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I�0ò�
&%��$%Gñ�ôÒ�³_�YaWedyY\kopq`�]e`�u�l-faWcY\p9]eWcY\hIb¦[DfPWeu�Y�]ZdgfPhtfa[<]ern`

�òyñ�ó��eï��üï�ÈÍdgh2]Z`��a`�WwWcY�]edqf2É�b�]eWZmnx�]ZmoWZ`a� � moWe]ero`�W�in]edqu�dgho�'Y\hnVOb�]eWZmnx�]ZmoWe`�YaWe`�]Zdg�Pr2]epq��pqdgho£P`�Vª�
� `�lolìÈ�~�|P|P{aÉ�x¢fPhXÎnWZu�b�pqdyb¦]Z`�ho`�WZb�Öªb�`�hnb�dg]edq_Gd±]¦�³]ef�]edqu�dgho��VX`�_GdqY\]edqfahnb�iªkomX]�i�u�fPb�]�dgu�l-faWe�
]ZYah2]epq�aiªY\pyb�f�b�rnf��wbw]ZrnY�]�]erodyb�b�`�hnbed±]Zdg_Gdg]¦��dyb�Y�_�Y\WZdyY\kopq`�f\[<]ero`�lIf2b�dg]edqfah�dght]ero`�u�`¢]ZWedyx�Yap
b�]eWZmnx�]ZmoWe`P�<s�fau�lopq`�u�`�h2]ZYaWe��]Zf�]Zrodyb�ÎnhnVXdqho�niG]Zro`�WZ`�dqb#b�]eWZfaho��`�_GdyVX`�hnx�`�]ernY\]"l-`�We[DfaWZu�`�Wcb
VXf�hof\]#loWZfXVXmnx�`�]Zdgu�dqho��Vo`�_GdqY\]edqfahnb"Y\]"YaWekodg]eWcY\WZ��lIfPdgh2]cb�dqh']edqu�`�È	'�Yapgu�`�W�i7~�|P|2ÛaÉ���Ì"ro`��
WcY�]ern`�W�Vo`�_GdqY\]e`�[DWefPu lomnWe`'u�`�xcrnY\hndqx�Y\p<l-`�We[DfaWZu�Y\hnx�`�dqhÐbelI`�x¢dgÎIx��"YK�Xb��tÌ"rn`�u�`¢]ZWedyx�Yap
b�]eWZmnx�]ZmoWe`�loWef�_GdyVX`�b�¬�YahnxcrofPWwlIfPdgh2]cb¨®�[DfaW�]edqu�dghn�'VX`�_2dyY�]ZdgfPhnb�i-YahnV�¬¦`�_a`�We�OYabelI`�x�]�fa[+u�mX�
bedqx�Y\p�b¦]ZWemIx�]emnWe`�x¢fah2]ZWedqkomX]Z`�b�]ef']ero`�belI`�x¢dgÎIx�Y\]edqfah�f\[�Yaht`¢¥XloWZ`�bZbedg_P`�loWZf\Înpq`�[DfPW�Y�lodq`�x�`�®
È?s�pyY\WZ£a`Piª~�|P|a|oiXl�� �2|P{aÉ¢�)(�¥XloWZ`�bZb�dq_a`�]Zdgu�dqho��dqb�Y\pyb�f�be�Xb¦]Z`�u�Y�]ZdqxaØX]ero`�]Zdgu�dqho��dqh�We`�lI`�Y�]Z`�V
l-`�We[DfaWZu�Yahnx¢`�b�x�Y\h�k-`�_P`�WZ��b�]ZYakopg`�f�_a`�W�Y�l-`�WZdgfXV�fa[+�a`�Y\Wcb�È?s�pq�Gho`�b�Y\hnV³Ý�Yapg£P`�W�i=~�|aíP{oi
