt4l�rut4jElsaFovl �zfMov¬¯r}lsa lsadf�r}jAl�nsr}jd��r{q	�z¨Gx
jFove!ruq"�9t4ª=aX��e^ovj!e^tvlsrutvjÜ±-bt4jXlsnmtv¬{¬uf nm�?e^ov°�f*r}lí�·t4�s��r}µ�¬uf*lst½�znsr}§�f*lsa�f"�sf��z¨XjFove!ruq��
¯a�r{¬{f�o4q"q�t4��jXlsr}jd~ ªNt4n�f�e!��r{n�ruq"ov¬¹o¤jd��µzrut4ewf"qmaFo¤j�ruq"ov¬·°Xjdt/¯¬uf���~�f�t4j�aX��e	o¤jV~�ovr{l"±

��
�� �7#��  �'�� ����� ����� � ��!�!	� ��'
`badfºo¤r{e tvª9lsa�f��d��f�tvª?q"tvjAl�nmt4¬}¬uf nm�*ru�lst^ovjzr{e^ovlmf½o ��¨XjXlsadf lsr{q�aX��e^ovj�³�~4��nmf�¯r}lsa
�zr{nsf"q�lC�Z¨Ajdovewr{q"��|�¯a�ruqma^ov¬{¬{t/¯��9�d�ílmt�ov��lst4e^ovlsr{qMov¬}¬{¨�lmov°�fr{jXlst�ovq"q"tv��jXl�l�adf�f34=f"q lm�
t4ªClsadf(r}jAlsf�nmo4q�l�rut4jd�©t4ªClsadf(³d~v��nmf(¯r}lsa¸lsadf(§Xr}nsls�dov¬?f jA§Xr}nmt4j�ewf�jXl"±ºikj¸lsa�r{�©ª;npo¤e^f¼x
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¯bt4n�°1|Jlsa�f	e	ovr}j ��nmtvµ�¬uf e ru�(lst ³�jd� lsadf�o4q ls�Fo¤lmt4nTªNt4nsq"f�� �Ne^tA��f ¬{r{j�~�lsadf�o4q lsr{t4j
t4ª?lsa�f½´�eº�d�sq ¬uf"�M¶�t4ª9lsadf½§Xr{nsl��Fov¬�aX��e^ovj � |FlsadovlQ¯r}¬{¬Üe^ov°�f�r{l��=f�nsªNtvnse lsa�fº��f���r{nsf"�
e^t4l�rut4j¹±

btvew���zlsr{j�~	lsadf o4q ls�Fo¤lmt4n�o4q lsr{t4jd��ru�Q�d���Fo¤¬{¬{¨���t4jdf(r}jSo	a�ruf npovnsqma�ruq"ov¬?��nstZq�f"�s�32
`badf ovjzr{e^ovlmt4n^�d�sf��®q�¬uo4�s��ruqMo¤¬�°�f�¨Gxyª;npovewfEtvnV°Xr{j�f�e^ovlsr{q®lmf"qmazj�ru«G�df���lmt ��f�³�j�f o
��f"��r{nmf�� ewt4lsr{t4jÜ± � ´��z¨XjFo¤ewr{q"� q"t4jXl�nmt4¬}¬uf�n '�lsa�f�j�q�t4ew�z��lmf��!ªNt4nsq"f��	ovjd� lmt4ns«X��f"�
nmf"«G��r}nmf�� lstSo4qma�ruf §�f�lsa�f�~�tGov¬y±+2-r}jFov¬}¬{¨�|-lsadf���lpovjd��ovnm� �zr}nmf"q l �z¨XjFove!ruq��(��nmtAq"f��s�
q"t4e!����lsf"��lsa�f(e^t4l�rut4jVlsaFo¤l�nmf�����¬}lm��ª;nmtve�l�adfT�sf l�tvªbo¤����¬{r{f"��ªNtvnmq"f��½ovjd� lmtvnm«G�df"��±
ikj^lsazru�Cª;npovewf�¯Jt4ns°1|Glsa�f©���=f"q r{³dq"ovlsr{t4jwt4ª·l�adf©~�t�ov¬de^tvlsrutvjwt 4·f nm�Ca�ru~4a!¬uf §�f ¬·q�t4jXlsnmtv¬
lmt(lsa�f½ovj�r{e^ovlst4nM|X¯a�r{¬{f©��aX¨A��r{qMov¬¹nsfMov¬}ru��e�r{�*t4µ�lmovr{jdf��	lsa�nst4�d~4a�l�adf��d�sf�tvª-l�adf��z¨Gx
jFove!ruq"�9q"t4jXlsnst4¬{¬{f�n"|Govjd�Tlsaznmt4�d~va!l�adf*r{jXlsf"~4nmovlsr{t4jTt4ª1ªNt4nmq�f"� �NlsaFovlír}jdq�¬}�d��f��íq"t4¬}¬{ru��rut4j
ovjd��ª;nsruq lsr{t4j�ªNt4nmq�f"�¯r{l�aVl�adf½f�jX§Xr{nst4j�ewf�jXl �¼±���jVr}jXlmf�n�e^f��zr;o¤lmf�q"tvjAl�nmt4¬}¬uf n*ru��t4ª;lsf�j
r{jXlsnstZ�z��q"f"��lst^ov¬}¬ut/¯K~Govr}l*nmf ³�jdf�ewf�jXls�©ovj���q�tZtvnm�zr}jFovlsr{t4j�t4ªYlsa�f½ewt/§�f e^f jAls�"±

�Jf�ªNt4nsf½l�adf½ovj�r}e	o¤lsrutvj���lmovnsls�"|zl�adf�ovj�r{e^ovlst4n*���·f�q�r{³�f"�lsadf�µ=f�aFoM§Xrutvnadf�¯ru��a�f"�
lmt���r}e(��¬uovlmf½µX¨���nstI§Xr{�zr{jd~wlsadf(a�r{~4a®¬{f�§�f ¬íq"tvjAl�nmt4¬}¬uf n©r{jXl�nmtA�z�dq"f��¸ovµ=tI§4f4±º`badfT�z¨Gx
jFove!ruq"��q�t4jXlsnmtv¬{¬uf n�d�sf��®lmt!q"t4e!����lsf�ªNtvnmq"f��©�z�znsr{j�~!l�adfº��r{e(��¬uovlsr{t4j�ru�nsf"���=t4jd��r{µ�¬{f
ªNt4ní��lmovµ�r}¬{r 5 r{jd~��=t���l���nmfv|Xe^ovr}jAlmovr{jzr{jd~�lsadf*¬{tZq�t4ewt4lsr{t4jºq ¨Aq�¬ufv|Xq"t4jXlsnst4¬{¬}r{jd~�lsadf���·f�f"�
ovjd�Vl�adf��zr{nsf"q�l�rut4jVt4ª?ewt4l�rut4jÜ|�ovjd�Vnsf"~4�z¬;ovl�r{jd~Tlsa�f�µ=f�aFoM§Xrut4nQt4ª-lsadf���t4r{jXlm��±�*o4��f"�
t4j^l�adf©q ��nsnsf�jXl*��lpovlsf©t4ª¹l�adfQewtA��f�¬=ovjd�wt4j	l�adf©��f���r}nmf"�^��lpo¤lmf4|Xlsa�f©q"tvjAl�nmt4¬}¬uf nJq�t4e x
����lmf��?ªNt4nmq�f"��ovjd�(lst4nm«G�df��ílmt½ov���z¬{¨�lmt�fMovqma	o4q ls�Fo¤lmt4n?¬{tZq"ovlmf��Tt4jTlsa�f9��t4r{jXlm��±?`badf��sf
ªNt4nmq�f"�qMo¤j�µ=f����·f�q�r{³�f"��µA¨w��nmtv�·t4n�lsr{t4jFov¬Çx���f nsr{§vovl�r{§4f�q�t4jXlsnst4¬{¬{f�nm� �y��
 q"t4jXlsnst4¬{¬{f�ns� � |
lsaFovl����·f�q�r}ª;¨	lsadf½�z¨XjFo¤ewr{q"�*µ=f�aFoM§Xrut4n�tvª9lsa�f��tvr{jXlm�32

� 6 �����08�� �����@D ���
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¯adf�nsf�����o¤jd���
	�o¤nmf��nmtv�·t4n�lsr{t4jFov¬Fo¤jd�w�zf�nsr}§vovlsr}§�f�~Govr}jd�?nmf����=f"q�l�r{§4f�¬{¨4|�8��= �� DYru�?l�adf
q���n�nmf�jXl���lpovlsf�t4ªÜlsa�f���¨A��lsf�e �N�·t4��r{l�rut4j	ovjd�	§4f�¬utAq�r}l�¨ � | 8���C= ����@Díru��lsadf��zf"��r}nmf�����lpo¤lmf
t4ª-l�adf½��¨A��lsf�eV±

��o¤j^��fQ�9o¤j�jdf�f�lJov¬k± * �)C1,dr{jXlsnstZ�z��q"f�o½l�¯Jtvxy¬;oM¨�f nmf"�^ovnmqmazr{lmf�q�l���nmflmt�q"tvjAl�nmt4¬dl�adf
~Govr{l©t4ª����dqma o	�z¨XjFove!ruq�����¨A��lsf�eV±T`badf(a�r{~4a ¬uf §�f�¬Cq�t4jXlsnst4¬{¬{f�n�q�t4jd��ru��ls��t4ªbo^³�j�r{lsf
��lpo¤lmfwe^o4qma�r}jdf4|-qMov¬}¬uf�� �-� � � � ����	� ��$ '� �/��� |-r}j ¯a�ruqma ��lpo¤lmf"�(ovnmf^o4�s��tZq r;ovlsf"� lst®o
�·t���fwtvªblsa�f!³d~v��nmf �\r{f4±	o���aFo¤�·fv|-µ���l½jdtvl(o��·t4��r{l�rut4j�� ±w`badfwl�npovjd��r{l�rut4j¸µ=f�l�¯Jf"f�j
l�¯bt�ov�v��o4q"f jXl���lmovlmf��"|1¯a�ruqma �zf�lmf nse!r{jdf��Ql�adf�ewt4lsr{t4j�µ·f l�¯bf�f�j¸lsa�fºq"tvnsnmf����=t4jd�zr}jd~
�·t���f"��|*ru� nmfMo¤¬{r 5�f"� µA¨ ��
 q"tvjAl�nmt4¬}¬uf nm�"±7`ba�f"�sf®� 
�q"t4jXlsnst4¬{¬{f�ns�"|b��¬uo4q"f�� t4j fMo4qma
��t4r{jXlM|Yq"tvew���zlmf lsadf nmf�«X�zr{nmf�� ªNt4nsq"f"�ºovjd�Slmt4ns«X��f"��lstV¬{fMo4�¸lsadf^ovnsl�ruq ��¬;ovlsf"� ³d~4�znmf
lmtVl�adf	���·f�q�r{³�f"� �=t��sf �\lsa�f^jdf »AlT��lpovlsfwr}j lsa�f	~4npo¤��a � ± 2-r{~4��nmf DV��f ��ruq lm�(���dqma o
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~4npov�zaEªNt4n�l�adf aA�ze	ovjS¯bov¬{°1±w`ba�ru��q"t4j�q"f��zl�r{�½�dovnsl�ruq��z¬;ovn�¬{¨�¯bf ¬{¬C���zr{lmf��SlstVq ¨Aq�¬{r{q
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e^t4l�rut4j��"|·���dqma ov��¯*ov¬}°Xr{jd~ 2Qlsadf(ewt/§�f�ewf�jXl½ru�©~�f�jdf npovlsf"�¸µX¨¸o�q�¨Aq�¬}ruq(~4nmov��a¸lsadovl
t4j�¬{¨®��f"��q�nsr}µ·f��(o�q�¨Aq�¬{fwtvªblsa�f^q"tvjd��r{��f�nsf"�Eewt4l�rut4j * g��Z| =4gz| =v�z|��)C1,Ê±�J¨Aq�¬}ruqT�·t4�sf
q"t4jXlsnst4¬�~4npo¤��ad���znmt/§Xru��f^o�ewfMovjElmtVnsf���nsf"��f�jXl ovjd� ov��lmtve	ovl�ruq"ov¬{¬}¨�q�t4jXlsnmtv¬Jtv�·f jzx
¬utAt4�^�=f�n�rutA�zruq�e^tvlsrutvjd�"±9`ba�ru�blsf"qma�jzru«G�df�q"ovj�µ·f©f »Almf jd��f"��lmtºq�¬ut4�sf"�Axk¬utAt4�wq"t4jXl�nmt4¬y|
lsaFovl©�d�sf��½r}j�ªNt4n�e	ovl�rut4j���nstI§Xr{��f"� µX¨ �sf jd�stvnm�"± 2Ftvn�r{jd��lpovj�q"f4|=lsnpo¤jd��r}lsrutvjd�©µ=f�l�¯Jf"f�j
�·t���f"�e^o/¨^µ·f��Fo¤npovewf�lsf�nsr65"f���µX¨�q�t4jXlpo4q l�r}j�ªNt4n�e	ovl�rut4j¹±

-/.�01.32 4 £ " �"5�¡ � " � "7698;:Q¥�8%"=¡/¢<8>=?= �X¢v 
`badf�ov���znmtGo4qma r}jXlsnmtA�z�dq�f"� ovµ=t/§�f	aFov�ºµ·f�f�j ¯r{��f�¬}¨ ��ls�d�zr{f"� ªNt4n�§vovnsr{t4�d��°Xr}jd� t4ª
e^t4l�rut4j��"±E�A�=f"q�r}³dq	q�t4jXlsnmtv¬{¬uf nm�ºado/§4f�lmt®µ=f���f"��ru~4jdf�� ªNt4n o®~4r}§�f�j µ=f�aFoM§XrutvnM± 2Ftvn
r{jd��lpovjdq�f4|���ovr{µ=f�n�l½ovjd��7�tZ��~vr{jd�5* g��<,?��f�³�j�f"�Eo�q�t4jXlsnst4¬{¬{f�n©lst�ovj�r{e^ovlsfº�z¨XjFove!ruq��
ns��j�jzr{jd~�t4ªJ«G�Fo4�zn����·f�� ovj��Sµ�r}�·f��¸q�nmf"ovls�znmf"��|YµX¨ nsf"~4��¬uovlsr}jd~^l�adfTns��j�jzr{jd~����=f"f��¹|
t4nm~Go¤j�r 5 r{jd~Slsadf �d��f t4ª�¬{f"~��	ovjd��e	o¤r{jXlpovr}j�r{j�~Sl�adf µFov¬;o¤jdq"fv±��Zf §�f npov¬�t4l�adf�n�o¤�zx
��nmtGovqmadf"��*&=vgZ| =B=1,de^ov°4f*r{lí�=t��s��r{µ�¬{f*lmt�ovj�r{e^ovlsf*�z¨XjFove!ruq��Covlsa�¬{f�l�ruqbµ=f�aFoM§Xrutvnm�C���dqma
o4�*ns��jzj�r{jd~z|Zµ�r{q�¨Aq�¬}r{jd~�|A§vov��¬{l�r{jd~ºovjd���zr}§Ar}jd~�|AµA¨^q"t4jXl�nmt4¬}¬{r{j�~(ov���znmt4��n�r;ovlsf©ªNfMo¤ls��nsf"�
t4ª-l�adf½q"t4j���ru�zf�nmf���ewt/§�f e^f jAls�"±

