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^ab9cx��j�y�^ £dlPcPtU^aj_b9jS|µtk��m8y�m�tkmGlGtU^aj_b�tk��hkm�nk��jPeay9jS|ijsb�m8nktU^a�[{�ea{on
y�{om[tkj1tk�omx��hkm�nkmGb�l�m�jS|~tk�om[jstk��m�hG�-«0lGj_����j_b9��j�yom�e~jP|~tk��^an
���omGboj_��mGboj_b?¡Atkm�hk��mGy9Y7I_D���BJK�� ¡G^an�c:b�jsb��He ^abomPcSh-tkhCcSbonkyo{�lGm�h:cPn
^ e ea{�nktkhCcPtkmGy³^ab©wª^a`��/�s����jsb�nU^ayomGh�t�v/j1nktU^a�[{�e ^H¡gcWtCcPhk`_mGt7cPb�y&c
�1cSnk¤smGhG�
pªm�t������9rAm9tk�om9lGjsb�tkhCcSnkt1y�m�tkmGlGtU^aj_b tk�ohkmGnk�ojSeay�|Hjsh
tk��m7tCcShk`smGt8cSn:`P^ � mGb9r�u�tk��m��-]�wO¡����¼rAm7tk�omxlGj_b�tkhCcPnkt:jS|gtk�om�1cSnk¤smGh1cSboy�� � rAm$tk�om9cPlGtk{dc�exyomGtkmGl�tU^aj_b�tk�ohkmGnk�ojSeay�|Hjsh�tk�om
tCcShk`_m�tO^ab$tk�om:�ohkmGnkmGbolGmxjS|µtk��m8�1cSnk¤smGhG�~}-��m-e�cStktkmGhO^an-yomGtkmGhk�[^ �
b�mGy�cPnGº

� ��� � � ��� ^ |����! �� ��������#"%$�&$('*),+�- j_tk�omGhkv/^ankm �
}-�omGhkm�|Hjshkm_¡?v-��m�b.� � ^anx`_hkmPcPtkmGh:tk�dcSb.������¡?tk�om�cSlGtk{dc�e~yom��
tkmGlGtU^aj_b�tk��hkm�nk��jPeayª¡	���O¡i^abolGhkmPcPnkmGn9cPn1c4�djSvgmGh�jS|/� � �©}-��^an
y�mG�dmGb�yomGbolGu_¡q��eajstktkmGy$^ab�c¹eajs`S�Heaj_`�`_hCcS�o�?¡A^anxc[nktkhCcG^a`_��t�e ^abom�jP|
nUeaj_�Am10��
z�t�^anObojPv&¤�b�jPv-b�tk�dcSt~tk��mGhkm�cShkm/nkjs��m-�1cSnk¤_^abo`[m32?mGlGt~cPlGhkj_nkn
l��dcSbob�mCeanG¡~c�eatk�oj_{o`_��tk��^an:^anxc�nkmGl�j_boyAcPhku��o��m�b�js��mGboj_b?�7]�js��m
hkmGlGmGb�tink�dcStU^�cGe � ^anU^aj_b1��j�yom�ean-á Ç�¡�ÉGâob�jPv�cSlGl�j_{ob�t§|Hjshitk��^anim32?mGlGtcSn/v/mCe eH�/woj_h/tk�om:tU^a��m8rAm�^abo`�¡dnU^ab�lGmxtk�om:`sj�cGeª^angtkj � c�e ^aydcStkm7tk�omnk�AcPtU^ajS��tkmG���AjshCc�e~��j�yom�e§cSboy9tkj[e ^a�[^at:l�j_���o{�tCcPtU^aj_bdc�eglGj_����eam��
¢_^atUu_¡dtk��^an8���omGboj_��mGboj_b9^an:bomG`PeamGlGtkmGy$^ab9tk�omx��j�yom�eH�

ª �7² ® Ð/± ®G¯�4 �7Ë9Ì·Í0°1±$Ì8Ð
}��om7rAmG�dc � ^ajshxjS|~tk�om[��{o�1cPb � ^ank{dc�e~nku�nktkmG� lPcPb9tk��{�n8rAm[��jS�y�m�eam�y�r�u�lPcSnklPcPy�^abo`9c�tk�ohkmGm���y�^a��mGbonU^aj_bdc�e/£oeatkmGh:rdcSbo¤9cPb�y�tk�om
b�jsb��He ^abomPcSh-tkhCcSbonkyo{�lGm�h/tk�AcPti��j�yom�ean/�1cPnk¤_^ab�`o�/}-��m/£oeatkmGh~rAcPb�¤
{�nkmGy1^ab$tk��^an:��j�yom�e?^an-nkmG�dcShCcSr�eam[^ab�nk�AcPtU^�c�e~cPb�y9tkm����Aj_hCcGe?|Hhkm��
¦�{�mGbolGu�y�^ahkm�lGtU^aj_bonG��z�t�|HmPcPtk{�hkm�n��PÉ�nk�AcPtU^�c�e~£�eatkm�hkn�cPb�y©Ã�tkmG�[�
�Aj_hCcGe:£oeatkmGhknG�
}��om$eajPv/�îeajPv nk�AcPtU^�c�ex£oeatkmGh�^anW^ankjstkhkj_��^al_�0}-�om
j_tk�omGhkn8cShkm:tk{obomGy�^abW|Hjs{�h/jshU^amGb�tCcStU^ajsb�n�����¡*576PÆ�¡*5�6_Ã7cSboy9Ä8576PÆ
hCcSy�^�cSbonC��¡qcSboyW|Hjs{�hO|¥hkmG¦�{�m�b�lGu1rdcSboy�n7�HlGmGb�tkmGhkm�y9cSt�Ã�¡oÆ�¡*97cSboy
�PÇ9lGu�l�eamGn��dmGh�yomG`_hkmGm��Hl��AyA�k���©}-��m1nk�dcStU^�c�e8£�eatkm�h�rAcPb�¤�^an[^ e �
ea{�nktkhCcPtkmGy$^ab�wª^a`��qÃ�cPb�y�tk��mxtkm����Aj_hCcGe~rAcPb�¤1^ab9wª^a`o�qÄ��
«Å|H{ohktk��m�h1cSnk�Am�lGt�tk�dcSt��dcSn�tkj�rAm���j�y�mCeamGy³^an1tk�om$nk�dcStU^ajS�
tkmG���AjshCc�eA^ab�tkmGhCcPlGtU^aj_b9jP|q��{��1cPb � ^anU^aj_b?�/zUti^an/v/mCe e?¤�b�jPv-b1tk�AcPtnk�AcPtU^�c�eqcPb�y7tkmG���AjshCc�e?�dmGhklGmG�otU^aj_b1cPhkm/boj_tinkmG�dcShCcPr�eam7á ÆPâU�µ]�js��m
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�/Ø��AÕiÞPÝ Êª �¹ÚiÝ&é�:iÛo×GØHÛ�Ö<;~ÖH×GÝ�Þ.=iÛoÜ�
?>@�kÝ�Ûo×GÕiÞPØHÜ�� ¬�A ;~ÖJÙ
×�Ý�ÞSé.B�C�é�:iÛ�×�ØîÛoÖD�¾ÞSÝ(E?ÕiÝ�Üiß�ØHÝ�é7Û�Ü��GF�èAÞPØHÝ�Ü�×GÛo×GØHèAÜiéIH  �xÚiÝ�©Û��AÜiØH×GÕ��iÝ©è���×�ÚiÝJ�¾ÞPÝ(EªÕiÝ�Üiß�ë ÞPÝ�é�:~èAÜiéGÝ�è���×GÚiÝK;~Öî×�Ý�ÞSé
ÛoÞPÝ�:iÖHèA×G×GÝ(�&èAÜ&×GÚiÝ��kÞPÝ(E?ÕiÝ�Üiß�ëK:iÖHÛ�ÜiÝ  �xÚiÝ$ÖHè�L[Ý�éG×<�¾ÞPÝ_ÙE?ÕiÝ�Üiß�ëM;~ÖH×GÝ�Þ1ØHé7Øîé�èA×GÞPèN:iØHß 
cP{�tk�oj_hkn7cPtktkhU^ar�{otkm�tk��^anxy�m��AmGboy�mGbolGm1tkj�c � cPhU^�cStU^ajsb�^ab�tk�omx£�e �tkm�h/�Aj_nU^atU^ajsb�nxv/^atk��^ab$tk�omxnk�AcPtU^ajS��tkmG���dj_hCc�eq|HhkmG¦�{omGbolGu$yoj_�1cG^abª¡
v-�omGhkmPcPn�j_tk�omGhkn7mG¢���e�cG^ab tk��m1�o��m�b�js��mGboj_b�r�u�c � cPhU^�cStU^ajsb�jS|tk�om[£oeatkmGh7`�c�^abonG�PO�m�lGmGb�txnktk{oy�^amGn�á �Gâ~`�c � m1��jshkm�m � ^ayomGb�l�mW|Hjshtk�om�e�cPtktkmGh/��u��Ajstk��m�nU^anG¡A�AmGhk�7^atktU^ab�`1tk�om:{onkm�jP|~c�£oeatkmGh-rAcPb�¤�nkm��
�dcShCcPr�eam7cGeaj_bo`�tk�om�nk�dcStU^�cGeµcSboyWtkm����Aj_hCcGe?|HhkmG¦�{omGb�l�u�y�^ahkm�lGtU^aj_b?�
}-�om � cPhU^�cStU^ajsb�^ab&tk�om[£oeatkmGh�`�cG^ab�^an[tk�omGb���j�yom�eamGy�cPt[tk�om[eam��
� m�eijP|/tk�om7�-]�wO¡?tk�dcSt-v/^ e e~rAm7b�jsb���nkmG�dcShCcPr�eam�cPb�y©cSlGl�j_{ob�t�|Hjshtk�om:nk�dcStU^ajP��tkmG���AjshCc�e�^ab�tkm�hCcSlGtU^ajsbª�	QO{ohkrAmG¤SRUT:mCe eau4á 9�âX��hkjs�AjS�
nkm�y1cSb[^ab�tkm�hkmGnktU^ab�`���j�y�mCe ^ab�`�jP|?tk�om�boj_b�nkmG�AcPhCcSr�eamx�-]ow4rdcSnkmGy
jsb1cSb1mG¢�lC^atCcStkj_hku_�H^abo��^aro^atkj_hku$|Hjshk�[{�e�cStU^ajsbª�g}���^an-cP���ohkj�cPl��1�dcSn
rdmGmGb$lC�oj_nkmGb�tkj[��j�yom�eµtk��m8nk�AcPtU^ajS��tkmG���AjshCc�ei^ab�tkmGhCcPlGtU^aj_b?�-}-��m
|¥j_hk�7{�e�cPtU^aj_b0mG¢��ohkmGnknkmGn9tk�om��-]�w cSn�tk��m�y�^V2XmGhkmGbolGm�rAmGt�v/mGmGb
t�v/j9nkmG�dcShCcPr�eam9��m�l��dcSb�^ank��nG¡/yomGboj_tkmGy
R3W�\PBJFHI�FîB�¿�K�cSboy
BJK�>ABJZPBEÀ
FHBJ¿�Ko¡�v-��^al��9�dmGhk�[^atkn:tkj1�dcShCcP��mGtkmGhU^a�Gm�tk��mxv-�ojSeam1�-]ow�v/^atk��c
e ^a�7^atkmGy�b�{o�7rAmGh:jP|i|HhkmGm8�AcPhCcS��mGtkm�hknG�
}-�om7cSrAj � m7yomGnklGhU^arAmGy©æxcSrdj_h�£oeatkmGh8rAcPb�¤��1cGuWboj_t-rAm7nk{�¶��lC^amGb�t�|Hj_h7nkj_��mãcS�o��e ^al�cStU^aj�bonG�0]�{ol���c9y�mGl�j_���AjsnU^atU^aj_b ^an1b�jst
l�j_����eamGtkm�cSboy0lPcPb�boj_t�nk�dcSbÓtk��m�v-�ojSeam�|HhkmG¦�{omGbolGu0yoj_�1cG^abª�
}-��^an1�1cGu³l�cS{onkm9tUv/j���hkjsr�eam���nGº�£dhknkt1jS|7cGe eH¡�^at1v/^ e exboj_t1rAm
�dj_nknU^ar�eam$tkj$hkm�lGj_bonktkhk{�l�t[tk�om[ydcStCc�¡iv-��^alC���1cGu9rAm�jS|g^ab�tkmGhkmGnkt
^ab9nkjs��m�cS�o��e ^alPcPtU^aj_bAnG�¹]�mGl�j_boy�eau_¡qnkj_��m�cPhkmPc[jS|~tk�om7nk�AmGlGtkhk{o�
v/^ e egrAm�cStktkmGb�{dcStkmGy�tkj�j$�7{ol���cPb�y�tk��m7hkmG�ohkmGnkmGb�tCcPtU^aj_b&jS|gtk��m
ydcStCc�v/^ e e~nk{(2?mGh:|Hhkjs�ÅnklPc�e eajs��^abA`o�7}ij�j � mGhklGjs��m7tk��mGnkmxe ^a�[^atCcG�tU^ajsb�nG¡gc$nkmGl�j_boy�£�eatkm�h�rAcPb�¤9^anx^ab�tkhkj�y�{olGmGy?��}���^an�rdcSbo¤4^an�cSb
cP���ohkjP¢_^a�1cStU^ajsb$jP|Atk�om-æxcSrdj_hi£�eatkmGhirdcSbo¤7r�{otijX2?m�hkni�AmGhU|HmGl�tihkm��
l�j_bonktkhk{�lGtU^ajsb�cSboyW^an8cSb1mG¢�tkm�b�nU^ajsb9jS|itk�om:jsb�m8��hkjs�Aj_nkm�y$^ab�á ý�â��
}-�om�cSy � cPb�tCcS`smWjP|8nk{�lC�&c$rdcSbo¤4^an7tk�AcPt¹^at�c�e eajPv-n�hkmGl�j_bonktkhk{��l�tU^aj_b9jS|~tk�omxydcStCc1c�|Htkm�h��ohkj�lGmGnknU^abo`$v/^atk��^ab�tk�omxnk{or�rdcSboy�n7cPb�y
yoj�mGn8b�jst��dc � m7cPb�u$nklPcGe eaj_��^ab�`9mY2XmGlGtG�
F [Z Ì8����Ì Z �7²W��Ð Z ��°W��Ì:�i� ®G¯�4 °�� Î�® ±$Ì8°