lolj�q~�ín~¢�c~�íGÛ\É��
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Ì"ro`Oxcrodq`¢[w�af2Y\p�dghìY\mX]Zfau�Y�]Zdqx�WerG�2]ernuÜVo`�bZx¢WZdglX]ZdgfPh�dyb�]Zro`'lIY\Wcb�dqho�tfa[�Yax�famnb�]edyx�`�_a`�h2]cb
]erIY�]#fXx�x¢mnW�dqh']edqu�`�dqh2]ef�]ero`�u�fPWe`�Y\knb�]eWcYax¢]�hofa]edqfahnb"fa[�u�`¢]ZWedyx�Yapjb¦]ZWemnx¢]emoWZ`ai2]Z`�u�lIf�YahnV
]edqu�dghn�niªYab�dgpqpqmnb¦]ZWZY\]e`�V�dgh � dg�PmoWe`�{Xi7�#ro`�WZ`�]Zro`��PfPYap�dyb�]Zf'VX`�Wedq_a`�Y�WZ`�loWZ`�be`�h2]ZY\]edqfahOpqdg£P`
ÈÍÔ#É�[DWZfau ÈÍ°�É�fPW�ÈÍ°�Ö É���° u�Y\Õ¦faW�VXd���x¢mopg]¦��dyb�]Zro`�dqhoro`�We`�hP]�Y\u�kndg�Pmod±]¦��f\[#WZr2�2]ZrouOi9YPb
VXdybex�mnbZb�`�V�dqh�]ern`wloWZ`�_GdgfPmnb+be`�x¢]edqfahj��Ì"rodyb<x¢fPhnx¢`�Weh�dyb+Y\pybef�`¢¥XloWZ`�bZb�`�V�kG�;'�YaWehIx¢mX]e]�È¦~�|a|��Ii
lj� �2{a×PÉ�i7s�r2mnho��È¦~�|Pía|niXlj�g~�|PÉ"YahnV � fPbe`�h2]erIY\p<È�~�|a|2{XiXlj�q~�{PÉ��<Ì"rndqb�dqbwY�lnWefPkopg`�u k-`�x�Y\mnbe`
x¢fPu�lomX]e`�W<dqu�lopg`�u�`�h2]ZY\]edqfahnb+Vo`�u�Y\hnV�lnWe`�x¢dyb�`wVX`�Înhodg]edqfahnb�iGY\hnV�Yah2��b��Xb�]e`�u�Y\]edyxwx¢fPu�lnY\We�
dyb�fPh�f\[ªloWZfa�aWcY\u lI`�W�[DfPWeu�Y\hIx¢`�b�u�mnb�]<kI`�knYabe`�V�fPh�b�fPu�`�¬¦�PWefPmohnV�]eWZmX]erj� ® � faW+dqhnb�]ZY\hIx¢`ai
dg]�dqb�VXd���x¢mopg]�]ef�x�fau�lnY\WZ`�lnWefP�aWcY\u�b�]ZrnY�]�`�¥G]eWcYax�]�]ern`O]e`�u�l-f�d±[�]ero`�dgW�Vo`¢Înhodg]edqfahIb�f\[
]e`�u�lIfOVXf�hnf\]�`¢¥Xlopqdqx�d±]Zpg��WZ`¢[D`�Ww]ef']ern`�bZY\u�`�u�`�]eWZdqx�Y\p9pg`�_a`�p?��§¨hnVX`�`�Vªi7]e`�u�lIf�dghIVXmnx�]ZdgfPh