`ba�f"�sfwlmf"qmazj�ru«G�df��(�sf�f�e�lmt�jdf"q�f"�s��r{lmovlmf^o�¬{t4jd~��·f nsrutA�St4ª*r{jXlsf�npovq�lsr}§�fTls�zj�r{jd~z|
��r{j�q"f �Fovnpo¤e^f lmf�ns��ovnmf ³�nm��l�ªNtv��jd�EµX¨ l�nsr;o¤¬�ovjd� f nsnst4nM|-ovjd�Slsadf j ls�zjdf"�¹±^ikjd��f"f��¹|
f�e!��r{n�ruqMo¤¬�¬;oM¯�����f�lsf�nse!r{j�f©ovj�~4¬uf��Cr}j^l�adfQ��lpovlsfQe^o4qma�r}jdf"�ClsaFo¤lb���·f�q�r{ª;¨!o½a�ru~vaw¬{f�§�f ¬
��f"��q�nsr}��lsr{t4j7t4ª�lsadf µ=f�aFoM§Xrutvn�lmt µ·f ��r{e(�z¬;ovlsf"�¹±��Vt4nmf�t/§�f�n"|½ovjKt4�=f�jzxy¬utAt4��q"tvjzx
lsnmtv¬Ü��l�npovlsf"~4¨	¯r}lsa�³�jdf¼xkl���j�r{j�~!tvª9q�t4jXlsnmtv¬Ü�Fovnpo¤e^f lmf�ns�*ru�jdf�f"��f��¹|d¯a�ruqma�e	o¤°�f"�r}l
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�zr69!q��z¬{l�lmtºnsf��d��f�lsadf��sf©�Fo¤npovewf�lsf�nm�JªNt4n*o¤jdt4lsa�f�n*³d~v��nmf©¯r}lsa�o��zr64=f�nsf�jXlbewt4ns�zadt4¬}x
t�~4¨ * g /1,Ê±

-/.�01.�� � �Ü¡�8 � £z¡ � ¥*6 � " �X¢I£z¡ � 8%" 8;:©¥�8%"=¡/¢<8>= = �X¢¤ 
�Qj o¤¬{lmf nsjFo¤lsr{§4f�lmt!aFovjd�Zxyls��j�f"��q�t4jXlsnst4¬{¬{f�nm�r{��l�adf�r}nQov��lmtve	ovl�ruq�~4f�jdf npovl�rut4jÜ±*�Zt4ewf
ov����nstGo4qmadf��!tvªQl�a�ru�(°Xr{j�� o¤lslmf ew�zlTlmt ��lmovnsl ª;nst4e ��q�npo¤lmqma;2�`badf��d��f�n!��f�³zjdf"�wovj
ovnsl�ruq��z¬;ovlsf"� ³d~4��nsf©ovj���o�~�t�ov¬Fª;��jdq�l�rut4jwlmt�t4��lsr}ewr65"f �NªNt4nJr}jd��lmovjdq�f4|A~�t4r{j�~ºo4��ª\ovnbo4�
�·t�����r}µ�¬uf*r}j^o½~4r}§�f�j!lsr}e^f�� ±-`badf���¨A��lsf�e�ov��lst4e	o¤lsruq"ov¬{¬}¨�~�f�jdf npovlsf"�Jovjd�!t4��l�r{e!r 5"f��ío
�sf�l�t4ª1q�t4jXlsnmtv¬{¬uf nm��|�lsaFovlíe^oM¨ºnsf"���z¬{lír{jXlst�§�f�n�¨ �zr64=f�nsf�jXl�ovjd�!���zns��n�ru��r}jd~�¬utAq"tve^t4l�rut4j
e^tA��f"��± ��ovjS��f!�9o¤j�jdf!ovjd� 2-r{�ze^f * � DC,íe^tA��f�¬9q"t4jXl�nmt4¬}¬uf�ns�½o4�Q´��Af�jd��t4n�xk�©q�l��Fovlst4n
�Qf�l�¯Jt4n�°Z�M¶bruf4±�jdt4jZxk¬{r}jdfMo¤n9�zr}nmf�q�lmf��(~4nmov��ad�9¯r}lsa�¯bf ru~4aXlmf�� q"t4j�j�f"q�l�rut4j��"|4l�aFovl?q�t4e x
����lmf*o4q�l��Fovlmtvn9lmtvnm«G�df"�?ª;nst4e r{jXlmf nsjFo¤¬ZjdtA��f��?¬{r{jz°�f"��lmt©µ�r}jFovn�¨���f�jd��t4nm�í��ovlpo��\~4r{§Xr{j�~
r{j�ªNt4n�e	o¤lsrutvj!ovµ·tv��lbl�adf©f jA§Xr}nmt4j�ewf�jXl���dqma�o4�Jq"t4jXlpovq�l �¼±C`badf©r}jAlsf�n�jFov¬1�Fovnpo¤e^f lmf�ns�
t4ªJl�adf ��¨A��lsf�e ovnsf(³�nm��l�~�f�jdf npovlsf"�¸npovj���t4e!¬{¨�|¹ovjd�¸lsadf j t4�zlsr{e!r 5�f"� ovq"q"tvnm�zr}jd~�lmt
o�~vr{§�f jSq�nsr}lmf nsrutvjÜ± ��~�t�ovjd� ��ovn�°Z�$* g)D-,í���sf!o���r{e!r{¬uovnQov����nstGo4qmaÜ|Ü¯adf nmfT�Fovnmove x
f�lmf n�§vov¬{�df���ªNt4n�l�adfTq"t4jXl�nmt4¬}¬uf�n�ovnmfT��fMovnsqmadf"�¸¯r{l�aS~�f�jdf lsr{qTov¬u~4t4nsr}lsa�ew�"±��Ar}e^� * ��� ,
~�tZf��Jª;��n�lsadf n*r{jwlsadfQ�d�sf�tvª�~�f�jdf lsr{q�ov¬{~�t4nsr}lsa�ew�?µX¨	��r{e(��¬}lpovj�f"t4�d��¬{¨Tq�t4e!����lsr}jd~�l�adf
f�§�tv¬{��l�rut4j t4ªQlsadf�q�nsfMovl���nmf�e^tvns��adtv¬ut�~4¨ElsaFo¤l!µ=f"��l^����r{ls�!oE~4r}§�f�j ewtZ��f�t4ªQ¬utAq"tvx
e^t4l�rut4j¹±�`badf"��f(°Ar}jd���Qt4ªíe^f lsadtA����nmf�«X�zr{nmf�¬ut4ls�Qt4ª9lsnsruov¬u��|1ovjd�®q�t4jd�sf�«G�df�jXls¬}¨�jdf�f"�
aA��~�f�q"t4e!����lmovlsr{t4jFov¬Znmf"��t4��nsq"f"��±íikj	ov���zr{l�rut4j¹|4e^t4��lCt4ª1lsadf e�¯Jf�nmf�t4j�¬}¨º�d��f"�!r{j = 

ovjd�	lsa�f�nmf�r{�J§4f�ns¨^¬{r{l�ls¬{f�qmadovjdq"f�l�aFovl*l�adf©nmf�����¬}lsr}jd~ºewt4lsr{t4j^nsf"�sf e(µ�¬{f"�*¯Jf�¬{¬Çxk°Xjdt/¯j
e^t4l�rut4j	���dqma®o4�aA�ze	ovj�¯bov¬{°Xr}jd~�±

������¬}¨Ar}jd~©�Z¨Ajdovewr{q"�-q"t4jXlsnst4¬zewf�l�adtA���-lst�g 
 ³d~v��nmf��?~4r{§4f"�9n�ru��fJlmtQlsadfJqmaFov¬{¬{f�jd~¤x
r{jd~º�znmt4µ�¬{f�e�t4ª�e	o¤r{jXlpovr}j�r{j�~�lsa�f©µFov¬uovjdq"fv±í�Q¬}lsadt4��~4a�¯*o¤¬{°Xr{jd~�e^t4l�rut4j��b��a�t4��¬u��µ=f
q�¨Aq�¬}ruq4|Ylsadf^t4�·f jzxk¬{tZtv� q�t4jXlsnmtv¬bt4ªo®g 
�³d~v��nmf!e^t���lºtvª;lmf�j ¨Ar{f�¬{���(o�e^t4l�rut4jSlsadovl
lpov°4f"�*��f�§�f npov¬¹��lmf �d�"|�ovjd�^l�adf�j�l�adfQ³d~v��nmf�ª\ov¬{¬{�Jt/§�f nM± ? o4� 5�¬utºf�lo¤¬k± *àgZ� ,·�znmt4�=t��sf©ovj
ov��lmtve	ovl�ruq�e^f lsadtA�	ªNt4n~�f jdf�nmovlsr}jd~(¯bov¬{°Xr{j�~(e^t4l�rut4j��Jlsadovl*e^ovr{jXlpo¤r{jd��lsadf�µFo¤¬;ovjdq�f
ª;nmt4e ~4r}§�f jTt4�=f�jzxy¬utAt4�ºq�t4jXlsnst4¬{¬{f�nm� �\���dqma!o4�9o��=t��sf¼x�q�t4jXlsnmtv¬z~4nmov��a �¼±?`badf�e^f lsadtA��r{�
µFo4�sf��wtvj ´k¬{r{e!r{lYq ¨Zq ¬uf�q"tvjAl�nmt4¬�¶v±?`bazru�Cf »Alsnmo�q�t4jXlsnst4¬de^tA�z��¬{fblpo¤r{¬utvnm�9l�adf�t4�·f jzxk¬{tZtv�
q"t4jXlsnst4¬{¬{f�n�µX¨�nmf"~v��¬;ovl�r{jd~ ��t4e^f�t4ª-r{lm��§vovnsruovµ�¬{f"��o4q"q�t4nm�Zr{jd~ lmtwt4µd�sf ns§4f"�®�=f�nsl���nsµdo¤x
lsrutvjd�Qtvj®e^tvlsrutvjÜ±©`bazru��o¤��lmt4e^ovl�ruq�o4���zr}lsr{t4j®t4ª?q�¬ut4�sf"�Axk¬utAt4��q"t4jXlsnst4¬Y¨Ar{f�¬{���©��lpovµ�¬{f
ovjd� nst4µ��d��lº¯bov¬{°Xr{j�~�ewt4lsr{t4jd��|Yl�aFovlºa�tI¯Jf�§4f�n ��t�jdt4l�aFoM§�f^l�adfw§Xru���Fov¬�«G�Fov¬}r{l�¨¸t4ª
nmfMo¤¬¹aX��e	o¤jVewt4lsr{t4jÜ±
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�©���zr}jd~�µzrut4ewf"qmaFo¤j�ruq"ov¬d°Xjdt/¯¬uf"�z~�f©q�t4jdq"f nsj�r}jd~�aX��e^ovj	ewt4l�rut4j lmt�lsadf�r{jX§�f nm��f��z¨Gx
jFove!ruq"�ewtZ�Z��¬uf�ov¬}¬ut/¯���d�Qlst^~4�Fo¤npovjXlmf�f�l�aFovlQlsadf�q"t4e!����lsf"��ewt4l�rut4j�ru�QovjFo¤lmt4e!r}x
qMov¬}¬{¨ ªNfMo4��r{µ�¬{f4±íikª�lsa�f�ªNt4nmq�f"��ovnmf��znmt4�=f�n�¬{¨^ovjd��nmt4µz�d��l�¬{¨	q�t4e!����lmf��¹|zl�adf�qmaFovnmo4q�lsf�n
e	oM¨^µ=f�ovµ�¬uf�lstTaFovjd�z¬{f�r{jXlmf npo4q lsrutvjd�*¯r{l�a�azru��f�jX§Xr{nst4j�ewf�jXlM±J`ba�ru�e^oM¨^µ=f�f��s�sf jzx
lsr;o¤¬�ªNt4nJovj�r}e	ovl�r{jd~½o¤��lmt4j�t4e^tv�d��o4q�lst4nm�ír{j!§Xr{n�ls�Fov¬dnsfMov¬}r{l�¨(ov����¬}ruqMo¤lsrutvjd�"±9bt4¬{¬}ru��rut4jd�
¯r{lsa�t4lsa�f�nQt4µz��f"q lm��|=¯bov¬{°Xr{j�~wt4j®o!§vovn�r;ovµ�¬{f�lmf nsnpo¤r{jÜ|d¯bov¬{°Xr{j�~!r}jV¯bovlmf n�t4n©o4~Go¤r{jd��l
lsadf�¯r{jd�®q�t4��¬{�Vµ=f(��r}e(��¬;o¤lmf"���d��r{jd~^l�adf"��fºewf�lsa�tZ����|=t 4·f nsr{j�~	ow�=t/¯bf nsª;��¬-lmtAt4¬�lmt
ovj�r{e^ovlst4nm��±

7�t/¯bf §�f�n"|?lmf�qma�j�ru«G�df��ºµFo4��f"� t4j q"t4jXl�nmt4¬}¬uf�ns��ovjd� �z¨XjFo¤ewr{q"����r{eº��¬;ovl�rut4j¸��� 4=f�n
ª;nmt4e%o�a�ru~4aºq"t4e!����lmovlsr{t4jFov¬�q"t���l?q"tvew�Fo¤nmf"��lmt�°Ar}jdf�e^ovl�ruqílmf�qma�j�ru«G�df��"±C`ba�r{�Ye^ov°4f"�
lsadf e �zr:9wq ��¬{lblmt(�d��f½r}j�r{jXlmf npo4q lsr}§�f½ovj�r}e	o¤lsrutvj^lmtAt4¬{�"±C�Vtvnmf"t/§4f�nM|�l�adf�ewf"qmaFovjzruqMo¤¬
�Fovnpo¤e^f lmf�ns�*ovnsfQ§4f�ns¨^�zr69!q ��¬{lJlmt(q"ov¬{r}µ�npovlsf�¯r}lsa	nsf"���·f�q�l*lstºaX��e	o¤j�ovjFovlst4e(¨�±�2Ftvn
f »zove!��¬ufv|ZªNt4nb�dove!��r{jd~ºf34=f"q�ls�"|�jdtTq�t4e!�Fovnsr{�st4j^¯r{lsa^nmfMo¤¬¹aX��e	o¤jd�bru�J�·t�����r}µ�¬ufQ�z�df
lmtTlsadf½q�t4ew�z¬uf »Ar}l�¨^t4ª-�stvª;l�l�ru�����df�lst4�·tv¬ut�~4¨4±Cbt4jd��f"«G�df jAl�¬{¨4|1nsf"���z¬{lsr}jd~(ewt4lsr{t4jd�ovnsf
�d���Fo¤¬{¬{¨Sjdt4lTo4�(nmf"ov¬{r{��lsr{q	o4�(l�adt���f�~4f�jdf npovlsf"� µX¨ aFovjd� �d��r{jd~®°Xr}jdf�e^ovlsr{q"��|?¯a�ruqma
t�4·f n	�zr}nmf�q�l	q�t4jXlsnst4¬©tvj lsadfVf34=f"q lsr{§4f®e^tvlsrutvj nmovlsadf n^l�aFovj l�ns¨Xr{jd~Slmt ewtA��f�¬�r{ls�
qMov�d��f"��±

� � ���"� �½��� ��� � � �Ü
 � ��� � ����� �º� � �½�Y�

² fºado/§4f����d��l½��f"f�j¸l�aFovl�e^ovjX¨®�z¨XjFo¤ewr{q"�©ewtZ�zf�¬u��¯bf nmfT��f���r{~4jdf"� r}j lsadfºjzr{jdf lsruf��
r{j¸t4ns��f�n�lst���¨XjAl�adf"��r 5�fwaX��e^ovj¸³d~4��nsf(e^t4l�rut4j¹|=µ���l½r}l�ru����jz¬{r{°4f�¬}¨Vl�aFovl½�z¨XjFove!ruq��
��r{eº��¬;ovl�rut4j�¯r}¬{¬Y�stv¬{§�fºov¬{¬Yo¤j�r{e^ovlsr{t4j���nmtvµ�¬uf e�±���f"��fMovnsqmadf�ns��aFoM§�fºl�aA���©ls��n�jdf"�Vlmt
t4lsadf n©°Xr{j�����t4ªCo¤����nmt�o4qmadf"��±½`badfºnsf"q"f jXl���nmt�~vnmf"���©r{jVe^tvlsrutvj�q"ov��ls�znmfºlsf"qma�j�r{«G�df"�
e	ov°4f"��r{l��·t�����r}µ�¬uf�lmt^�Zr{nmf�q�l�¬{¨��d��fºaX��e	o¤j®e^tvlsrutvj��do¤lpoz±�² f�jdt/¯ ��f"��q�nsr}µ·fº�st4ewf
t4ª-l�adf"��fºo¤����nmt�o4qmadf"��±

