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<NMPORQHSUTBV9WXQHY[Z]\P^�_a`UW[YcbdOReUfHQg`RhjidkFVmlcQgn9oph=idkFVq^rkFfts7hRMPu

v frwxWXZ=Wzy {RT|`Ry `FnFy {Rs
Kz}�~��1`F�jkUVm`,YqkUVqQtTzWzh �/`,VqYqftTzWqo�` v�� Tz`,Yqophj�={=�JkUfHs7h�M�uWX�j`,VLwxWq`Ff�Yq^�`,V v y �=Y|y nBk�y {Rs

�!���1���!�����
� Y!o�`UW�VmTznBTBO YqftZ+�JTBTzO�WXo�k&lcO�Yqo�`,Y�ORkFV v `,ftQtWm`&YmQHkUO�k,^
SFk=nz`,fdYmVm`UnNY�ftTBO�e,Yqo�nB`,O�WqQteFORQH�jnB`FO YqftZ+QtO�nLVmTz`UWXT/VqT|nLkFeF�
ORQHYqQtkFO�`FnznL{RV9`FnBZ(QHO�Wq�jT|`,sUTBV"QtO��=TB�JTBOj�=TBO Y�`F{=Yqk v `,YqQgn
Wq�jTzTzn9o�VqT|nLkUeFORQHYqQtkFO(WqZ�WXYqT v WBy�bdO(QtORoRTBVmTBO Y!�RQ���nL{�f�Y[Z
lcQHYqo�YqoRQgW]YqT|n9oRORQg�U{�T�QgW]QHO `,{=Ymk v `&YmQtnz`,ftfHZ�T|W[YmQ v `&YmQHO�e
Yqo�T�ORkFV v `,ftQtWm`&YmQHkUO+�j`,V9` v TLYmTBV�^rVmk v `*O�TBl¡WX�JTz`FsFTzVz¢ W
Wq�jTzTzn9o£`,Oj� �RVqTzS�QHkU{�W"YmTzn9oRORQg� {RTzW/o�`¤SFT*Y[Z��RQgnB`FfHftZ�VqTB�
ftQHT|��kFO]`,O!TL¥=o�`,{jW[YmQHSUT�WqTz`,V9n9o�Yqk¦TzWXYqQ v `&YmTPYmoRQtW§��`FVm` v �
TLYmTBV|y � O�YqoRQgW]��`,�JTBV|hdl§T/�RVmTzWqTBO Y¨` v TLYmoRk=��k,^�O�kFVq�
v `,ftQtWqQtORe�{=YXYmTBV9`,O�nBTzW���Z¨`�fHQtORTz`FVcl§`FVq��QHORe�kF^ v TzfD��fHYqTBV
��`FORs©n9o�`,O�ORTBfgW�QHO%lcoRQgn9o©YmoRT¨ORkFV v `,ftQtWm`&YmQHkUO���`FVm` v TB�
YqTzV¨QtW¨T|W[YmQ v `&YmTz����Z��RYXYmQHORe%^rkUV v `,O Y¨TzWXYqQ v `&YqT|W!Yqk�`
�RVmkF��`F�RQtfHQgW[YmQtn v k��RTBfªy«~�oRQtW v TLYmoRk=��QgW!^�`FWXYzh�nBk v �R{=�
Ym`,YqQtkFO�`FfHftZ�QtORTL¥=�JTBO�WqQtSFT©`,Oj��VmTz� {RQtVmTzW]kFORftZ�`%ftQ v QHYqT|�
` v kU{RO Yak,^p�R`,Ym`¬^rkUV�TzWXYqQ v `&YqQtkFO1y � Y§eFTzORTBV9`&YmTzW3ORkUV v `,ftQH�
Wm`&YqQtkFOjWDlcoRQgn9o�`,VmT3nBfHk WXT3YmkcYqo�kUWqT�lcoRQtn9ol§kF{�ft�¬�JT�^rkF{�O��
��Z©`,O©TB¥=o�`,{�WXYqQtSFT]WXT|`,V9n9opy®~�oRT]ORkFV v `,ftQtWm`&YmQHkUO®QtW�`,�R�
�RftQHT|�Ymk�`d��oRkFORT v TaVmTznLkUeFORQHYqQtkFO¬Y9`FWqs¬{�WXQtORePYqoRT�~ � � � ~
�R`,Ym`,�j`FWqT@`,Oj��VmTzWq{Rf�Y9W3WXoRk&l+`P{�WqTL^r{�f=Q v �RVmk&SFT v TzO Y¯k&SFTzV
`,O]{RO=�°ORkUV v `,ftQgWXT|�!Wq�jT|`,sUTBV�QHOj�=TB�JTBO��RTBO YPWXZ=WXYqT v y