�iÌ	\W²�Ì ¯ ��Ì8�
}-�omxnktkhk{�l�tk{�hkmxjP|~tk��mxv/jshk¤_^ab�`1��j�yom�eq^an�^ e ea{onktkhCcStkmGy9^ab�wª^a`��dÆ��
« � ^ayomGj�l�j�y�^abo`4|¥hCcS��mGvgj_hk¤�^an1cPnknk{���mGyª¡i^ab�tkj�v-��^al���cPb�j_hU^ �`P^abAcGe/nkm�¦�{�mGbolGmx^anxlGj_bonU^ayomGhkmGy©c�eaj_bo`$v/^atk�©c[y�^anktkj_hktkmGy � mGhknU^ajsbjP|-^atG�9}-��m1mGhkhkjsh[nkmG¦�{omGbolGmW^an7lGjs����{otkmGy&r�u�nk{or�tkhCcPlGtU^abo`�tk��m
jshU^a`S^abdc�egnkmG¦�{omGb�l�m[|Hhkj_� tk�omxy�mGl�j�y�mGy�j_bom_�-}-�omGb9tk��m7j_hU^a`P^abAcGe
cPb�y�tk��mxm�hkhkj_h/nkmG¦�{omGbolGmGn�cShkmxyomGlGj_���Aj_nkmGy9r�u�tk��m:£oeatkmGh-rAcPb�¤A�
zH|qhkmGlGj_bonktkhk{olGtU^aj_b1^an/b�m�mGy�m�yª¡otk�om:�AmGhU|¥mGlGt~hkmGlGj_bonktkhk{olGtU^aj_b���f]O-�

Ã



10
0

10
1

10
−1

10
0

temporal frequency (Hz)

M
ag

ni
tu

de
 (

dB
)

��Ø��AÕiÞPÝ ª �xÚiÝ¼×GÝ(� :OèAÞPÛoÖ ;~ÖH×GÝ�Þ =iÛ�Ü�
 Û�ß�ß�èAÕiÜq×GØHÜ���kèAÞ ×YL7è ��Ý�ßsÚiÛ�ÜiØHé���é � èAÜiÝíÖHè�L :iÛ�é�é BU×GÚiÝíéGÕiéG×�Û�Ù
ØîÜiÝ(�G��Ý�ß_ÚiÛoÜiØHé�� H[ÛoÜ��
èAÜiÝ�=iÛ�Ü���:iÛoéGé BU×GÚiÝ�×GÞPÛ�ÜiéGØHÝ�Üq×��Ý�ß_ÚiÛoÜiØHé�� H  �¹ÚiÝ��kÞPÝ(E?ÕiÝ�Üiß�ë ÞPÝ�é�:~èAÜiéGÝ�è��7×�ÚiÝM;~ÖH×GÝ�ÞPé
Øîé1:iÖHèA×G×GÝ(��Û�é1Û��kÕiÜiß�×GØHèAÜ©è��x×GÝ(� :OèAÞPÛoÖ��kÞPÝ(E?ÕiÝ�Üiß�ë 
rAcPb�¤$^anx{onkmGy?¡ij_tk�omGhkv/^ankm�tk�om1æxcSrAjshxrAcPb�¤$^anxlC�oj_nkmGb?�7«:nxtk�om
j_hU^a`S^abdc�e8nkmG¦�{omGbolGm$v/^ e e8cPlGt7cSn7c$�¨cSnk¤_m�h[v/^atk��hkmGnk�AmGlGt7tkj9tk�om
y�^anktkjshktU^aj_b?¡:tk�om9b�jsb³e ^abomPcSh�tkhCcSbonky�{olGmGh1^an1{�nkmGy�tkj�l�j_���o{�tkms¡
��^a¢�m�e�r�u9��^a¢�m�eH¡~lC�AcPb�bom�e-r�u9lC�dcSbob�m�e�tk��m�yomGtkmGl�tU^aj_b�tk�ohkmGnk�ojSeay
jS|�tk��m�mGhkhkj_hG�·}-�om�m�hkhkj_h$nU^a`sbAcGe[^an9tk�omGb �7{�eatU^a��e ^amGy·r�u tk�om
^ab � mGhknkm�jS|�tk��m9yomGtkmGlGtU^ajsb tk��hkm�nk��jPeay tkj�mG¢��ohkmGnkn1yAcPtCc4^ab��GÂ�D�FKA¿�FHBJ\�RCI�ZGåaR:Q�B �8RP@URPKA\CR�D~���GKAQ_´ nC�Ojsh�ÂoKABJFJD8I�Z�¿�NPRxFa>A@URGD¾>A¿_åaQ_�i}-��^an
��hkj�lGm�nknU^ab�`�jS|itk�omxydcStCc[�ohkmGy�^alGtkn:tk�omxhkmGnk�Ajsb�nkm7jS|~tk�omxb�m�{�hkjsb�n
^ab�cShkmPc[�7�_�
«·£Abdc�egnktCcS`sm��dcSnxtk�omGb�tkj1rAm¨cSyoy�mGy�cSlGlGjshky�^abo`9tkj$tk�om�yom��
nU^ahkmGy�cP����e ^alPcPtU^aj_b cPb�y�tkj�cSlGl�j_{ob�t:|Hj_h8��^a`s��mGh:eam � m�ean7jS|glGj_`sb�^ �tU^aj_b?�1]�m � mGhCcGe-cP���ohkj�cPl��omGn1cPhkm[�dj_nknU^ar�eam_º�jsb�lGm�tk��m��ohkmGy�^alGtU^aj_bjS|gtk��m7hkmGnk�Ajsb�nkm�jP|/tk�om7��hU^a�1cPhku�l�j_hktkmG¢1^an7cSnknkmGnknkmGy?¡qtk��m7yAcPtCc