��
�	 � ��������� � � � �� ��)�
�Q¬{¬=lsadf��znmf�§Xr{t4�d��ov���znmtGo4qma�f"����fMo¤¬¹¯r{l�a�µ�rut4ewf"qmadovj�ruq"ov¬k|Xewf"qmaFovjzruqMo¤¬¹t4n�f ew��r}nsr{qMov¬
°Aj�tI¯¬{f"��~4f(t4j aX��e^ovj®ewt4lsr{t4jÜ±�`ba�fT~�tGov¬-t4ªílsazru�Q°Xr}jd� t4ª�ov���znmtGo4qma�f"��ru��lmt^¯Jt4n�°
�zr{nsf"q�l�¬{¨ tvj �do¤lpo�¯azruqma o¤nmfT��nmt/§Xru�zf"�EµX¨SqMo¤��ls��nsf"�Se^t4l�rut4j��"±	`baX�d��|9r{j¸¬uo4��l½ªNf�¯
¨�fMo¤nm�"|Fewt4lsr{t4j�qMov�zls��nsf�lsf"qma�j�r{«G�df"��aFoM§�f�µ=f"f j�¯r{��f�¬}¨	�d�sf���lmtwovj�r}e	o¤lmf½g 
 nsr{~4ru�Zx
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µ·tA�z¨���°4f�¬uf lmt4j¹±í�J¨º����r{j�~©e	ov~4jdf�l�ruq�t4nít4�zlsruq"ov¬Almf"qmazjdt4¬ut4~4ruf��"|vr}l9r{�-�=t��s��r{µ�¬{fJlmt©��lmtvnmf
lsadf��·t4��r{l�rut4j��Jo¤jd�^t4n�ruf jAlmovlsr{t4jd�ít4ª·�·t4r}jXlm�í¬utAqMovlsf"�!t4j^l�adfQaX��e^ovj!µ·tA�z¨4±í�Kª;��n�lsadf n
q"t4e!����lmovlsr{t4j���nmt/§Xru�zf"��lsadf�q"t4n�nmf����=t4jd�dovj�q"f½µ·f l�¯bf�f�j lsa�f���¨XjAl�adf�l�ruq���°�f ¬uf lmt4j®ovjd�
lsadf�nmfMo¤¬?��°4f�¬{f�lmtvjÜ|=r}j t4nm�zf�n©lst�o4�do¤��l��do¤lpo!lst^lsa�fºjdf�¯ ewt4ns�zadt4¬ut4~4¨�±Q�Zf §�f�nmov¬ío¤�zx
��nmtGovqmadf"��* g�gz|Gg<,dado/§4fr{jXlsnstZ�z��q"f"� lmf�qma�j�r{«X��f"�Clmt�o4�dov�zlCqMov��l���nmf��wl�npo¤��f�q�lmtvnsruf��?lmt�o
�zr64=f�nsf�jXl?��¨AjXl�adf�l�ruq*��°�f�¬{f�lst4jÜ±í�X�dqma ��¨A��lsf�ew�Cov¬u��tQ�zfMov¬Z¯r{lsaºf�n�nmt4ns�-r{jXl�nmtA�z�dq"f��(�z��n�x
r{jd~^l�adfTqMo¤��ls��nsfº��nstZq�f"�s��|����dqmaEo4��jX��ewf�n�ruqMo¤¬?ov�z��nmtM»Ar{e^ovlsr{t4jd��|·qMo¤¬{r{µznpovl�rut4jVf�n�nmt4n"|
f�¬uf�q�l�nmt4j�r{q!j�t4ru��f4|9f lmqv±V`ba�f^e^f lsadtA� q�t4jd��ru��ls��r}j nmf�q"t/§�f nsr}jd~ ovjd~v��¬;ovn½l�npo¤��f�q�lmtvnsruf��
¯a�ruqmaVovnsf½ov����¬}ruf"�	lst oT��¨XjXlsadf lsruq�ovn�lsr{q���¬uovlmf��^µ·tA�z¨4±���r}§�f�j���f�jd��t4n��·t���r{l�rut4jd�*ovjd�
t4nsr{f�jXlpovl�rut4j��"|?o�ewtA�zr{³df��Er}jA§4f�ns�sf	°Xr{jdf e	o¤lsruq!t4��l�r{e!r 5"ovlsr{t4j o¤¬u~�t4n�r{l�a�e ru���d�sf�� lmt
��nmtA�z�dq�f!l�adfw�zf"��r}nmf��V��t4r{jXl�l�npo¤��f�q�lmtvnsruf��"±�`badf!��¨XjXlsa�f�lsr{q^��°�f�¬{f�lst4j lsaX�d����¬;oM¨A��f »Xx
o4q�l�¬{¨^l�adf½�movewf�ewt4lsr{t4j�o4�*lsa�f½nsfMov¬Yovq�lmtvnM±

2dt4n�ewt���l9ov���z¬{ruq"ovlsr{t4jd��|Il�adf�qMov��l���nmf��ºewt4lsr{t4j�j�f"f"�z�-lmt�µ·f�e^tA�zr}³df"��r{jºt4nm�zf�nYlmt
q�nmf"ovlmf�o*§vovnsr{f�l�¨�tvªz���·f�q�r{³�qJo¤j�r{e^ovlsr{t4jd��|"lsaFo¤lÜe	oM¨�lmov°�fílsa�f���¨XjAl�adf�l�ruq�f�jX§Xr{nst4j�ewf�jXl
r{jXlmt�o4q�q"t4�zjAl"±52dt4n�r}jd��lmovjdq"fv|¹¯adf�jSr{jXlsf�npovq�lsr{t4j µ=f�l�¯Jf"f�jEl�¯bt���¨AjXl�adf�l�ruq!o4q�lst4nm��r{�
nmf"«G��r}nmf��¹|lsadf r{n^ewt/§�f e^f jAl^aFo4�wlst µ=f�e^tA�zr}³df"� lmt ewtZ�zf�¬�lsa�r{�wr{jXlsf�npovq�lsr{t4j �NµX¨
��fMov¬}r{jd~�¯r{lsa��znmt4µ�¬{f�ew�*t4ªYq"tvjAlmo4q�ls�"|�l�npo¤��f�q�lmtvns¨	l�npo4qm°Xr{j�~�|�f�lsq4± � ±C`�tTlsa�r{�*f�jd�·|�l�¯bt
e	ovr}jTª\ove!r{¬{r{f"�-t4ª·lsf"qma�j�r{«G�df"�CaFoM§�f�µ·f�f�j^r}jXlsnmtA�z�dq�f"� r{j lsa�f�¬uo4��líªNf ¯ ¨�f"ovnm�32?e^tvlsrutvj
µ�¬uf jd�zr{j�~ ovjd��e^t4l�rut4j^¯*ovn���r{j�~�±
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�Vt4lsr{t4j�µz¬uf�j��zr{jd~wjdf"f����½o^�dovlmovµFo4��f(t4ªCqmaFo¤npo4q lmf�n�ru��lsruq�e^tvlsrutvjd���\��f"��q�n�r{µ=f"� f�r}lsadf n
r{j l�adf^ª;nsf"«G�df�j�q�¨ t4n�lmf ew�=t4npo¤¬J�zt4e	o¤r{j �½ovjd� q�t4jd��ru��ls�ºr{j r{jXlmf ns�=t4¬;ovl�r{jd~�µ=f�l�¯Jf"f�j
lsadf r{n�Fovnmovewf�lmf nm�*r}jVtvnm��f n�lstT��nmtA�z�dq�f½j�f�¯ ewt4l�rut4jd��±

��jX��e	o(f l�ov¬y± * ��� ,=�d�sf�� 2Ftv��nsr{f�nJf »A�Fovjd��rut4j��t4ª�f »A�=f�nsr}e^f jXlpov¬=aA�ze	ovj^e^t4l�rut4j��
lmtQr}jXlmf�n��·tv¬;ovlsf�tvn9f¼»Zl�npov�=t4¬uovlmfClsadf�aX��e	o¤jº¬utAq"tve^t4l�rut4j¹± 2-r{ns��l"|�ovjd~v��¬;ovn�l�npo¤��f�q�lmtvnsruf��
ovnmf�f¼»Z�znmf"���sf��®�d��r}jd~$2Ftv��nsr{f�n��f�nsr{f"�r{j�l�adf�ª;nmf"«G�df jdq�¨���tve	ovr}j;2
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� ¬ut/¯*xkµdovjd��³�¬}lmf n©ru�©ov����¬}ruf��Vlmt	°4f"f �Etvj�¬{¨�lsa�fº³�nm��l��Fovnmovewf�lmf nm�58��4 � =������� ?A?�?���� Dm±
(�j�q"fbl�adf"��f��dovnpovewf�lsf�ns�?ovnsf*t4µ�lmovr{jdf��(ªNt4n?��f�§4f�npo¤¬d�zr64=f�nsf�jXlí¬utAq"tve^t4l�rut4j���l�¨A¬{f"��|�r{l9r{�
�·t�����r}µ�¬uflmt�r{jXlmf ns�=t4¬;o¤lmfª;nmt4e t4j�fQ��f�l*tvª¹�Fovnmove^f lmf nm� 8 � ;� =�� ;� D9lmt(o¤jdt4lsa�f�n 8 �! � =��� � D 2
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¯adf�nsf 
	ru�(o nsfMov¬b§4o¤¬{�df^nmovjd~4r}jd~�ª;nst4e A�lst ��± ��f�¯ e^t4l�rut4j��(qMovj µ=f	t4µ�lmovr{j�f"�
µA¨¸r}jAlsf�n��·t4¬uovlsr}jd~�µ·f l�¯bf�f�j l�¯Jt®��nmf¼x�q"tvew���zlmf"�Ee^t4l�rut4j��"±���f"���z¬{lsr}jd~Vewt4l�rut4jd��ovnsf
q"t4e!��¬uf lmf ¬{¨ ��f ³�jdf"� µX¨ lsadf�§vov¬{�dfVt4ª 
 ovjd� µA¨ lsa�fVl�¯Jt �sf�ls�	t4ª��dovnpovewf�lsf�ns�^t4ª
t4nsr{~4r{jFo¤¬9ewt4lsr{t4jd�"±$2dt4n�f »zove!��¬{f4|Ülmt�e	o¤°�fwo���¨AjXl�adf�l�ruqwo4q�lst4n½¯*ov¬}° r{jEo�ewt4nsfTt4n
¬uf"����l�r{nmf�� ª\o4��a�rut4j¹|-r{l�ru�½�=t��s��r{µ�¬{fwlmt�r{jXlmf ns�=t4¬;o¤lmf µ·f l�¯bf�f�j oVjdt4n�e	o¤¬bo¤jd� o�l�r{nsf"�
~Govr{l"±

²�a�f�nmf"o4� ��jA�ze	o^f l�ov¬y±¯bt4n�°�f��¸¯r}lsaVlsnpoI��f"q�lst4nsr{f"��r{j�l�adfºª;nsf"«G�df�j�q�¨®�zt4e	o¤r{jÜ|
���dt©ovjd� ��t4µ=f�nm~4f * =Z� ,A�d�sf��(�Fovnmove^f lsn�ruqCª;npovewfJ���Fo4q�f*r{jXlmf ns�=t4¬;ovl�rut4j�t4ªz°�f�¨Gxyª;npovewf"�
e^t4l�rut4j��"±��?§4f�ns¨Ve^tvlsrutvj�¯r{l�a � ovnsl�ruq ��¬;ovl�rut4j���r{�©f¼»Z�znmf"���sf��Sr}j¸o^e!xk�zr{ewf�j���rutvjFov¬
���Fo4q�f���� 6 8���; =��  =@?�?A?�=�� � Dp± `baX�d�"|QªNt4n � °�f�¨Gxyª;npovewf"�	�
�; =��
� =@?A?�?�=��
�� |�r{l	r{�
�·t�����r}µ�¬uf^lstEq�t4e!����lmf	r}jzxkµ=f�l�¯Jf"f j o¤jd~4��¬uovn(lsnmo¤��f"q lmt4n�ruf�� µX¨ o®e x��zr}e^f jd��r{t4jFov¬�r{jZx
lmf�n��·tv¬;ovl�rut4j	ª;�zjdq�l�rut4j � 8 
<Dp|�¯adf nmf 
�ru�*l�adfºo¤nmq xy¬uf jd~4lsa��Fo¤npovewf�lsf�nM±�`badf½nmf�����¬}lsr}jd~
ovjd~4��¬uovn9l�npo¤��f�q�lst4nsr{f"�Covnsf*e	ov�z�·f��(lmt½o�adt4n�r 5"tvjAlmov¬z¬}r{jdfJ�sf�~4e^f jXlílsa�nst4�d~4awo©�Fovnmove x
f�lmf nq"tvjA§4f�ns��rutvj�lmtTt4µ�lmovr{j	o^��x 
 ª;npovewf©���Fo4q�f4± (©jdq"f©l�adf"��f�t4�=f�npo¤lsrutvjd��ado/§4f�µ·f�f�j
qMovn�nsruf�� t4��lºt4j �Snsf�ªNf nmf�j�q"f"� ewt4lsr{t4jd��|-r{l�ru���·t4�s��r}µ�¬uf lmt�q�nmf"ovlmfwjdf�¯ ewt4lsr{t4jd��o4�
¬{r{j�fMovn-q"t4eºµ�r{jFo¤lsrutvjd� �\t4n?¯Jf�r{~4aXlmf"�T����ew� �9t4ªdl�adfbnmf ªNf�nsf�jdq�f�r}jXlmf�n��·tv¬;ovl�rut4j�ª;��jdq lsrutvjd�
��� 8 � D>=58 � 6 " =���=@?A?�?�= � Dp|F¯adf nmf � ru��lsadf�q"tAt4nm�Zr{jFovlsf�tvªílsadf	� x	
�ª;nmove^f����do4q"fv±�2Ftvn
aA�ze	ovj�¬utAq"t4ewt4l�rut4jÜ|�ªNt4��n-�zr64=f�nsf�jXl-¬{tZq�t4ewt4lsr{t4jd�ÜovnsfJq�t4jd��ru��f nmf"� 2v��adt4nsl�x���lmf�� �  M � �¼|
¬ut4jd~¤x���lsf�� � =Ê � �¼|���a�t4nsl�x���lsf�� ns�zj�j�r{j�~��  M �¢ �-ovjd�T¬ut4j�~vx���lmf��ºns��j�jzr{jd~ � =Ê "¢ �¼± 2-r{~4��nsf C
��f���r{q�lsf"� ovj f »zove!��¬uf t4ªbª;npovewf ���Fo4q�f^r{jXlsf�ns�=t4¬uovlsr{t4j ªNt4n�lsadf aX��e	o¤j ¬utAq"tve^t4l�rut4j
q�¨Aq�¬{f4±

SSR LSR

LSWSSW

time

2-r{~4��nmf�C
2í� �·t���r{l�rut4j�q ��ns§4f���f ³�jdf��Vr{j�l�adf�ª;npovewf����do4q"fv±