�



Raw data (audio)


Feature lists (e.g.,

onsets, frame energy)


Metrical structure

and timing features


(A)


(A’)


(B)


time


� dg�PmoWZ`�{X}<(�¥oY\u�lopq`�fa[�Y\h4YamnVXdqfÐbedg�PhnY\p?i�`�¥oY\u�lopq`�b'f\[�[D`�Y�]emnWe`�pgdyb¦]cb�i�x¢fPWeWZ`�belIfPhnVXdqho�
u�`¢]ZWedyx�Yapjb¦]ZWemnx¢]emoWZ`�Y\hnV�]edqu�dghn��[D`�Y�]ZmoWZ`�b�iob�rof��#dqho��Y��aWcYaVXmIY\pqpg��VX`�x¢WZ`�YPb�dqho��]Z`�u�l-fn�

be�Gb�]e`�u�bw]¦�Glodyx�Yapgpq��u�Y\£a`�`�WZWefPWZb�f\[�bedqu�lnpg`�dgh2]Z`��a`�W�WcY�]Zdgf2b�iªbemnxcrtYPb>=P��Ô-'<v dghnb�]e`�YaVtf\[
~�{a��È0Ê�dg¥Xfahji9{\�a�n~aØ=Ú�fa]efOY\hnV�v�moWZfPYa£�Yoi�~�|P|2ÛaÉ���°�pqbefnij`�_a`�h�dg[�`�¥Gdyb�]edqho��bex�faWZ`�b�x�Y\h�k-`
]ZYa£a`�htYab��aWZfamohIVG�0]ZWemo]er�WZ`¢[D`�WZ`�hIx¢`�bw]ef']ero`�¯2mnY\h2]ZdqbZY�]ZdgfPh�faW�]edqu�`�bedg�PhnY�]ZmoWe`�VX`¢]Z`�WZu�dqhnY\�
]edqfah�]ZYPb�£Xb�i�¬�x�faWZWe`�x�]�®+]edqu�`#bedg�PhnY�]ZmoWZ`�b=faW�¯2mnY\h2]edybe`�V�VomoWZY\]edqfahnb�x�Y\h�Yapg�"YK�Xb�k-`�]ero`"fPkXÕ¦`�x¢]
f\["x¢fPhP]ZWef�_P`�Wcb��P� � faW�]Zrodqb�WZ`�YPb�fPh�s�`�u��Pdgp�`¢]�Yap0��È0{\�P�a�2É�VX`�Înho`�u�mIb�dyx�]ZWZYahnbZx¢WZdglX]ZdgfPh�YPb
¬¦]ero`�`�¥2]ZWZYPx�]ZdgfPh�f\[�Y\h�ðaócócï?�-�¨ðaî�ôgï��g�q��u�mnbedyx�hnf\]ZY\]edqfahG®�ÈDfPWedq�adqhnY\p7`�u�lnrnYabedqbcÉ��

Ì"ro`�Y\u�kodg�Pmodg]¦��f\[�WZrG�2]erou²WZ`�loWZ`�be`�h2]cY�]edqfahIbwk-`�x¢fPu�`�b�Y\lnlnY\WZ`�h2]��#rn`�h���`�x¢fPhnb�dyVX`�W
]ern`�[DfPpgpqf��#dghn�'¯2mo`�b�]edqfahIb�}�Ú�dq_a`�htY'u�mnbedqx�Y\p�b�dq�ahIY\p?iIrof�� u�YahG��u�`�]eWZdqx�Y\p9pg`�_a`�pyb�Y\WZ`�WZ`�pg�
`�_�YahP]�@Ç§¦b�]ern`�WZ`�faho`�u�f2b¦]�dqu�lIfPW�]cY\h2]�pq`�_a`�pA@Ç§¦b�]Zro`�WZ`�befapq`�pq�tfPho`tó������eïcó���lI`�WZx�`�lX]ZmnY\p
]e`�u�lIf�@OÝÏrodyxcr'u�`¢]ZWedyx�Yap7pg`�_a`�pjVo`¢Înho`�b�]ero`�v³v�]e`�u�lIf�f\[=]ero`�u�mnb�dyxB@�ÝÏrodqxcr�u�`¢]ZWedyx�Yap
pq`�_a`�pqb#Vo`¢Înho`�]ero`�]Zdgu�`�bedg�PhnY�]ZmoWZ`C@�ÝÏrIY�]�YaWe`�]ern`�We`�pg`�_�Y\h2]wx�Y�]Z`��PfaWZdg`�b�fa[=]Zdgu�dqho��VX`�_GdqY\�
]edqfahIbD@ì§¨h�]Z`�WZu�b�fa[ � dg�PmoWe`�{Xi7�#rnY\]�`�pq`�u�`�hP]cb�fa[�ÈÍÔ#É�Y\WZ`�WZ`�pq`�_�Y\h2]�iªYahnV�rof��øx�Y\h�]Zro`��
k-`�hnYau�`�VtYahnVtx�pg`�Y\WZpg��VX`�Înho`�V�@Ï°wWZ`�]ero`�Y\hnbe��`�Wcb#]ef']ern`�be`�¯2mo`�b¦]ZdgfPhnb�x�fau�u�faht]ef'Yapgp
pqdqb�]e`�ho`�WcbD@
Ì"ro`�b�`�¯2mo`�b¦]ZdgfPhnb�rIYK_a`�hoftbedqu�lnpg`�Y\hnbe��`�WZb���Ì"ro`�WZ`�dyb�hof�x�Y\hnfahodyx�Yap+[DfaWZu [DfaW�WZ`�lo�

WZ`�be`�h2]edqho��WZr2�2]ZrouOi�YahnV�pyYaxc£Gdghn�O]erodyb��PWefPmohnV�]eWZmX]er�i�d±]�dyb�VXdE��x�mop±]�i�d±[whofa]�dqu�l-fPbZbedgkopq`ai
]ef�loWZf�_GdqVX`�Y�u�`�Yahodghn�\[Dmop�¯2mnY\h2]Zd±]cY�]edq_a`�x¢fPu�lIY\WZdqbefah�fa[+]ero`�_�Y\WZdgfPmnb�x�fau�lomX]Z`�W�be�Gb�]e`�u�b
�#rodyxcr'`�Yaxcr�rnYK_a`�VXdg«7`�WZ`�h2]wY\hnbe��`�WZb�]Zf�]Zro`�be`�¯2mo`�b�]edqfahIb�� � mnW�]Zro`�W�iX]ern`�WZ`�dyb"hof�x�fau�u�fah
VoY\]ZY\kIYabe`�fPh��#rndqxcr']ero`�be�Xb¦]Z`�u�b"rnYK_P`�k-`�`�h']Z`�b�]e`�Vª�
�GfPu�`�be�Xb¦]Z`�u�b�Vo`�WZdg_P`�]ero`�kI`�Y�]Zb�Y\hnV�]Zro`�]Z`�u�lIf'f\[7Õ¦mnb�]�fahn`�u�`¢]eWZdyx�Y\p=pg`�_a`�p0iI�#ro`�WZ`

]erndqb�pq`�_P`�pGdyb+b�fPu�`��#rnY\]�YaWekodg]eWcY\WZdqpg��xcrof2b�`�hj��Þ�]Zro`�Wcb�Y\dqu Y�]<Vo`�WZdg_Gdqho��x�fau�lopq`¢]Z`�WZrG�2]erou�dyx
]eWcY\hIbex�WedqlX]edqfahIb�ÈDd?� `a��bex�faWZ`�bcÉ�[DWefPu u�mnbedqx�Y\p�lI`�W�[DfPWeu�Y\hIx¢`�b����2]Zdgpqp"f\]Zro`�W�loWefP�aWcY\u�b�Yadgu
Y�]�Vo`¢]e`�Weu�dqhodqho�@befau�`�]edqu�dqho��[D`�Y�]ZmoWe`�b�[DWZfau u�mnbedqx�Y\pwl-`�We[DfaWZu�Y\hnx�`�b�i�bemnxcrÏYab�]Z`�u�l-f
xcrnYaho�a`�b�iG`�_P`�h2]wb�rnd±[^]cb�È^]Zdgu�dqho��xcrnY\hn�a`�bcÉ�Y\hnV�be�#dgho��[ÍYPx�]efPWZb��
Ì"ro`�b�`�x�fau�lomX]Z`�W�loWZfa�aWcY\u�b�bernY\WZ`�befau�`#[DmohIx�]edqfahIY\p7YabelI`�x�]Zb�� � fPW<dqhnb¦]cY\hnx�`aiXY�loWZ`�_�Y\�

pq`�h2]wYabelI`�x�]"dqb�]Zro`�rnY\hnVopgdqho��f\[=be�Gu�k-fapqdqx�VoY\]ZY�VX`�WZdg_P`�V�[DWZfau ÈDfaW"dqhnb�]e`�YPV�fa[ZÉ�WZYK�4YamnVXdqf
VoY\]ZYo�©Ì"ro`�be`³[D`�Y�]ZmoWe`�pgdyb�]Zb�Y\WZ`tmnbemnY\pqpq�Ðu�YaVo`�mol4f\[�fahIb�`�]�]edqu�`�b�ÈÍbe`�`ìÈÍ°�Ö É�dgh � dg�a�
moWZ`t{aÉ¢i��#rndqxcrÏY\WZ`�b�fPu�`¢]edqu�`�b�mIb�`�VÐdqhÏx¢fPh�Õ¦mohnx¢]edqfah��#d±]ZrÏf\]Zro`�W�[D`�Y�]ZmoWe`�b�È^]Z`�u�lIfPWZYap0i
]edqu�knWZYap0i�rnYaWeu�fPhodqx�faW�u�`�pgfXVXdyx�É¢��Ý�`OVX`�Înho`'[D`�Y�]ZmoWZ`�pqdqb�]Zb�b�fPu�`��#rnY\]�koWZfPYPVXpg�Pi�]ef�dghX�
x¢pqmnVX`�[DWcY\u�`¢�üknYabe`�V�[D`�Y�]ZmoWZ`�_a`�x�]ZfaWcb�YPb<��`�pqpªYab�pgdyb¦]cb�f\[=be�Gu�k-fapqdqx�`�_a`�h2]Zb�iGbedqhnx¢`�]ero`�Y\pq�afa�
WZd±]Zrou�b+b�mnknb�`�¯2mo`�h2]epq��mnbe`�V�]Zf�loWefXx�`�bZb9]ero`#pqdqb�]Zb<Y\WZ`"bedqu�dqpyY\W�[DfaW<kIfa]er�x�YPb�`�b�i\`�_a`�h�]Zrofamo�Pr
]ern`�]edqu�`�bZx�Y\pq`�b�VXd±«7`�W�kG��Yah�fPWZVo`�Wwfa[�u�Ya�ahodg]emnVo`a�"Ì"ro`�VXdyb¦]ZdghIx�]edqfah�k-`¢]¦��`�`�h�rodq�arX�üpg`�_a`�p
Y\hIV�pqf��"�?pq`�_P`�p7WZ`�loWZ`�be`�h2]ZY\]edqfahnb�iXY\pg]erofPmo�ar�x¢fPhnx¢`�lX]emnYapgpq��dqu�lIfPW�]cY\h2]�ioVXfG`�b#hof\]#ho`�x¢`�bebZY\We�
dqpg��lopyYK��Y�pyY\WZ�a`wWZfapq`wdqh'VX`�]e`�Weu�dqhodghn��]Zro`�bemodg]ZYakodgpqdg]¦��fa[=Y\pq�afPWedg]ernu�b+[DfaW�]ero`�VXdybex�f�_a`�We��f\[
]e`�u�lIfPWZYapªlnY�]e]e`�WZhnb��
Ì"rodyb�WZ`�_Gdq`��öloWZf�_GdqVX`�b�Y�¯PmIY\pqd±]cY�]edq_a`'x¢fau�lnYaWedybefah�f\[�be�Xb¦]Z`�u�b��#dg]erÐWe`�b�l-`�x¢]�]Zf³]ern`