lPcSb�rdm�hkm�lGj_bonktkhk{�l�tkmGy1cSboy��ohkj�lGmGnknkmGy1r�u7l�e�cSnknU^al�c�e?^a�1cS`sm-nkmG¦�{��
mGb�l�m1c�ea`sj_hU^atk�o��n$�Hm_� `���nk�AmGlGtkhCcGe/mGnktU^a�¨cStU^aj_bd����}���^an7cS�o�ohkj�cSlC�
^an9tk��m9eamGnkn$e ^a¤_mCeau_¡��ojPv/m � m�hG�»«ínkmGlGjsb�y
�AjsnknU^ar�^ ea^atUu0l�j_bonU^anktkn^ab�y�^ahkm�lGtUeau��ohkj�lGmGnknU^abo`�tk�om��AmGhkl�mG��tk{dc�eglGjs���Aj_bomGb�tknG��zUb�tk�AcPt
lPcSnkm_¡~tk�om1yAcPtCc4v/^ e e8rAm1�Aj�jSeam�y�j � mGh�tk��m1lC�AcPb�bom�ean�cSlGl�j_hky�^ab�`tkj�nkj_��m9nk{o���1cPtU^aj_b
hk{�eam�yomGnU^a`_bomGy |Hj_h�tk�om9tCcShk`smGtkmGy
cP����e ^ �
lPcStU^ajsb�cPb�y�cSlGlGjs{�b�tU^abo`9|Hj_h:e�cPtkmGh[nktCcP`_m1jS|���hkj�lGm�nknU^ab�`�r�u�tk�om
r�hCcG^abª�g«:boj_tk�omGh8cS�o��hkj cSlC�9lGj_bonU^anktkn/^ab$�ohkj�lGmGnknU^abo`$tk�om:�AmGhkl�mG���
tk{AcGe?lGj_���Aj_bomGb�tkn8cSboy$tk�omGb�hkmGl�j_bonktkhk{�lGtU^abo`1tk��m8yAcPtCc¹v/^atk�1tk�om
fDO�£�eatkm�h:rdcSbo¤A�
C  Z ���¨��Í0Ì8�[Ì8� ®�� �x� ® ° ¯ ° �·�7Ë9Ì·Í0°1±$Ì:Ð
}��om-��j�yom�e?�dcSn~rAmGmGb��dcShCcP��mGtkmGhU^a��mGy$r�u7��mPcPb�n/jP|?�onku�l��oj_�o��u_�
nU^alGnG�)}-�om³`sj�cGe$jP|�tk��m�mG¢��AmGhU^a��m�b�tkn³v�cSn�tkj(��m�cSnk{ohkm�tk�om
��]owO�i«8n[tk�om$�o{�hk�dj_nkm9jS|8tk�om$v/jshk¤4^an1boj_t7tk��m�nktk{�you�jP|xtk�om
���x]1r�{ot�^atkn�cS�o��e ^al�cStU^aj_bdn¹^ab�c � ^ayomGj1lGj�y�^abo`W|¥hCcS��mGvgj_hk¤A¡?tk�om��nku�lC��js����u�nU^al�c�e8mG¢��AmGhU^a��mGb�tkn[�dc � m�rdmGmGb��AmGhU|Hjshk��mGy�tkj1nktk{oy�u�AmGhklGmG�otU^aj_b�jS|µlGj�y�^abo`�bojS^ankm_�g}-��^an/�dcSngrAmGmGb1yoj_bom:^abWtk�om�|¥jSe eajS�
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