²�r}¬uf ¨�o¤jd� 7©ovazj *&D A<,9aFoM§4f ov¬u��twr{jXl�nmtA�z�dq"f��¸owlmf�qma�j�r{«X��f(lmt	r{jXlsf�ns�=t4¬uovlmf½��nmf¼x
nmf"q�t4nm�zf"� q"ov��ls�znmf"�Se^tvlsrutvjd�"± ����ewf�nst4�d��qMov��l���nmf�� ewt4lsr{t4jd����f ³�jdf	o��Fovnmovewf�lmf n
���Fo4q�f �\���dqma!o4�Ylsadf��·t4��r{l�rut4j�t4ªFo¤j(f�j��Zx�f�4·f�q�lmtvnM|���l�¨A¬{f"�?tvª�¯*o¤¬{°1|4f lmq4± � |�ovjd�ºjdf ¯ e^t¤x
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lsrutvjd��ovnmf�t4µ�lmovr{jdf��wµX¨ r{jXlmf ns�=t4¬;o¤lsr{j�~��Fovnpo¤e^f lmf�ns�Jtvª¹�stve^f�qMov�zls��nsf"�^ewt4lsr{t4jd�?¯r}lsa
q���µ�r{qb����¬{r}jdf"��±?`badfb�znmt4µ�¬{f�e%t4ª�l�a�ru�Ylmf�qma�j�ru«G�df*r{�Yl�adf*��r 5"fJt4ªdlsa�fb�dovlmovµFo4��fblsadovl?��f¼x
�·f jd����t4j�lsa�f�nmf"«G��r}nmf�����nsf"q ru��r{t4j�t4ª�lsa�f�nmf"����¬{l�r{jd~(ewt4l�rut4jÜ±?�Vt4nsf"t/§�f nM|dªNt4n*aX��e^ovj
e^t4l�rut4j¹|1��f�§4f�npo¤¬C�zr64=f�nsf�jXl��=t���l���nmf���q"t4n�nmf"���·tvjd�¹|·r}j ~�f�j�f�npo¤¬k|=lst�ow��j�r{«G�dfº�Fovnmove x
f�lmf n �Ê���dqma o4�ºl�adf^�=t���r}lsr{t4j tvªlsadf^adovjd���¼± `badf"��f�q��d��lmt4e!r 5�f"� �=t���ls��nsf"�(e^o/¨¸µ=f
lpov°4f�j�r{jXlst(o4q�q"t4��jXl*r}j^l�a�ru��°Ar}jd�	t4ªÜewtA��f�¬Fr{ª·jdf�¯7�Fovnmovewf�lmf nm�bovnmf©o4����f�� �yo4q�q"t4ns�Zx
r{jd~�lmt�lsadf��sf!ª\ovewr}¬{r{f"��t4ªJe^tvlsrutvjd� �¼±�bt4jd��f"«G�df jAl�¬{¨4|9lsadf!§�t4¬}��ewf!tvªblsa�fw�do¤lpovµFov�sf
t4ªQ�znmf xynmf�q"t4ns��f"� e^t4l�rut4j��(r{jdq nmfMov�sf"� ��nst4�·tvnslsr{t4jFov¬}¬{¨¸lmt l�a�ru�TjX��e(µ=f�nwt4ª��Fovnpo¤e^f¼x
lmf�ns�"±C`�tT��f"q nmf"o4�sf�l�adf©§�tv¬{��ewf©t4ªÜl�a�ru�J�dovlmovµFo4��f4| ��tTovj���Jnmf�ewf�n *àg�A<,·r}jAl�nmtA�z�dq�f"�
o®��¨A��lsf�e qMo¤¬{¬uf�������� �� J|?¯azruqma ov��lmtve	ovl�ruq"ov¬{¬}¨®µ�¬uf jd���(ewt4lsr{t4jd��q"t4e!����lsf"� µX¨
°Ar}jdf�e^ovl�ruqe^tA��f ¬u�Ct4ª¹aX��e^ovj	¬{tZq�t4e^tvlsrutvj �Ê��f��sq�n�r{µ=f"�^r}j * =�C<, �ír}jd��lsfMo4�^t4ªÜqMo¤��ls��nsf"�
e^t4l�rut4j��"±�
Qf��=f�jd�zr}jd~^tvj®�zr}nmf"q lsr{t4j®o¤jd�V§4f�¬utAq�r}l�¨�|dlsa�f���¨Z��lmf e ov�zlmt4e^ovlsr{qMov¬}¬{¨!~�f jzx
f�npo¤lmf"�ªNtAt4ls�znsr{jXls��ovjd���sf ¬uf"q lm��lsadf�ov�z��nmt4�znsr;o¤lmf���l�¨A¬{f½t4ª9~�ovr{l"±

²�a�f�nmf"o4�Clsadf*��nsf�§Xrutv�d��ov����nstGo4qmadf����d��f¬{r{j�fMovn?r}jXlmf�n��·tv¬;ovl�rut4j�lmt½µ�¬uf jd�Tl�¯bt½��nmf¼x
nmf"q�t4nm�zf"� e^tvlsrutvjd�"|í��t���f�f�l!ov¬y± * g��<,J�d�sf����do4q"f lsr{ewf	q�t4jd��l�npovr}jXlm�ºlst®lsnpo¤jd��r}l(ª;nmt4e
t4jdf(ewtI§4f�ewf�jXl�lmt�ovj�t4lsadf nM±T�bo4��r{qTt4�·f npovlst4nm�����dqma o4���Fovnmov¬{¬{f�¬{r{��eV|·ov���zr{l�rut4j ovjd�
����µ�l�npo4q lsr{t4j o¤nmfS��f�³�j�f"� ªNt4nVo µFo4��r{��t4ªTf�¬{f�ewf�jXlpo¤ns¨ ewt4lsr{t4jd��± `badfSlsnpo¤jd��r}lsrutvj
µ·f l�¯bf�f�j^l�¯Jt½e^t4l�rut4j��9ru�?l�adf�jwt4µ�lmovr{jdf��(¯a�r{¬{f��fMo¤¬{r{j�~�¯r{lsa �Z¨Ajdovewr{q"�Cq"tvjd��l�npovr}jAls�
���dqma®o4�*ewr}j�r{e!r 5 r{jd~½lsa�f½nsf"«G��r}nmf"��f�j�f�nm~v¨ �yo4����f��sq�n�r{µ=f"��r{j����zµd�sf�q�lsr{t4j�gz± = � ±

`ba�fºe	o¤r{jVo4�z§vovjXlpov~�f"��tvª?lsadf�e^tvlsrutvj�µz¬uf�j��zr{jd~!lmf�qma�j�ru«G�df���ovnsf�lsa�f�¬ut/¯ q�t4e x
����lpo¤lsrutvj q"t���l½ovjd�®l�adfº�d��fTt4ªCe^tvlsrutvj®qMo¤��ls��nsfºlsnmo¤��f"q lmt4n�ruf���o4�©��n�r{e^ovns¨��do¤lpo �Nlmt
f�jd����nmf^l�adfwe^ovr}jAlmovr{jdovjdq"fTtvªr{jXlsn�r{jd��ruq �z¨XjFove!ruq���t4ªblsadf!e^t/§�f e^f jXl � ±V`badf^e^ovr}j
�znpoM¯µFo4qm° tvªQl�adf"��f�lsf"qma�j�r{«G�df"� ru�(l�aFovlTlsa�f�jX��eºµ·f nwtvªQ�=t��s��r{µ�¬{f�f34=f"q lm�!���dqma o4�
¯bf"ovnsr}jdf"���"|�jdf�n�§�t4�d��jdf"���"|Qf�lmqv± nmf ¬{ruf��wtvj�lsadf�jA�ze(µ·f n�t4ª���nsf xynmf"q�t4nm�zf"� ewt4lsr{t4jd�"±
��ov°Xr{jd~wo!aX��e^ovj�³d~4��nsf�¯bov¬}°�r{j�o!ewt4nmf½t4n�¬uf��s��lsr}nmf"��e^ovj�jdf nQr{���=t�����r{µz¬uf�r{ª?ovjd�
t4j�¬{¨ r}ª�oºjdt4n�e	ov¬F¯bov¬{°^ovjd�	oºlsr{nsf"�^¯bov¬}°^o¤nmf©nsf"q"tvnm��f��¹±J�Vt4nmf�t/§�f�n"|zªNt4nJlsadf��sf�lmf�qmazx
j�ru«G�df��"|=l�adf�ov��lsa�t4nm�Q~�f�jdf npov¬}¬{¨�ov�s���ze^f�lsaFovlQlsnmovjd��r}lsr{t4jd�µ·f l�¯bf�f�j l�¯Jt^�Fovnmovewf�lmf n
�sf�ls�½ovnmf�¬{r{j�fMovn��Êt4n©q���µzruq �Qovjd� q"tvjAl�r{jX�dt4����r{j®l�r{ewf4±�ikj ª;nsf"«G�df�j�q�¨¸ovj��®lmf�e!�=t4npov¬
��t4e^ovr{jd��adt/¯Jf�§�f nM|Üjdt4l�a�r{j�~^f�j�����nsf"��lsaFo¤l�ovj®r}jXlmf�n��·tv¬;ovlsf"� �\t4n�f¼»Zl�npov�=t4¬uovlmf�����do¤x
npovewf�lsf�n��sf�lº��nmtA�z�dq�f"��nsfMov¬}ru��lsruqTewt4lsr{t4jd��± 2Yr{jFov¬}¬{¨4|�r}j ��t4e^fwqMo4��f"��|?r{jXlmf ns�=t4¬;ovl�rut4j
µ·f l�¯bf�f�j l�¯bt¸�Fovnmove^f lmf nT�sf lm�(ru�T��ovjd~�f nmt4�d��± 2dt4n�r{jd��lpovjdq�f4|C¯adf�j ¯Jf�e^t/§�f�tv��n
aFovjd�¹|d¯Jf�e^oM¨���f"q ru��f½lmtwq"t4e!��¬{f�lmf ¬{¨^qmaFovjd~�f�lsadf½µ=tZ�z¨�q�t4j�³d~v��npovl�rut4j 2zªNt4n�f »zove x
��¬ufv|¹µA¨¸��«G�Fovlsl�r{jd~�r}ªJl�adf!ov¬{l�r{ls����f(t4ªJlsadfTaFovj��Sr{��¬ut/¯bf n½lsaFovjEo�~4r{§4f�jSlsa�nsf"��adt4¬u�·±
ikjAlsf�n��·t4¬uovlmf����·t���ls��nsf"��|Fr}j�lsa�r{��Fovnsl�ruq ��¬;ovnbqMo4��f4|d¯r{¬}¬·jdtvlµ·f�nmf"ov¬{r{��l�ruq4±
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² f(q"ov¬{¬-e^tvlsrutvj�¯bovns��r}jd~�ov¬}¬-lsf"qma�j�r{«G�df"��lsadovl�lpo¤°�f(¯Jf�¬{¬Çxk°Xjdt/¯j lsnmo¤��f"q lmt4n�ruf����Ê��f¼x
�sq�n�r{µ=f"� µX¨ °�f ¨Gxkª;npo¤e^f��!tvn(e^tvlsrutvj qMov�zls��nsf"� lsnpoI��f"q�lst4nsr{f"���(ovjd� e^tA�zr{ª;¨¸l�adf�e r}j
t4nm��f n©lst	qmaFovjd~4f(lsadf�e^t4l�rut4j¹±©`�t	lsa�r{�©f jd�¹|·l�¯Jt	e	o¤r{j®~vnmt4�����©t4ª�ov�z��nmtGovqmadf"�½ovnsf
q"t4jd��ru��f nmf�� 2C��ru~vjFov¬Ü��ls�d�z¨�r}j�lsadf�lsf�e!�·t4nmov¬Üt4nr}j�lsadf�ª;nmf�«G�df�jdq ¨���t4e^ovr{j¹±

²�r}ls°Xr{j	ovjd���Yt4�=tI§Xr{q * DB=1,1e^tA�zr{³�f"�	o�nmf�ªNf nmf jdq"f©l�npo¤��f�q�lst4ns¨34 � 8 � D �\¯a�f�nmf �Ynmf �zx
nmf"��f�jXlm��lsadf������w�Fovnpo¤e^f lmf�n½tvªblsa�fw��¨Z��lmf e ��µX¨ r{jXlmf npo4q lsr{§4f�¬}¨®ls��jzr{jd~�lsadf �=t���r}lsrutvj
t4ª9��f�¬{f"q�lsf"��°�f ¨Xxyª;npovewf"�Qovjd��µX¨��sq"ov¬{r}jd~ ovjd����azr{ª;lsr}jd~ 4 � 8 � D 2

� � =�4��� 8 � D 6 � 8 � D�4 � 8 � D ���-8 � D
� 6
	 8 � � D �:/ �

2d�zjdq�l�rut4j
� 8 � DJru���d�sf���lmtw�sqMo¤¬uf½lsadf���ru~vjFov¬Yovjd���18 � Dbr{�����sf"�Vlmt^qmadovjd~�f�lsadf�q"f jAlsf�n
t4ª��sq"ov¬{r}jd~®t4ª �d±¸`badf���f ªNt4nse^ovl�rut4jEª;nmt4e�lsr}e^f � lmt � �?r{�To�q�t4jd��l�npovr}jdf"� r}jXlmf�n��·t¤x
¬;ovl�rut4j µdo4�sf�� t4j *ovnm�Zr{jFov¬*����¬}r{jdf��"± `baA���"|bl�adf�nmf"����¬{l�r{jd~¸��f"«G�df�j�q"f®�sovlsr{��³df�� l�adf
q"t4jd��lsnmovr{jXlm�ítvª=jdf ¯ °4f�¨Gxkª;nmove^f��í¯r{lsaTnsf"���·f�q�l�lmt�lsa�f��dovlslsf�nsj!t4ª1lsa�f*r{j�r}lsr;o¤¬Zewt4lsr{t4jÜ±
�Vt4nmf�t/§�f�n"|�µ�¬uf jd�zr{j�~ tvª(�sf §�f npov¬�e^tvlsrutvjd��qMovjKµ=fEt4µzlpovr}jdf"�7µX¨�¯bf ru~4aXlmf�� ����e^��±
�½t¸o¤jd� �*o4�z¬{f�n * =4�1,ov¬u��t�r{jXlsnstZ�Z�dq"f�� o�ewf�l�adtA� lmt e^tA�zr}ª;¨So nsf�ªNf nmf�j�q"f�e^tvlsrutvj
nmf"q�t4nm�zf"�Vo4���sf"«G�df jdq"f���t4ªY°�f ¨Xxyª;npovewf"�32

� 6��8 � � =�� � D�� � 6 " =@?@?@?�= ���
¯adf�nsf � ��ru� o nmf"ov¬jX��e(µ=f�n ¯r{l�a � ��� � � � ; |bo¤jd��� ��ru� ovjX¨ �zr}e^f jd��r{t4jFov¬b§�f"q lmt4n"±
�J¨ qmadovjd~4r}jd~®lsadfwe^t4n���adt4¬{t�~4¨¸t4ªl�adf���¨XjXlsa�f�lsr{q	³d~4��nsf4|?jdf ¯��dovnpovewf�lsf�ns� 8 � �:=�� � D
ovnmf¸ov�zlmt4e^ovlsr{qMov¬}¬{¨ q�t4e!����lmf��Klst e	o¤°�f jdf�¯ qmaFovnmo4q�lsf�n�¯*o¤¬{°A�"± ²�a�f�nmf"o4��lsadf��sf
�Fovnpo¤e^f lmf�ns��ovnmf½qmaFo¤jd~�f"�·|�lsadf½qmaFovnmo4q�lsf�n�ru��l�ruq���tvª-l�adf½t4nsr{~4r{jFo¤¬·~Go¤r{l�ovnsf���nmf��sf�n�§�f��¹±

ikj���lmf"o4�Kt4ª���ls���z¨Xr{jd~ l�npo¤��f�q�lmtvnsruf��	r{j�l�adf®lmf ew�=t4npo¤¬©��tve	ovr}jÜ|��Jn��d��f�n�¬{r}jKovjd�
²�r{¬{¬}r;ovew� *À� A<,Üo¤����¬{r{f"�^r}e	ov~�f©o¤jd����r{~4jFov¬=��nmtAq"f��s��r}jd~(lmf�qma�j�r{«X��f"�r{j	l�adf�ª;nmf�«G�df�jdq ¨
��t4e^ovr{j®lst	nmf �d�sfv|�ewtA�zr{ª;¨Vovjd�So4��ov��l�ovj�r}e	o¤lmf"�VaA�ze	ovj¸ewt4lsr{t4jÜ±�`badf ~�tGo¤¬9ru�Qlmt
e	ov°4fb¬{r}µ�npo¤nsruf���t4ª=ovj�r{e^ovlsf"��ewt4l�rut4j�¯r{lsaºa�ru~4aº¬uf�§4f�¬Ze^t4l�rut4jºf"�zr}lsr}jd~�ovl9r{jXlmf npo4q lsr{§4f
���=f"f"�z�"±w`Yt�lsa�r{��f�jd�·|�eº��¬{l�r}xknsf"��t4¬{��l�rut4jV³�¬{lsf�n�r{jd~ �N³d~4��nsf3/	��f ��ruq lm�½����qma o	e(��¬}lsr}x
nmf"��t4¬{�zlsrutvj�³z¬{lmf nsr}jd~T��nmtAq"f��s� ��t4ªío¤jd~4��¬uovn�lsnpoI��f"q�lst4nsr{f"��aFoM§�f�µ·f�f�j����sf"�Vlmt!��f�³�j�f(o
nmf"�Z�dq"f����sf l�t4ª-ewt4l�rut4j��Fo¤npovewf�lsf�nm�32