[Dmohnx¢]edqfahnYapGmohodg]Zb9f\[o]Zro`"�a`�ho`�WcY\pPu�fXVX`�pGdgpqpgmIb¦]ZWZY\]e`�V�dgh � dg�PmoWe`�×oi\x�fahnbedqb�]edqho��f\[o[D`�Y�]emnWe`�pgdyb�]
x¢WZ`�Y\]edqfah�ÈD`a� �n�qiXfahIb�`�]#Vo`¢]e`�x�]ZdgfPhIÉ�iolnmopqbe`�dghIVXmnx�]ZdgfPh�ÈÍdghIx¢pqmnVXdqho��lI`�WedqfXVXdyx¢dg]¦��x¢fau�lomo]ZY�]ZdgfPh
Y\hIV�rIY\hnVXpqdqho��f\[ª`�_P`�h2]<berod±[^]cbZÉ¢iPlnmopqbe`"]eWcYaxc£Gdqho�ni\]edqu�`�b�dq�ahnY\]emoWZ`#Y\hnV�¯2mnYahP]Zdqbe`�V�VXmnWZY\]edqfah
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Quantization -

Rhythm parsing


Audio


Systematic

deviation

estimation


e.g., Swing


Tempo curve

(Beat times)


Quantized durations


Tempo

(Beat rate)


Time signature

determination


Time signature


Feature list

creation


Pulse

tracking


Pulse induction


Event-shift

handling


� dq�amoWZ`�×o} � mohIx�]edqfahIY\pjmohnd±]cb#f\[9WerG�2]erou­VX`�bZx¢WZdqlX]edqfahOb��Xb�]e`�u�b

VX`�]e`�WZu�dghIY�]edqfah�Y\hnV�ÎnhIY\pqpg��`�b�]edqu�Y�]ZdgfPh�f\[nberofaWe]j]Z`�WZuM]Zdgu�dqho�w[D`�Y�]ZmoWe`�b��=§¨h�]ern`<WZ`�u�Y\dqhnVX`�W
f\[9]ern`�lIY\l-`�W�io��`�VXdybZx¢mnbZb"`�YPxcr'fa[�]ern`�be`�[Dmohnx�]ZdgfPhnY\pªmnhod±]cb#dqh']ZmoWZhj�

F G'·#Ã�¼=Á'¹9·ÜÄ¢½�ºª¼ Â�¹9·#Ã�¼9½:,�»
�GfPu�`�x¢fPu�lnmX]e`�W�be�Gb�]e`�u�b<VX`�Y\p-�#d±]Zr�b��Gu�kIfPpgdyxwVoY\]ZYoiGbemnxcr�Yab�v�§¦Ê�§�faW<u�Yah2mIY\pqpg��lnY\Wcbe`�V
bZx¢faWZ`�b�x¢fPhP]cY\dqhodqho��befapq`�pq�'fPhnb�`�]�]Zdgu�`�b�YahnV³VXmoWcY�]ZdgfPhnb�È0Ô�Wef��#hji9~�|P|a×nØ-Ù�faho�Pmo`¢]e�üË�dg�P�adqhnb
Y\hIV�Ù�`�`Pi�~�|PíP{PÉ�� � `�x¢`�hP]�be�Xb¦]Z`�u�b"]Z`�hnV�]Zf�VX`�Yap�VXdqWe`�x�]epq���#dg]er³YPx¢fPmnb¦]Zdqx�bedq�ahnYapqb"fPWw�#d±]Zr
x¢fPu�loWe`�bebe`�VìY\mIVXdgfÏÈÍÝ�Yaho�@Y\hIVIH�dgpq`�WZu�fni#{\�P�o~�É¢i�Yap±]Zrofamo�PrÏb�fPu�`O`�Y\WZpg�ìb��Xb�]e`�u�b�Yapqbef
mnbe`�V�YamnVXdqftdqholomX]³È?�XxcropqfPbZb�i"~�|PíP�oØ�s�rof��#hodqho�³`�]�Yap0�qi#~�|Pí��2É¢�KJ�f�u�Y�]e]e`�W��#rnY\]�dqholomX]
VoY\]ZY�dqb"mnbe`�VjiG]ero`�ÎnWcb�]"YahnY\pq�Xb�dyb"b¦]Z`�l�dqb�]Zro`�x¢WZ`�Y�]ZdgfPh�fa[9Y�[D`�Y�]ZmoWZ`�pqdyb¦]�iXd0� `a��]Zro`�lnY\Wcb�dqho�Ii
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