� � 6�� �!��� ; � ?A?�? � � � �Ê�
�
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G

L

G4

L4

G3

L3

L2

G2

G1

L1

G0

Lowpass filter

Bandpass filter

2Yru~4��nsf /
2C�?nsr}jdq�r}��¬uf�tvª-l�adf�e(��¬{l�r}xynmf"��t4¬{�zlsrutvj^³�¬}lmf�n�r{jd~(�znmtAq"f"���"±

¯adf�nsf � �bnmf ��nmf��sf�jXls�blsadf�r{jzr{lsruov¬d��ru~4jFo¤¬1ovjd� � �
�
;�6 � �

�
; � � ��±í`�t��znmtA�z�dq"f�jdf�¯

e^t4l�rut4j��"|4l�adf���ru~vjFov¬�r{�?nmf"q�t4jd��lsns��q�lmf��	�zr:4·f nmf�jXl�¬{¨ºµX¨Tl���j�r{j�~½¯Jf�r{~4aXlm� 	���o4�s��tZq r;ovlsf"�
lmt fMo4qma��Fovnmovewf�lmf n 2

� �%6 � ��� �
� � �
;

� ��� � 8 	 �<? � �1D �Ê�
�

¯adf�nsf ��� 6
	�� 	  8 � Dp|1r{ª � r{�Qlsa�f�¬uf jd~4l�a t4ª � �/± 
©f �·f jd�zr}jd~	t4j®¯azruqma ª;nmf�«G�df�jdq ¨
µFovjd� 	 �ru�íewtZ�Zr{³df��¹|�lsadf�nmf�����¬}lsr}jd~�e^t4l�rut4j r{�Cl���jdf�� �\ewt4nsf�tvn�¬{f"����l�r{nmf��¹|Gjdf�n�§�t4���"|
f »zo4~�~�f npovl�r{jd~z|1f lmqv± �¼±½�Vt4nsf"t/§�f nM|·l�a�ru��lmf�qma�j�ru«G�df�e	ov°4f"�©r}lQ�=t�����r{µz¬uf½lmtwr}jXlmf�n��·tv¬;ovlsf
ª;nmt4e tvjdfº��f�lQt4ª?ª;nmf�«G�df�jdq ¨V�dovnpovewf�lsf�ns��lst	ovj�t4lsadf nM|1o4��r{jVe^t4l�rut4j�µz¬uf�j��zr{jd~ lmf�qmazx
j�ru«G�df��"±½bt4e!�Fovnsf"��lst 2dt4��n�ruf n�ovjdov¬{¨A��r{�"|Fe(��¬}lsr}xynmf��st4¬}��lsr{t4j�ovjFov¬}¨A��ru��ru��r{jXlmf nmf���lsr}jd~
ªNt4n?jdt4jZxk�=f�nsr{tZ�ZruqJ�=f�n�ls��n�µ·f�� ��ru~vjFov¬u��±9����lM|�r}jTlsadf���·f�q�r;o¤¬dqMo4��ft4ªF¬utAq"t4ewt4l�rut4jÜ|Ilsadovl
ru��oT«G�Fo4��rÇxk�=f�n�rutA�zruq©ewt4l�rut4jÜ|Alsadf�ewt���lr}ew�=t4n�lpovjXl*�Fo¤nsl�t4ªYlsadf���r{~4jFov¬·ru�q"tvjAlmovr{j�f"�
r{j	l�adf�ªNf�¯K³�nm��laFovn�e^t4jzruq"��±?iklru�J�·t�����r}µ�¬uf�lmt!o4qma�r{f�§�f�l�adf��mo¤e^f©°Xr}jd��t4ª-ov����nstGo4qma
µA¨^�d��r}jd~$2Ftv��nsr{f�n��n�r{jdq r{��¬{f"�"±

2dt4nQlsadf�l�¯bt�o¤����nmt�o4qmadf"��ewf�jXl�rut4jdf�� ovµ=t/§�f4|=lsadf(�sovewf���nst4µ�¬uf e�o4�Q°Xr{j�f�e^ovlsr{q
t4n��znmtAq"f"�Z��npov¬bovj�r}e	o¤lsrutvj lmf"qmazj�ru«G�df��ºru��f�jdq�t4��jXlmf nmf��¹±®�bf�qMov���sf^l�adf"��f^e^tA�zr}³dqMo¤x
lsrutvjd����twjdtvlQaFo¤jd�z¬uf½�z¨XjFo¤ewr{q"��f34=f"q�ls�"|Fr{l�ru��r{e!�=t��s��r{µ�¬{f©lmtwf�jd����nmf�lsaFovl�nmf�����¬}lsr}jd~
e^t4l�rut4j��(ovnsf	nmfMo¤¬{ru��lsr{q4±S�Vt4nsf"t/§�f nM|bo4�(ªNt4n(°Xr{j�f�e^ovlsr{q^t4n(�znmtAq"f"�Z��npov¬�o¤����nmt�o4qmadf"��|
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lsadf(l�npo¤��f�q�lmtvnsruf��½ovnmfT�zf"q"tv����¬uf��E��t�lsaFovl�l�adfT��l�nmt4j�~�q�t4����¬}r{jd~�tvª�l�adf!ovnsl�ruq ��¬;ovl�rut4j
e^t4l�rut4j�e^oM¨�µ·f�¬ut���l�r}j�e^ovjX¨�qMo4��f"��±©�?§�f j r{ª?ov¬{¬Üª;nsf"«G�df�j�q�ruf���ovnsfºqmaFovj�~�f"��r}jVl�adf
�movewf�e^ovj�jdf nM|Fjdt�ovl�lmf jAl�rut4jVru���Fovru��lmt!lsadf(��a�r{ª;l�lsadovl©jFo¤ls��nmov¬{¬}¨�tZq�q���ns�©µ=f�l�¯Jf"f�j
lsadf�ovn�lsruq ��¬;o¤lsrutvjd�Jr}j�o(nsfMov¬¹¬{tZq�t4ewt4lsr{t4j�q�¨Aq ¬uf4±

��
�� � ��'��  �' '������
bt4ew�dovnmf��	lmt(��nstZq�f"�z��nmov¬�ovj��	°Ar}jdf�e^ovl�ruqQlsf"qma�jzru«G�df"��|�e^tvlsrutvj	e^tA�zr}³dqMovl�rut4j!lmf�qmazx
j�ru«G�df��Qt�4=f�n�lsa�fºo4�Z§4o¤jAlmo4~�f½t4ª?����r{j�~!r}jAl�nsr}jd��r{qMov¬}¬{¨!nmfMo¤¬{ru��lsr{q©e^tvlsrutvj �Nrufv±bqMo¤��ls��nsf"�
e^t4l�rut4j��ílstwo¤j�r{e^ovlmf�aX��e^ovjzxk¬}r{°4f©³d~4��nsf"��±b��t4nmf�tI§4f�n�lsazru�blsf"qma�j�r{«G�df���nmt/§Xru��f���ovj�rÇx
e	ovlst4nm�C¯r{l�a�lmtAt4¬u�Clsadovlovnsf�q"tvew�Fo¤lsr{µz¬uf¯r{l�a	lsadf r{nJ�d���Fo¤¬·¯Jt4ns°^t4j	°�f ¨Gxkª;npo¤e^f���t4n
qMov��l���nmf���l�npo¤��f�q�lst4nsr{f"�"±

(©j l�adf(t4l�adf�n�adovjd�¹|·l�adfºr}jAl�nsr}jd��r{q�nsfMov¬}ru��e r}jdq�¬}�d��f"�Vr{j q"ov��ls�znmf"� l�npo¤��f�q�lmtvnsruf��
ewr{~4aXl!µ=f�¬ut���lwªNt4nwf »Al�nmf�ewfVewtA�zr{³dq"ovlsr{t4jd��± ikjd��f�f"�¹|l�adfVewtZ�Zr{³dq"ovlsr{t4jd� ov���z¬{ruf��
lmt®lsa�f"�sf	l�npo¤��f�q�lst4nsr{f"�T��t®jdtvlTf�jd����nmf�l�adf^��nsf"�sf ns§vovl�rut4j t4ªr}jAl�nsr}jd��r{q^�z¨XjFove!ruq��(t4ª
aA�ze	ovj^e^t4l�rut4j¹±?�?§�f jAl�adt4�d~va�l�adf©«G�Fo¤¬{r{l�¨!t4ªÜl�adf�o¤j�r{e^ovlsr{t4jd�í��nstZ�z��q"f"�	µX¨!��nmtAq"f¼x
�z��npo¤¬¹lmf�qma�j�ru«G�df�����f��=f�jd�z��tvj�l�adf�ewtZ��f ¬k|Alsadf�«G�Fov¬}r{l�¨wt4ª�lsadf�nsf"����¬{l�r{jd~T��f"«G�df�j�q"f"�
��f��=f�jd�z�Jt4j l�adf�d�sf nm����°Xr{¬}¬u�"± 2dt4níewt4lsr{t4j(¯bovns��r}jd~�lmf�qma�j�ru«G�df��"|Xlsadf nmfru�?j�t�q�t4jXlsnmtv¬
lsaFovl�f jd���znmf"��lsadovl*lsa�f½nsf"����¬{l�r{jd~T��f"«G�df�j�q"f�r{�blsa�f�tvjdf���f"��r{nsf"�¹±Jbt4jd��f"«G�df jAl�¬{¨4|Fl�adf
�d�sf nºt4ªJ����qma o���¨A��lsf�e�aFo4��lmt�ewtZ�Zr{ª;¨�µX¨®l�nsruov¬Covjd�Sf�n�nmt4n½�Fo¤npovewf�lsf�nm��tvªblsnmo¤��f"q¼x
lmt4n�ruf"��|¹o4��¯Jf�¬}¬ío4�Qr{jXlmf ns�=t4¬;ovl�rut4jV¯bf ru~4aXls�"|¹r{j®t4nm��f n�lmt	�znmtA�z�dq"f o	���·f�q�r}³dq(��f���r{nsf"�
e^t4l�rut4j¹±

� �%�º� �b��� �Ü�����

`ba�ru���Fov�=f�n�q ¬;o4����r{³�f"��btvew���zlmf�n���nmov��a�r{q"��lmf"qmazj�ru«G�df���ªNt4n©l�adf(��r}e(��¬uovlsr{t4j�t4ªíaX�zx
e	ovj�¬{tZq�t4ewt4lsr{t4jQr}jXlmt*lsaznmf"f?e^ovr}j�qMovlsf"~�tvnsruf�� 2¹°Xr{jdf e	ovl�ruq9ovj�r{e^ovl�rut4jÜ|��z¨XjFove!ruq"ov¬{¬}¨Xx
µFo4�sf��Sovj�r{e^ovl�rut4j®ovjd�®ewt4lsr{t4jzx���ovlpo!f"�zr}lsrutvjÜ±½`-o¤µ�¬uf	�T����e!e	ovn�r 5�f"�©l�adf(e	o¤r{j ov�Zx
§4o¤jAlmo4~�f��wo¤jd� ��adt4n�lmq"tvewr}jd~��(t4ª©ov¬}¬*lsadf��sf�lmf�qma�j�ru«G�df��"± `badf�r}n!��f�§4f�¬utv��e^f jXlwt/§4f�n
lsr{ewf���adt/¯���l�adf½f�§�tv¬{��l�rut4j�t4ªYlsadf�³df ¬u� 2

< ��f��sf"ovnmqmadf nm��³�nm��lbo¤lslmf ew�zlmf"� lmt½nmf ��nmtA�z�dq�fQ��t4ewf����·f�q�r}³dqµ·f aFoM§Ar{t4nm�CµX¨(��nstvx
§Xru�zr}jd~®oV¯boM¨ lst®��f"��q�n�r{µ=f^lsadf��sf	f�4·f�q�ls�"±S`ba�ru��°Xr{jd� tvª�ov����nstGo4qma nmf�«G��r{nsf"�
o®¬ut/¯ q�t4e!����lpo¤lsrutvjFov¬*q�t���l ¯a�r{qma �zf��=f�jd���!t4j lsa�f���f�¬{f"q�lsf"� r{jXlmf ns�=t4¬;ovl�rut4j
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ª;��jdq lsrutvjÜ± 
Qf"~4nsf"f"�9t4ª�ª;nmf�f"��tve�ovnsfJq�t4e!����lmf��(�sf �Fovnmovlmf ¬{¨�|�o4�-r}ªzlsa�f�¨�¯bf nmf*��f¼x
q"t4�z��¬uf��¹|4¯a�r{qma!r}jX§�t4¬}§�f"�Co©l�adf"tvnmf�l�ruq"ov¬�q�t4ew�z��lpovl�rut4j(q"t���lCt4ª � 8�� D�r}ª �	ru�-l�adf
jX��e(µ=f�n�t4ª-��f"~4nsf"f��Qt4ª-ª;nmf�f"��t4eV±í²�adf�j�lpo¤°Ar}jd~ q"t4j���lsnmovr{jXls��tvjVªNtAt4l��¤~4nmt4�zjd�
q"t4jXlmo4q�l!r{jXlmtEo4q�q"t4��jXl"|ovj o4���zr}lsrutvjFov¬q�t���lwt4ª � 8�� � D�ru�!~�f�jdf npovlsf"� µA¨ l�adf
nmf�«X�zr{nmf�� r{jX§�f nm�sf�°Xr{jdf e	o¤lsruq^ov¬u~4t4nsr}lsa�eV± �Qf�§4f�n�lsadf ¬uf"���"|bl�adf�«G�Fov¬}r{l�¨ tvª�l�adf
e^tvlsrutvj e	ovr}j�¬{¨S��f �·f jd���wt4j l�adf�«G�Fov¬{r}l�¨ ovj�� lsa�f�«G�Fo¤jAl�r{l�¨ tvª©°Xjdt/¯¬uf���~�f
jdf"q�f"���movn�¨ lmt®nmf ��nmtA�z�dq�f�lsadf���f���r}nmf"� f34=f"q lM± 2dt4nºaA�ze	ovj ¬{tZq�t4e^tvlsrutvjÜ|Yl�adf
¯*oM¨	l�adf½ovjd~v��¬;ovnblsnpoI��f"q�lst4nsr{f"�qmaFo¤jd~�f½��f��=f�j��zr{jd~ t4j�a�r{~4a�¬uf §�f ¬Ü�Fovnpo¤e^f lmf�ns�
�Ê���dqmaVo4�*§�f ¬utAq�r{l�¨4|z��lmf���¬{f�jd~4l�aÜ|Zª;nsf"«G�df jdq�¨�o¤jd�	adf�r{~4aXl ��ado4�*lmt(µ=f���f��sq�n�r{µ=f"�
´�oT��nsr{t4nsr 'p±`baX�d��|·lsa�fº��f���ru~vjdf�nQ~�f�j�f�npo¤¬{¬{¨�ado4��lst	q�nsfMovlsf(o jdf�¯ ewtZ�zf�¬�ª;nmt4e
�sq npovlsqmaVlst^o4q�q"t4�zjAl�ªNt4n�o(jdf ¯ f34=f"q lM±

< �Zf�§4f�nmov¬�o¤����nmt�o4qmadf"�	ovlslsf�e!��lmf�� lmtSr{e!��nmt/§4f�l�adf"��fVewtZ��f ¬u� ��jd��f n^l�adf�aX¨Gx
�·tvlsadf���ru�QlsaFovl½�Z¨Ajdovewr{q"�©¬uoM¯���¯bf nmfTnmf����=t4jd��r}µ�¬uf�ªNt4n�e(�dqmaSt4ª�lsa�f"�sfTf�4·f�q�ls�"±
�Vf�l�adtA���J��nstZ�Z�dq�r}jd~�´��z¨XjFove!ruq"ov¬{¬}¨Xxk�st4�zjd��¶Jewt4lsr{t4jd�í¯bf nmfQ��f�§4f�¬utv�·f��¹±��Zt4ewf
t4ªYlsadf e����d��l�e^tA�zr}ª;¨wl�adf�nmf"����¬{ls�Qtvª9°Xr{jdf e	o¤lsruqQe^tA��f�¬{�"± (©lsadf n�e^f lsadtA����~�t
ª;��nsl�adf�n�µX¨ �Zr{nmf�q�l�¬{¨Vf�e(µ=f"���Zr{jd~��z¨XjFo¤ewr{q"��r{j l�adfTq"tvew���zlpovl�rut4j¸t4ªJovj�~4��¬;o¤n
lsnmo¤��f"q lmt4n�ruf"��±C`baX�d�"|Fq"tvjAl�nmt4¬}¬uf nm�ov�z��¬{r{f"�	lmtTewt4nmf©t4n¬uf��s�q"tvew��¬{f »^e^f�qmaFovj�rÇx
qMov¬�ewtZ�zf�¬u�aFoM§4f�µ=f"f�j���nmf��sf�jXlsf"�¹± �Qf §�f�n�lsadf ¬uf��s�"|=ªNt4n©q�t4e!��¬uf¼»�e^tA��f ¬u�����dqma
o4�9l�adf*aX��e	o¤jTµ·tA�z¨�|vlsadfq�t4ew�z��lpovl�rut4jdov¬Aq"t���lír{jdq nmfMov�sf"�?r}j � 8�� � DY�Z�df*lmt©l�adf
r{jX§�f nm��rut4j t4ª�¬;ovns~�f^e^ovlsn�ruq�f"�"± �Vt4nmf�t/§�f�n"|b��t4e^f�tvªQl�adf��z¨XjFove!ruqMo¤¬{¬{¨Gxk�st4��j��
e^tvlsrutvjd�*��tTjdt4l¬{tZtv°^nmf"ov¬{r{��l�ruq4±

< �Vt4l�rut4j�qMo¤��ls��nsf���¨A��lmf e�ado/§4f�µ=f"f j®¯ru�zf�¬{¨^�d�sf����z��n�r{jd~ lsa�f�¬uo4��l�ªNf�¯ ¨�fMo¤nm�
ªNt4n q�nsfMovl�r{jd~ jdf ¯ ovjzr{e^ovlsr{t4jd�ºtvªQ§Xr{n�ls�Fo¤¬*aX��e	o¤jd�"± `badf��sfVov����nstGo4qmadf��^o4��x
����ewf�l�aFovl	nsfMov¬}ru��l�ruq�e^tvlsrutvjd�^q"ovj�µ·f�t4µ�lpo¤r{jdf�� µA¨ f"�zr}lsr}jd~ ovj��7l���j�r}jd~ o
¬{r}µ�npovn�¨Tt4ªÜewt4lsr{t4jw�dovlpoZ±í`ba�ru�b�dovlpo½ru��µFo4�sf���t4j�q"ov��ls�znmf"�	ewt4l�rut4jÜ|Gµ��zlbe^o/¨
ov¬u��tTr{jdq ¬{�d��f�ovn�lsr}³dq�ruov¬¹ewt4lsr{t4jd�q"tvew���zlmf"��¯r{l�aV��nsf�§Xrutv�d�©o¤����nmt�o4qmadf"��±�`badf
q"t4e!����lmovlsr{t4jFov¬=q"t4��l�ru�*¬{tI¯ � � 8�� D �Jµ=f"q"ov�d�sf½f"o4qma ovn�lsr{q���¬uovlsr{t4j^r{�q"t4e!����lsf"�
�sf �Fovnpo¤lmf�¬}¨�±��Q¬}lsadt4��~4a���f�§4f�npo¤¬íq"t4jX§Xr{j�q�r{j�~	ovj�r}e	o¤lsrutvjd�*aFoM§�fºµ=f"f j ��f���ru~vjdf"�
�d��r}jd~	lsa�f"�sf(ewf�l�adtA���"|¹l�adf(�Fovnmove^f lmf n�q"t4jXl�nmt4¬-ru�©jdtvl½��r{e!��¬{f�2�o^jX��e(µ=f�n½t4ª
lsn�r;ov¬=ovjd��f nsnst4n*r{lsf�nmovlsr{t4jd�Cru�*t4ª;lsf�j	j�f"f"�zf"��µ·f ªNt4nmf�tvµ�lpovr}j�r{j�~�l�adf���f"��r{nsf"�	nmf¼x
����¬}lM±C��t4nmf�tI§4f�n"|Zlsa�fQewtZ�zr}³dqMo¤lsrutvjd�Cov����¬}ruf�� lst���nsf"��f ³�jdf��	lsnpoI��f"q�lst4nsr{f"��aFoM§�f
lmt�µ=f���e^ov¬}¬�r}j t4nm�zf�n(lst f�jd����nmf	l�aFovl(l�adf^nmf�����¬}lsr}jd~®�sf�«G�df�jdq�f�nsf�e^ovr{j���nmf¼x
ov¬{r{��l�ruq4±��?nmtvµ�¬uf e^�Q���dqmaEo4�©o/§4t4ru�Zr{jd~^r}jXlmf�n�xk�=f�jdf lsnmovlsr{t4j�tvªílsadfºªNf�f�l�r}jXlmtwl�adf
~4nmtv��jd�^ªNt4nJf"�Zr{lmf��^ewt4lsr{t4jd�"|Aovj��	f�jd����nsr}jd~(jdt4jZx���¬}ru�zr}jd~½q"t4jXlmo4q�l*ªNtvnJl�adf����z�zx
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�·tvnsl�¬uf�~�|1ovnmf½jdt4l�aFovjd�Z¬uf"��µX¨�ewt���lQtvª?lsadf��sfºov����nstGo4qmadf��"±�² f½µ·f ¬{r{f�§�f½lsadovl
lsadf��sf�lmf"qmazj�ru«G�df���¯bt4�z¬u�V¬{fMo4��lmt!§�f�n�¨V�znmt4e!ru��r{jd~ ��f §�f�¬{t4��ewf�jXlm��r{ª?l�adf�¨Vovnsf
q"t4�z��¬uf���¯r{l�a °Aj�tI¯¬{f"��~4f(t4j aX��e^ovj e^tvlsrutvj®ovj��®¯r{lsa¸�Z¨Ajdovewr{qMov¬}¬{¨Gxkµdo4�sf��
q"t4j���lsnmovr{jXls�"±

�Qjdt4l�adf�n r}ew�=t4nslmovjXlº�=t4r{jXl(r{�(lmt µ=fVo¤µ�¬uf^lst¸qmadtZt4�sf�lsadf�ewf�l�adtZ� l�aFovl ���zr{lm�(l�adf
µ·f���lo����=f"q�r}³dq�ov�z��¬{r{qMovl�rut4jÜ± 2dt4n�r{jd��lpovjdq�f4|A°Ar}jdf�e^ovl�ruq�e^tA��f�¬{�Jq"ovj	µ=f�����q"q"f��s��ª;��¬{¬}¨
ov����¬}ruf"�	lst(§Xr{nsl��Fov¬¹nsfMov¬}r{l�¨wov���z¬{ruq"ovlsr{t4jd��¯adf�nsf�o¤¬{¬·�=t�����r{µz¬uf�µFo4��ruq©ewt4l�rut4jd�*ovnmf���f¼x
��ru~vjdf"��r{jKov�z§vovjdq"f¸o¤jd��jdt �z¨XjFove!ruq"��f�4·f�q�l�r{�	nmf"«G��r}nmf��¹± `badf��sf e^f lsadtA����ovnsf
����r}lmf"�wlmtºnsfMov¬Çxklsr}e^f�o¤j�r{e^ovlsr{t4j!t4ª��sf §�f npov¬·qmaFovnpovq�lmf nm��* g4�<,Ê±�
Q¨XjFove!ruq�e^tA��f ¬u�CaFoM§�f
lmt	µ=fº�d�sf��Sr}j¸t4lsa�f�n�§Xr{n�ls�Fo¤¬9nmf"ov¬{r}l�¨Vovj�r{e^ovl�rut4jd��lsadovl���f�f���¬}¨�nmf ¬{¨�t4j ��aX¨A��ruq"ov¬{¬}¨Gx
µFo4�sf��Vr}jAlsf�nmo4q�l�rut4jd��± 7Qt/¯Jf�§4f�nM|1��nmf�q�r{�sf���r{eº��¬;ovl�rut4j�lsf"qma�jzru«G�df"��lsaFo¤lQaFoM§4f(oTadfMoM§X¨
q"t���l(e	o¤°�f^l�adf	q"tvjAl�nmt4¬*t4ª��sf §�f�nmov¬�qmaFovnmo4q�lsf�ns�T�zr69!q��z¬{lºr}j ��adovnmf�� §Xr}nsls�dov¬JnsfMov¬}r{l�¨
ov����¬}ruqMo¤lsrutvjd�J���dqma�o4�*lsadf ������� �®��¨A��lmf�e *À��� ,Ê±�
Q¨XjFove!ruqQlmf"qmazj�ru«G�df���l�aFovlnsf"«G��r{nsf
t�41xy¬{r}jdf½q"t4e!����lmovlsr{t4jd�Qado/§4f(npovnsf�¬}¨�µ=f"f j¸�d�sf��¸r}j¸ov�d�Zrut/§Xru���dov¬?o¤����¬{r{qMovl�rut4j�� �\���dqma
o4�(���=f"q r;ov¬*f34=f"q�ls�(r{j q r{jdf e	o
��µ·f�qMov���sf�t4ª�lsadf r{n�¬;o4qm° t4ª�q"t4jXl�nmt4¬y± �J�zl(r{e!��nmt/§4f"�
e^tA��f�¬{� q"t4��¬{� ³zjd��oE~4tZtA� ³�f�¬u� t4ª�o¤����¬{r{qMovl�rut4j��(lsadf nmfVr}j l�adfVª;�zls��nsf4± 2-r{jdov¬{¬}¨�|
e^t4l�rut4jZx��dovlmo¤xkµdo4�sf��	ovj�r}e	o¤lsrutvj^lmf�qma�j�r{«X��f"�Qovnmf�����r{lmovµ�¬uf�ªNt4n§Xru��f�tvx�~�ove^f��*ovj��Vo¤�zx
��¬{r{qMovl�rut4jd�ír}j^ewtI§Xr{f���nstZ�Z�dq�l�rut4jÜ±?��f ªNf�nmf jdq"f�ewt4l�rut4jd��ovnsfQ³�ns��lq"ov��l���nmf���ovjd�^l�adf�j
ls��jdf��¸f�r{l�adf�n�µX¨Vlsadf(�d��f�n�t4n�lst��st4¬}§�f(l�adfTf�jX§Xr{nst4j�ewf�jXl½q"t4j���lsnmovr{jXls� �yo4�do¤��lsr}jd~�o
qMov��l���nmf���ewt4l�rut4j�lst^ovj�t4lsadf n���¨XjXlsadf lsr{q�¯Jt4ns¬{��� ±�`badf��sf�lmf"qmazj�ru«G�df��Qt�4=f�n�r}jAlsf�nsf"��l�x
r{jd~�qMo¤�Fovµ�r}¬{r{l�ruf��"± 2dt4n½r{jd��lpovj�q"f4|�lsa�f�¨¸f »A��nsf"���(f�ewt4lsr{t4jd� �N¯a�ruqmaEe	oM¨®µ=f!ov¬{nsfMo4�z¨
q"t4jXlpo¤r{jdf��^r{j	l�adf�q"ov��ls�znmf"����ovlpo
�íe^tvnmf©f"o4��r}¬{¨Tl�aFovj���aX¨A��r{qMov¬}¬{¨GxkµFov�sf"�wlmf"qmazj�ru«G�df��"±
2d�zls��nsfº¯btvns°®f j�aFovj�q"f"�½ewt4lsr{t4j®f��zr{l�r{jd~^lsf"qma�jzru«G�df"��µX¨ ovq"q"tv��jXlsr{j�~	ªNt4n��z¨XjFove!ruq��
f34=f"q�ls��ovjd��t4lsa�f�n�~4¬utvµFov¬1°Aj�tI¯¬{f"��~4f�tvj�ewt4l�rut4jÜ± (�j�l�adf�t4lsa�f�naFovj��¹|���aX¨A��ruq"ov¬{¬}¨Gx
µFo4�sf��SewtA��f�¬{��e	oM¨¸ov¬{�st�µ=f r}ew�znmt/§�f��¹|Yovjd�¸q"t4�z��¬uf��S¯r}lsaS°Ar}jdf�e^ovl�ruqºlsf"qma�j�r{«G�df"�
r{j�t4nm�zf�nlmtTµ=f�ov����¬}ruf"�	lst!r}jXlmf�nmo4q�l�r{§4f½o/§vovlmovnm��t4nlstTµ·f aFoM§Ar{t4npo¤¬Ü��r}e(��¬;o¤lsrutvjd�"±

ikj�q�t4jdq�¬}�d��r{t4jÜ|/¯JfCµ=f�¬}ruf §�f?lsadovl¹lsa�fC§vovn�rut4���·e^f lsadtA���¹¯JfíaFoM§�fí��nmf��sf jAlsf"����adt4�z¬u�
jdt4l�µ=f(�d�sf�� ov¬{t4jdf4|=µ���l½npovl�adf�n½q�t4e(µ�r}jdf"�So4q�q"t4ns�zr{j�~	lmt�lsadf ���·f�q�r{³�q ov����¬}ruqMo¤lsrutvj
¯a�ruqma!ru�?�zf�§�f ¬ut4�=f"�·±í�Qj r{jXlmf nmf���lsr}jd~�¯*oM¨Tlst���t�l�a�ru�-ru�?lmt�o4��ov��lílsa�f�¬{f�§4f�¬Ft4ª1��f lpovr}¬
r{j�ewt4l�rut4jV~�f�j�f�npo¤lsrutvj�¯adf j o!qmaFovnmo4q�lsf�n�q�t4e^f��©q ¬ut���f�n5*À�/g<,Ê|=¯azruqma®e^oM¨�µ=fº�zt4jdf
µA¨	��¯r{lsqma�r{j�~ ª;nst4e o(ewtZ�zf�¬¹lstwo¤jdt4lsa�f�n�t4jdfv±J�Zf�§4f�npo¤¬-qmadov¬{¬{f�jd~4r}jd~º��nst4µ�¬{f�ew�*���dqma
o4�lsadf���f���r{~4j�tvª9��e^tAt4lsa�l�npovjd��r{l�rut4jd�*ovnmf½��l�r{¬}¬·lmtTµ=f½�st4¬}§�f"��r{j�l�a�ru��ovnsfMoz±
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O((nm)  )2

O(n  )3

O(n  )3

hard interactive control

no automatic dynamics effects

no automatic dynamics effects
coherence between modules

Desired dynamics effects

coherence between modules
implies ad’hoc constraints

Huge computation cost

Computation cost
calibration of parameters

physical realism vs. natural looking

volume of the motion database

Disadvantages

O(n)

O(n)

Cost

dynamically-sound interpolation

avoid unrealistic dynamics effects

accounts for dynamics effects

automatic simulation code gen.

Realistic trajectories

Computation cost

ensure realistic poses

low computation cost

Advantages

Procedural approaches

Editing Motion Data

Simulation

Space-time constraints

Dynamic constraints O(n)

Kinematic correction

Model

`-ovµz¬ufT�B2�bt4e!�Fovn�ru��t4j�µ·f l�¯bf�f�j®l�adf�e^tA��f ¬u�"±

� 
�v
�Y
�� �b
 �

*Ç� , 
�oM§Ar{�¸�*ovnmo 49± ? r}jdfMo¤n�xkl�r{ewf½�z¨XjFove!ruq"�Q�d��r}jd~^¬;ov~4npovj�~�f�e(�z¬{lsr}��¬{r{f�ns�"±�ikj +���� �
������� � 	�
 ����� � �� ����� ���  �C� � ������ ' � |Tbt4e!����lsf�n ��npov��azruq"�¸�?nstZq�f"f"�Zr{jd~���|
�Qj�jX�Fov¬½bt4j�ªNf�nsf�jdq�fS�Zf�n�ruf��"|�Fo4~�f��®�/g /��1�M�)Cz±C��� �Zi���������� 7�|J�Q���zru��t4j
² f���¬uf ¨�|F�Q��~4�d��l��/�4�BCz±?i��z� � AIx =�Az� x��4�G��ABA¤xp�4±

*&=-,���±��*ovn 5"f ¬�ovj�� �º± 7�±��*o¤nsnM±�� ewtZ��f ¬{r}jd~ ��¨A��lsf�e µFo4��f"� t4j �z¨XjFove!ruq��"± ikj
�  �C� � ������ ' � ���8� � � +�������� ��� � |Ü�Fo4~4f"�!�-/4���1�M���z±·�Q���zr{�st4jE² f���¬uf ¨�|9�v��¬{¨
�/�����z±

*àg1,��©±*�btA��f j�adf�r}e^f nM|�©±b��t4�sf4|Q�=±J��t��sf jAl�aFov¬y|�ovjd�K�z±J�-f�¬}¬;oz± `badf��znmtAq"f"���	t4ª
e^t4l�rut4j q"ov��l���nmf 2 
©f"ov¬{r}jd~ ¯r{l�a l�adf��dovlpoZ± ikj�� �
 � '� �/��� �:� � !��� % � ��� � ���
���������
	��������������	������>����,+-���#�
$ ��	 ����� |Z�Fov~�f"��g��1�M�z|F�Zf ��lmf e(µ·f n��/��� /Z±

* �<,���±·�bt4��¬}ruq4| ��±¹��o4~4jdf jFovl�x�`baFov¬}e	o¤j�jÜ|¹o¤jd� 
º±Ü`baFo¤¬{e^ovj�jÜ±���~v¬ut4µFo¤¬-aX��e^ovj
¯*ov¬}°Xr{jd~�e^tA��f ¬A¯r}lsa�nmfMo¤¬}xkl�r{ewf9°Xr{jdf e	o¤lsruq?�=f�ns�st4jzr{³dq"ovlsr{t4jÜ±�� � � � ��$����������
	��� |
C ��C
�/2ägv�����Zg)Dv�z| 
©f�q"f e(µ·f n��/���BAz±
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*&D-,���±·�bt4��¬}ruq4|1�½±Ü��ov�"|¹o¤jd� 
º±¹`badov¬{e^ovj�jÜ±Q��nst4µ��d��l½ov����nstGo4qma ªNt4nQlsadf�q"f jAlsf�n
t4ª-e^o4���*�·t���r{l�rut4j�q�t4jXlsnst4¬Ü¯r{l�a�r}jX§�f�ns�sf�°Xr{jdf lsr{q"�"±�� ��� /� ��$ �������������
	��� � ����
�  �/��� �:� � |�=�A � D � |¹�/�4�BCz±

* C1,���±��btv��¬{r{q¸ovjd� 
�±Q`badov¬{e^ovj�jÜ±�bt4eºµ�r{jdf�� �Zr{nmf�q�lVovjd�Kr{jX§�f nm��fS°Xr{j�f�e^ovlsr{q
q"t4jXlsnst4¬FªNt4n�ovn�lsruq ��¬;o¤lmf"�T³d~v��nmf���ewt4lsr{t4j f"�Zr{lsr}jd~�± ���������
	��� �  �/��� �:� � � ��/�
� |
���
�Ê�
��2Ç�/����� = A)=Z|1�/���)=Z±

* /-,½�º±G�Jn��d��f ns¬{r}j ovjd�!`�±X*o¤¬{§�f nsl"±·��tGov¬Çx��zr}nmf�q�lmf��¹|4�Z¨Ajdovewr{q*ovjzr{e^ovlsr{t4j(t4ªFaX��e^ovj
¯*ov¬}°Xr{jd~�±Sikj �  �C� � ������ ' � ��� � � � +������������ � |?�do4~�f"�,=4g4g�� =v� =A±-�Q���zru��t4j
² f���¬uf ¨�|=�v��¬}¨®�/���4�z±

*à�1,½�º±v�Jns�d�zf�ns¬}r{j(ovjd�T`�±�*ov¬{§4f�nsl"±zikjXlmf npo4q lsr}§�fovjzr{e^ovlsr{t4j�t4ªd�·f nm��t4jFov¬}r 5"f���aX��e^ovj
¬utAq"t4ewt4lsr{t4jÜ±Yikj �  �/��� �:� � �/��	�����3��� � |z�do4~�f"�½�-/�� =4gz|=�/����gz±

*à�1,½�º±d�Jn��d��f ns¬{r}j�ovjd��`�±F*ov¬}§�f nslM±���j�tI¯¬{f"��~4f x��Znsr{§4f�jÜ|Zr{jXlmf npo4q lsr{§4f½ovj�r}e	ovl�rut4jwt4ª
aA�ze	ovj�ns�zj�j�r{j�~�±?ikj �  �/��� �:� � �/��	�����3��� ��� 	�
 |A�Fo4~�f���=A�/g�� =B=A��|d��oM¨ �M���BCz±

*Ç� A1,½�º±G�Jn��d��f ns¬{r}j!ovjd� ? ±4²�r}¬{¬{ruovew�"±z�Vt4lsr{t4jT��ru~4jFo¤¬z��nstZq�f"�s��r{jd~z±1ikj �  �C� � ������ ' � ���
� � � +�������� � � � |¹�Fo4~�f��½� / �1� Av��| ? t���xk�Qjd~4f�¬uf��"|�*o¤¬{r{ªNtvnsj�ruoz|=���d~4�d��l!�/���)DZ±
�©���zr{�st4j�²Ef"��¬{f�¨4±

*Ç��� ,�`�� ±�*ov��r}jÜ| ? �=±��-ovjd� 5 ruqv| 7�± ��t��sf nM| ��±G��o4~vjdf�jFo¤l�x�`badov¬{e^ovj�jÜ|4ovjd� 
º±4`baFov¬Çx
e	ovjzjÜ± �©r}nsl��Fov¬¹aX��e^ovj�nmf ��nmf��sf jAlmovlsr{t4j�ovjd��q"t4e!e(��jzruqMo¤lsrutvj	r{j�§X¬{j�f�lM± � ��� �
���������
	��� �  �/��� �:� � ���� � �)��$ �:� ��	 ����� � |¹�-/ � = �/2à� =�� D4gz|=�/��� /Z±

*Ç� =-,���ruqmadf ¬T*o¤nsru~vjFovjÜ|��©r{jd~��Jovj�~�| �©o4�Zr;o ��o4~4jdf jFovl�x�`baFov¬}e	o¤j�jÜ|�o¤jd� 
�o¤j�ruf ¬
`baFov¬{e^ovj�j¹±�
Qnmf��s��r{jd~!ovj�r}e	o¤lmf"����¨XjAl�adf�l�ruq�o4q lmt4ns�*¯r{lsa�q�t4ew�z¬uf »^��f ªNt4nse^ovµ�¬{f
q�¬utvlsadf��"± ���������
	��� �  �/��� �:� � |�=�C � = �/2ä��� �1� A4��|�v��¬{¨ �/���)=A± �?nmtAq"f"f��zr{j�~��	t4ª
�Zi����½����� 7 �à�)= �kJa�r{qMo4~4t�|�ik¬{¬}r{jdtvru�"|z�v��¬}¨®�/���B= � ±

*Ç�/g1, 
º±à��±�*ovns¬{�st4j ovj�� � ? ± 7�tZ�z~4r{jd��± �Ar}e(��¬uovlsr{t4j ¬{f�§�f ¬t4ªQ��f�lmovr{¬JªNt4nTnmf"ov¬}xylsr}e^f
ovj�r{e^ovl�rut4jÜ±-ikj �  �C� � ������ ' � ��� �  �/��� �:� � �/��	�����3��� ��� 	�� |A�Fo4~�f���� �Z�z|¹�/�4� /Z±

*Ç�M�<,��4t4a�j���±1Jado4�z¯ruqm°1| 
�oM§Xru�V��±-7Qov��e^ovj�jÜ|�ovjd�V��r{qmaFovnm���±F�9o¤nmf�jXl"± ? oM¨�f nmf"�
q"t4jd��lsn��dq�l�rut4j7ªNt4n��zf�ªNt4n�e	ovµz¬uf®o¤j�r{e^ovlmf�� qmaFovnmo4q�lsf�ns�"± ��������� 	��� �  �/��� �:� � |
=4g �yg ��2&=v�Gg�� =�DB=Z|z�v��¬{¨ �M�����z±
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*Ç� D-,��E± 2J±1bt4adf�j¹±bikjXlmf npo4q lsr{§4f����Fo4q�f�lsr}e^f½q�t4jXlsnmtv¬ÜªNt4n�ovj�r}e	ovl�rut4j¹±?ikj �  �C� � ������ ' �
����� � � +������������ � |��do4~�f"��=4�4g��ZgBA)=A±z�©�z�zru��t4jV²Ef"��¬uf ¨�|1�v��¬}¨®�/���B=Z±

*Ç� C1,���±·�E±=�íj�t4°voz±�� ���  ��� �>� � �����:� ��$��*� � � � ����� ��� � � ����$6� '�0����)�� � ���	 �����
	 ±�7��zx
e	ovj ��r{j�f�lsr{q"��|¹�/���4�z±

*Ç�-/-, 2b±�21o¤��nmfv±��Qj f jdf�ns~4¨GxkµFov�sf"� ewf�l�adtA� ªNt4nwq"tvjAlmo4q�lwªNt4nmq�fVq�t4e!����lpo¤lsrutvjÜ± ikj
�  �C� � ������ ' � ��� � �
 � '� �/��� �:� � � 	�
 |=�do4~�f"��g)D / �ZgBCBCZ|·�Q��~4�d��l �M���BCz±ºbt4e!����lmf n
��nmov��a�r{q"� 2dt4ns�ze�| �Ctv¬{��ewf(� DZ| ����e(µ=f�n�gZ±

*Ç�/�1, 2b± 2Fov��nmfv|��T± 
©f µ���j�jdfv|��E±à�-±�*ovj�rÇx��½o4�sq �df�¬y|�ovj�� 2J±�����¬{lst4jÜ± 
�¨Ajdovewr{q
ovjFov¬}¨Z��ru��t4ªYaX��e	o¤jV¯bov¬{°Xr}jd~�±�ikj � �  � '� �/��� �:� � !��� % � ��� � ��� ��������� 	���������
������	������ ����,+-���#� $ ��	 ����� |Z�Fo4~4f"��D4g��
C�Cz|F�Zf ��lmf e(µ·f n��/��� /Z±

*Ç�/�1,��4fMovjzx 
©t4e!r{j�r{«G�df®�½o4��q��df ¬�ovj��7��ovn�ruf x��9ov�z¬ufV��ov�sq���f�¬k± 
Qr{����¬uo4q"f e^f jAlwq"tvjzx
��lsnmovr{jXls��ªNtvnr{jXlmf npo4q lsr{§4f�e^tA��f�¬}r{jd~(ovjd�Vovj�r{e^ovl�rut4j�tvªíovn�lsruq ��¬;o¤lmf"����lsn��dq�l���nmf��"±
� ��� � � � � ��$ ��������� 	��� |Ü� A �\� ��2Ç�/�z� � =�A4��|z��ovnsqma �M���4��±

*&=�A1,��E±¹��r{nmovnm�Vovjd���º± �º±·��o4q�r{f���f ¯���°Xrk±©bt4e!����lpo¤lsrutvjFov¬ÜewtZ��f ¬{r}jd~TªNt4nQl�adfºq�t4e x
����lmf n(o¤j�r{e^ovlsr{t4j t4ª�¬uf�~�~�f��S³d~v��nmf��"±!ikj �  �C� � ������ ' � ���8� � � +�������� � � � |
�Fo4~�f���= C�g�� = / Az±z�Q���zru��t4j�² f���¬uf ¨�|1�v��¬}¨®�/�4�)DZ±

*&=Z� ,��=±=���dtwovjd���z±1��tvµ·f nm~�fv±b� a�ru~vazxk¬{f�§�f ¬�q"t4jXl�nmt4¬�ewf"qmaFovjzru��e ªNt4n�aA�ze	ovjV¬utAq"tvx
e^t4l�rut4j µFo4�sf��7t4j��Fovnmove^f lsn�ruqVª;nmovewf����do4q"f r{jXlsf�ns�=t4¬uovlsr{t4jÜ± ikj � �  � '� �/��� �
�:� � !��� % � ��� � ��� ��������� 	��� ����������	 ����� ���� +-���#�
$ ��	 ����� |��Fo4~�f��®�)D��1� A /Z|
�-t4r}lsruf nm��| 2�npovjdq�f4|1�Zf ��lmf e(µ=f�n��/���BCZ±F�A��n�r{jd~�f n �Cf�n�¬;o4~�±

*&=B=-,��z± 7QtA��~4r}jd�"± `ba�nmf�f xk�zr{ewf�jd��rut4jdov¬QaX��e^ovj n���j�j�r}jd~�± ikj �  �C� � ������ ' � ��� 	 ���
� ����� ����� � �� ����� �8��� ���
����	��:� � ���� ���
	�������	 ����� |��Q��n�r{¬9�/���BCz±í��r{j�j�fMov�=t4¬{r{�"|
��r{j�j�f"�stvlpoz±

*&=4g1,��z± �T± 7�tZ�z~4r{jd��|1² ± ? ±=²EtZtvlmf�j¹|�
º±ä©±¹�Jnst�~Govj¹|¹ovjd� �z± 2�( �à�Jnsr{f�jÜ±Q�Qj�r}e	o¤lsr{j�~
aA�ze	ovjSo¤lsa�¬{f�lsr{q"��±�ikj �  �C� � ������ ' � ��� � � � +�������� ��� � |·�Fov~�f"��/A� ��/4�z| ? t��
�Qjd~�f ¬uf��"|1*ov¬}r{ªNt4n�j�r;oz|A�Q��~4�d��l��/�4�)DZ±z�Q���zr{�st4j�² f���¬{f�¨�±

*&=v�<, 
©t4jFov¬{��7Qt4�d��f4| 
�oM§Xru�S�Jnsf"f�j¹|-o¤jd�S�íazr{¬{r}���S��f�l�lmt�± (�j¸l�adfT�z¨XjFove!ruq(��r{e(�Zx
¬;ovl�rut4j�t4ª?�zaA¨A��ruqMo¤¬{¬{¨GxyµFo4�sf����Fovn�lsr{q�¬uf¼x���¨Z��lmf e e^tA��f�¬{�"±ikj� � ��  � �
 � '� �/��� �:� �
!��� % � ��� � ��������������	������ ���� +-���#�
$ ��	 ����� |-*ove(µ�n�ru��~�fv|Y�íj�~4¬;ovj��¹|-�Zf���lsf�e x
µ·f n��M���)=Z±

ÓYÓ ÝAè ë ë �



gBA �  ����� %�� � $ 	���� ��	 ��$��

*&=BD-,��-±ä�E±Fi��mo�o4q��©o¤jd�®�S± 2b±=bt4a�f�jÜ±bbt4jXlsnst4¬{¬}r{jd~T�z¨XjFo¤ewr{q���r{eº��¬;ovl�rut4j�¯r}lsa�°Xr{jdf¼x
e	ovl�ruq�q"t4jd��lsnmovr{jXlm��|¹µ·f aFoM§Xrut4n�ª;�zjdq�l�rut4jd��ovjd�®r{jX§4f�nm��f �z¨XjFove!ruq"��±½ikj �  �C� � �� �
��� ' � ����� � � +�������� � � � |��Fo4~�f���=A� D � =B=¤��±z�Q���zru��t4j�² f���¬uf ¨�|1�v��¬}¨®�/�4� /Z±

*&=�C1, 7�± ��t�± � ��� ������	 �:�������� 0 � ���#�:� 	��>� � ����� ��� � � ������ ��$ 0�� ��� '�� �  ����:��	 ��� '�� ����
����������	���� '���� �����	� �C� ��� ��	 ����� ±½�ía 
 l�adf"��ru��| ��j�r}§�f�ns��r}l�¨®t4ªJ�-f j�jd��¨A¬}§vovj�r;oZ|
�/���4��±

*&= /-, 7�± ��t!ovjd� ��±zip±d�*o4�z¬{f�n"±9�Qjzr{e^ovlsr}jd~ºaX��e^ovj�¬utAq"t4ewt4l�rut4jwr{j�nmf"ov¬}xylsr}e^f��d��r}jd~
r{jX§�f nm�sf��z¨XjFove!ruq��"± � � ��� ��������� 	��� �  �/��� �:� ��
 ���)��$ �:� ��	������ � |·�/���BCz±

*&=4�1, 7�± ��t�ovjd� ��± ip±I�*o4�z¬{f�n"±G�Al�npovr{~4aXl¹¬{r}jdf9¯bov¬{°Xr{j�~Qo¤j�r{e^ovlsr{t4j©µdo4�sf���t4j½°Xr{j�f�e^ovlsr{q
~�f�jdf npov¬}r 5"ovlsr{t4j	lsadovl��nmf��sf ns§�f��©lsa�f�t4nsr{~4r{jFo¤¬·qmaFo¤npo4q lmf�n�ru��lsruq��"±Cikj �  �/��� �:� � �����
	�����3��� � |z�Fov~�f"�Q���1� CZ|�`�t4nmt4jXlst�| (©jAlmovnsr{t�|d*o¤jFo4�doz|1�Vo/¨®�/����gz±

*&=4�1, 7�± �½t®ovjd� ��±àip±9�*o4�z¬{f�nM±��Qjzr{e^ovlsr}jd~�aA�ze	ovj ¬utAq"t4ewt4lsr{t4j¸¯r{l�a r{jX§4f�nm��f��z¨Gx
jFove!ruq"��± � ����� ���������
	��� �  �/��� �:� � ����#���)��$ �:� ��	������ � |�� C � = �/2 D�A � D4�z|F�Vovnmqma
�/���BCz±

*àgBA1, 7�± �½t�ovjd� �z±4Jnmf e^f nM± �ín�¬utAq"t 2/nsfMov¬Çxklsr}e^f?aX��e^ovj(¬{tZq�t4ewt4lsr{t4j�ª;nmt4e �=t���r}lsr{t4jFov¬
r{j����zl���lsnsfMovew�"± �  � � ����� � |-D �\� ��2àgBC / �Ag��BAz|1�/���BCZ±

*àgz� ,��z± ? o4� 5�¬utz|?�E±Ü§vovj ��f	�-ovj�jdfv|íovjd� ��± 2-r}��ewf4± ? r{e!r{l�q�¨Aq�¬{f^q"tvjAl�nmt4¬Jovj��Er{ls�
ov����¬}ruqMo¤lsrutvj	lmtTlsa�f�o¤j�r{e^ovlsr{t4j	tvª-µFo¤¬;ovjdq r{jd~ o¤jd��¯*ov¬}°Xr{jd~�±9ikj �  �C� � ������ ' � ���
� � � +������������ � |��do4~�f"��� D�D �1� C)=A| �Qf ¯ (©ns¬{fMovj��"| ? t4��r{��r;o¤jFoz|4���d~4�d��l��/���BCz±
�©���zr{�st4j�²Ef"��¬{f�¨4±

*àg)=-, �9± ? r}�Ü|F�=±ä�z±=�½tvnsls¬{f�n"|dovjd���E± 2b±1bt4adf jÜ± 7�ruf�nmovnmqmazruqMo¤¬Ü���Fovq"f�l�r{ewf½q"t4jXlsnst4¬k±Cikj
�  �C� � ������ ' � ���,� � � +�������� ��� � |J�do4~�f"�wg)D �X� =Z|�(©n�¬;ovjd�zt�|%2-¬{t4nsr{�doz|b�v��¬{¨
�/���4��±z�©���zr{�st4j�²Ef"��¬uf�¨4±

*àg�g1,�`�±��Vtv¬uf�l"|z�½±Z�bt4��¬}ruq4|Aovj��(
º±Z`baFov¬{e^ovj�j¹±¹� nsfMov¬1lsr}e^f�ovjFo¤lmt4e!ruq"ov¬Fq"t4jX§4f�nslsf�n
ªNt4n�aA�ze	ovjVe^tvlsrutvj�qMov��l���nmfv±*ikj�� �  � '� �/��� �:� � !��� % � ��� � ��� ��������� 	���������
������	������ ����,+-���#� $ ��	 ����� |Z�Fo4~4f"��/4���Z�v��|F�Zf ��lmf e(µ·f n��/���BCz±

*àg4�<,��=±���±*���d���sfEovjd� 
º±�`baFov¬}e	o¤j�jÜ±%� e^tA��f�¬©ªNt4n	aX��e^ovjKq�nmt/¯��7µ·f aFoM§Xrut4n 2
��nst4����r{jXlsf�n�xynmf ¬;ovl�rut4jd��a�r{� ovjd� q"t4¬}¬{ru��rut4j ��f lmf"q lsr{t4jKovjFov¬}¨A��ru��± � �
 � '� �/��� �:� �
����������	������ ���� +-���#�
$ ��	 ����� !��� % � ��� � |F�Zf ��lmf e(µ·f n��/��� /Z±
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*àg)D-,��z±ä`�± ��~�t�ovjd�E�z±���ovn�°A�"±!�A�Fovq"f�l�r{ewfTq"t4j���lsnmovr{jXls��nmf�§Xr{��r{lsf"�¹±ºikj �  �C� � ������ ' �
����� � � +�������� � � � |��Fo4~�f���g4�Gg��ZgBD�Az|z��jFovadf r{eV|d*ov¬}r{ªNt4n�j�r;oZ|A���d~4�d��l��/����gz±
�©���zr{�st4j�²Ef"��¬{f�¨4±

*àgBC1,��z± ��r}¬u���st4jÜ|9�º±?`ba�t4nm��lmf�j��s�stvjÜ|bo¤jd� �z± 7Qov¬{µ=f�n�lm�sove�±®JaFovjd~4f"�(r{j ¬uf"~Ve^t/§�f¼x
e^f jAls�bo¤jd�!eº�d�sq ¬uf�o4q�l�r{§Xr{l�¨�¯r{l�a^���·f�f"�^tvª·¬utAq"tve^t4l�rut4jTovjd� e^tA��ft4ª=��nmt�~vnmf"��x
��rutvj�r}j�aA�ze	ovj��"± � ��	�� � � 0 � ����$�+ � ���� |z�Fo4~�f���� D / �A� /BDZ|·�M���)DZ±

*àg /-,��z± �T± 7QtA��~4r}jd� ��±ä�=±X�-tv¬{¬;o¤nm�¹±1�©�do¤��lsr}jd~½��r{eº��¬;ovlsf"�Tµ=f�aFoM§Xrut4ns�íªNt4nCjdf�¯�qmadovnpo4q¼x
lmf�ns�"±Aikj �  �C� � ������ ' � ��� � � � +�������� ��� � | ? t4�-��jd~�f�¬{f"��|G*ov¬}r{ªNt4n�j�r;oz|"�Q�d~4����l
�/��� /Z±=�©���Zru�stvjS²Ef"��¬uf ¨�±!bt4e!����lsf�n���npov��azruq"� 2Ftvns��eV| �Ct4¬}��e^f^� DZ| ���ze(µ·f n
gz±

*àg��1,��E±&7�±I�Qo¤r{µ=f�nslÜovjd���z± �T± 7�tZ�z~4r{jd��±v��j�r{e^ovl�rut4j�tvªZ�Z¨Ajdovewr{q?¬uf�~�~�f"��¬{tZq�t4ewt4lsr{t4jÜ±
ikj �  �C� � ������ ' � ��� � � � +�������� � � � |¤�do4~�f"�-g4�G� �Zg)D4�z±"�©���zr{�st4j�² f���¬{f�¨�|��v��¬{¨
�/���z��±

*àg��1,�©±z��t��sfv|��©±z���df�jXlmf nM|z�©±z�JtZ��f j�adf r{ewf�nM|Aovj����E± 2b±�btvadf�jÜ±-� 9!q�ruf jXl*~�f jdf�nmo¤x
lsrutvj�t4ª9e^t4l�rut4j�lsnmovjd��r{lsr{t4jd��d��r{jd~w���Fo4q�f�l�r{ewf�q�t4jd��l�npovr}jXlm�"±ikj �  �C� � ������ ' � ���
� � � +������������ � |��do4~�f"���M� / �1� Dv�z| �Qf ¯ (©nmf ¬;ovj��"| ? t4��r{��r;o¤jFoz|4���d~4�d��l��/���BCz±
�©���zr{�st4j�²Ef"��¬{f�¨4±

* �)A1,��vr;ovj�aX�Fo½�Xadf�j!ovj�� 
�ovj�r{f�¬d`badov¬{e^ovj�jÜ±ZikjXlmf�nmo4q�l�r{§4f��aFov�=f��f���ru~vjT�d��r}jd~©ewf�lpoIx
µFov¬{¬{�©o¤jd�®���z¬{r{j�f"�"±Qikj ������$ �:����	 +-�
��3��� � � � 	���� 	���� � �� � 	 � �  � '� �/��� �:� � !��� % �
� ��� � ��� ������$ �:�*��	 +-� ��3��� � � |z�Fo4~�f��½�/� / �1�M�)DZ|d��nmf jdt4µ�¬{f4| 2�nmovjdq"fv|d�Q��n�r{¬í�M���)DZ±

* ��� , � ±A�Xr{ew�"±1�?§�t4¬}§Ar}jd~�§Xr{nsl��Fov¬Fq nmfMo¤ls��nsf"�"±=ikj �  �C� � ������ ' � ����� � � +�������� � � � |
�Fo4~�f���� D � =B=Z| (�n�¬;ovj���t�| 2Y¬ut4n�ru�doz|z�v��¬}¨®�/���v��±��©�z�zru��t4jV²Ef"��¬uf ¨�±

* � =-, 
º±�`baFov¬}e	ovjzjÜ|Q�z±��Aadf jÜ|�ovj�� �±�Jadov��§Xr{jdf"ov�Ü± 2Fo4��l	aX��e^ovj7µ·tA�z¨ ��f�ªNt4n�x
e	ovl�rut4j���ªNt4n�ovj�r}e	ovl�rut4j ovjd�E§Xn�ov���z¬{ruq"ovlsr{t4jd��±Tikj �  �C� � ������ ' � ��� ��������� 	���
�  �/��� �:� � �/��	���/� ��	 ����� ��$ � 	�
 |/�Fov~�f"��� CBC��F�-/v��±Mi��C�C�Sbt4e!����lmf ní�AtZq ruf�l�¨��ínsf"���"|
�v��jdf!�/���BCz±

* �Gg1,����d���sf ¬9`Ü��n�jdf�n"± ? f e	ovj 2í� ��¨A��lsf�e ªNt4n�q"tvjd��l�ns�d��lsr{j�~wo¤jd��o¤j�r{e^ovlsr}jd~�¬uoM¨�f�nsf"�
f�¬;ov��lsr{q�qmadovnpo^q lmf nm�"±�ikj ��������� 	��� �  �/��� �:� � � � ��.���$6� ��� ����	 � ��� � ��/	�� ��$ � ���
. �� ����� ����	 � |z�Fov~�f"�½�/�)D�� =�A�gz|Z�©q"o4��f�e!ruq½�?nsf"�s��|=�zovj 
Qruf�~�t�|1b��|1�v��jdf �/���)DA±
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* ���<,��E± ��jX��e^oz| � ±Ü��j4��¨�tz|9ovj�� �½±Ü`-o¤°�f���qma�rk± 2dt4�znsruf n���n�r{jdq r{��¬{f"��ªNt4n�f�ewt4l�rut4jzx
µFo4�sf���aX��e^ovj½³d~4��nsf�ovj�r{e^ovl�rut4jÜ±Iikj �  �C� � ������ ' � ��� � � � +�������� ��� � |M�Fo4~4f"�
�z� �Z�BCZ| ? t���Qjd~4f�¬uf��"|1*ov¬}r{ªNt4n�j�r;oZ|Z���d~4�d��l��M���)DZ±��Q���zr{�st4j�²Ef"��¬{f�¨4±

* � D-,��E±�§vovj!��f��9ovj�j�fQo¤jd�!��±02Yr{��ewf4±1�Zf jd�stvn�x�ovq�ls�dovlmt4níj�f�l�¯Jt4ns°A�"±·ikj �  �C� � ������ ' �
����� � � +�������� � � � |��Fo4~�f���g�g)D �Zgv� =Z|z��jFovadf r{eV|d*ov¬}r{ªNt4n�j�r;oZ|A���d~4�d��l��/����gz±
�©���zr{�st4j�²Ef"��¬{f�¨4±

* �)C1,��E±Ü§4o¤jE�zf^�-ovj�jdfv|9�½± ��r{eV|Üovjd�E�± 2Yr{��ewf4± �Qr{nsl��Fov¬?¯r}jd�Zxy���¸lmt/¨A��ªNt4n�o¤jzx
r{e^ovlsr{t4jÜ±�ikj �  �/��� �:� � �/��	�����3��� � |¹�Fov~�f"�8=�A�� � =Z� DZ|¹�*ovj 4-|Ü�Q¬}µ·f nslpoZ|Y*ovjFo4�doZ|
��oM¨¸�/���4��±

* �0/-, �Ct4¬{r}jdt�| ��±���o4~4j�f�jFovl�x�`baFo¤¬{e^ovj�jÜ|��=±��vr;ovjzaA�doz|�ovjd� 
º±©`baFov¬{e^ovj�j¹±���e
f�§�tv¬{§Xr{jd~T��¨A��lmf e ªNt4n*��r{eº��¬;ovl�r{jd~�q�¬{t4lsa�f"�btvj�§Ar}nsl��Fov¬·o4q�lst4nm��± � ����� ��������� 	���
�  �/��� �:� � ���� � �)��$ �:� ��	 ����� � |·� C � D �/2à� =�� DZ��|=�/���BCz±

* �G�1,��9o4��qMov¬ �Ctv¬{r{j�t�|A��ovn�lsr{j�bt4��nmqma�f"��j�f4|Fovjd��©o4�zruo(��ov~4jdf�jdovl�`baFov¬}e	o¤j�jÜ± �Cf�n�x
�movl�r{¬uf(ovjd�Sf39!q�r{f�jXl½lmf"qmazj�ru«G�df���ªNt4n½��r{e(�z¬;ovl�r{jd~	q ¬ut4l�aSovjd�St4lsa�f�n½��f ªNt4nse^ovµ�¬{f
t4µz��f"q lm��± ��������� 	��� �  �/��� �:� � |z�do4~�f"�½�/g / �1�M���z|z�Q��~4�d��l��/�4�)DZ±

* �G�1,½�º±=² ovl�l½ovjd�¸�S±·² o¤lslM± � �.������ �������������	������ ���� ������ ��/��� ' � �>� � ����� ��� � (
� ��� ���0 ���� �  ����	��:� � ±í��� �?nmf"���"|��/���B=Z±

*&D�A1, 
º±û�z±²�r}¬uf�¨ ovjd� �z± �T± 7Qova�jÜ± ikjXlmf�n��·tv¬;ovl�rut4j7��¨AjXl�adf"��ru��tvªTovn�lsruq ��¬;o¤lmf"� ³�~vx
��nmf�ewt4lsr{t4jÜ± � ����� ���������
	��� �  �/��� �:� � ���� ���)��$ �:� ��	 ����� |·�-/ ��C
� | �Qt/§�f e(µ=f�n
�/��� /Z±

*&DZ� ,½�º±=²�r}ls°Xr{j ovjd�E�E± �½o4���"±��A�Fovq"f�l�r{ewf(q"tvjd��l�npovr}jAls�"±½ikj �  �C� � ������ ' � ��� � � �
+�������� � � � |©�Fo4~4f"� � Dv���1� C��Z|��*ls¬;o¤jAlmoz|��½f�t4nm~vr;oz|����d~4�d��l �/�����Z±Q�Q���zru��t4j
² f���¬uf ¨�±
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Unit é de recherche INRIA Rennes, Irisa, Campus universitaire de Beaulieu, 35042 RENNES Cedex
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