±j²´³Lµ ����¶�·]¸"�)� ³ ¶ µ
���JTz`FsFTBV�QtO��=Tz�jTzO��=TBO Y)¹ª� �Xº `,{=Ymk v `&YmQtn¬Wq�jTzTzn9o]VqT|nLkUeFORQH�
YqQtkFO©WqZ=W[YmT v W�eUTBORTzVm`FfHftZ�o�`¤SUT�`"ftk&l@TzVVqT|nLkFeUORQHYqQtkFO®`FnL�
nL{�Vm`UnLZ®Ymo�`,O�YmoRTBQtV�Wq�jT|`,sFTzV��=Tz�jTzO��=TBO Y!nBkF{RO YmTBVm��`,VqYmWzy
~�oRQgW�QtWdft`FVqeUTBftZ�nz`,{�WqTz�!��Z�S&`,VmQt`,YqQtkFO�W§�Jk,Ymo]��o Z=WqQHkUfHkUeFQH�
nB`Ff»¹�TBe�SFk=nB`Ff�YmVm`UnNY§WqQt¼BT�`FO���Wqo�`,�JT º `,Oj����WqZ�n9o�kFftkFeFQgnB`Ff
¹rTUy ejy v k�k=�DhF`UnBnLTzO Yzh,Wq�jT|`,s�QHO�e�V9`&YmT º �jTBY[l@TzTBO�WX�JTz`FsFTzVmWzh
VmTzWq{Rf�YmQHO�ecQHO)� � v k=�=TBfgWpoj`¤S QtORedWqQHeUORQH�jnB`FOUYmfHZ�ft`FVqeUTBVDS&`,VmQH�
`,OjnLTzWzy3½�VmTBS�QHkU{�W»l@kUVqs!¹X¾ ¿|Àªhg¾ Á,À°hj¾HÂLÀ º o�`FW�WqoRk&lcO�Yqo�`,Y�Yqo�T
`,���RfHQgnB`,YqQtkFOkF^�`c^rVmTz� {RTBOjnLZ¬ORkFV v `,ftQtWm`&YmQHkUOxYqkdYmoRTa{RYXYqTzVX�
`,OjnLTzW@k,^¯Tz`Fn9o!WX�JTz`FsFTBV v `¤Z¦VmTz�R{�nLT�QHO YqTzVX�ÃWq�jT|`,sFTzVaS&`,VmQH�
`,��QHftQ�Y[Z�nz`,{�WqTz����Z��=Q��7TBVmQtORe�SFk=nB`Ff�YmVm`UnNY�fHTzORe,Ymo�WBh=o�TBO�nBT
VmTz�={�nBQHO�e v k=�=TBf1S¤`FVqQg`,OjnLTzW§`,Oj��QtO�nLVmTz`UWXQtORe�VqT|nLkFeUORQHYqQtkFO
�JTBVq^rkFV v `FO�nLT¬QH^»{jWXT|��QtO"`,O"� � �°bx�=Ä WXZ=WXYqT v y
½�VmTBS�QHkU{�WqfHZUh+Wq�jT|`,sFTzV ORkFV v `,ftQtWm`&YmQHkUOÅ^�`FnLYqkUVmW o�`¤SUT

{�Wq{�`,ftftZ©�jTzTBO+^rkF{ROj����Z�`FO+TB¥�oj`,{�WXYqQtSFT¨WXT|`,V9n9o�kF^PYqo�T
ORkUV v `,ftQgWq`,YqQtkFO£Wq��`FnBT�¹�TFy eÆ¾ ¿¤À°ht¾ Á,À º h�lcoRQgn9oÇQgW�nBk v �R{=�
Ym`,YqQtkFO�`FfHftZ�{RO�`&YqYqV9`FnLYqQtSFTFy�~�oRT v TLYmoRk=�®VmTB�JkFVqYqTz�©oRTBVmT
{�WqTzW`¨WmnB`,ftQtORe¨k,^aYmoRT�^rVmTz� {RTBOjnLZ/`,¥�QgWxYqk]�RY�T|W[YmQ v `,YqTzW

k,^¬YmoRT���V9WXY!`,O��(WqTznBkFO��%^rkUV v `FOUY�^rVmTz� {RTzO�nLQtTzW�k,^�¹rfg`&�
�JTBftTz� º WqkF{ROj�RW�^rVqk v YqoRT�Wq�jT|`,sUTBVxYqk"nLfg`FWmW¬nLkUO��=QHYqQtkFO�`Ff
�=QgW[YmVqQt�R{=YmQHkUO�W¦k,^�YqoRT]^rkFV v `,O YmWzy�~�oRQgW�Wqnz`,ftQHO�e�QgW¦YqoRTzO
{�WqTz�!Yqk�ORkUV v `FfHQgWXT¬`,ftfDYmoRT��R`&Y9`�^rVqk v YqoRT�Wq�JTz`,sUTBV|y
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��QtO�nLT�nLk v ��{=Ym`,YqQtkFO�`FfPTL��nBQHTzO�nLZ�QgW�Q v �jkUVXY9`,O Y�Ymk©Yqo�T
ORkUV v `,ftQgWq`,YqQtkFOÜ�RVmk�nBTz�={�VqT(QHY+l�`FW+�=TznBQt�=T|�ÜYqkÇ{�WXT�`
nLk v �R{=Ym`,YqQtkFO�`FfHftZ�TB��nBQHTzO Y v TBYqoRk=�¦k,^J^rkFV v `,O Y��RQgn9s QtORejy
�pQtORT|`,V��RVmTz�RQtnLYqQtkFO�VmTB�RVmTzWqTBO YmW»YmoRTPSUk=nB`,fRYqV9`FnNY�VmTzWq�JkFO�WqT
`FWc`FO]`FfHf1�jkUfHTx��fHYqTzV�Ý
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lcoRTBVmT æ ä `,VmT"YmoRT��RVmTz�=QgnNYmkFV�nBk�TL��nLQtTBO YmW!`,O���ê�QtW
Yqo�T¦`FO�`,ftZ=WXQgWdkUVm�=TzVzy�~�oRT)Vmk�k,YmWPk,^�YmoRT)��VqT|�=QtnLYqkUV��JkFftZ �
ORk v Qg`,fªh è ¹�ß º h nB`,O¦�JTc^rkF{ROj��{jWXQtORe�`xVqk�kFY���O��=QtORe�`,fteFkF�
VmQ�Ymo v ¾ ë,À»h=`,Oj��YqoRTxVmk kFYmW@nB`,O��jT�{�WXT|��Ymk)�RVmk&S�Qt�=T�nB`,OR�
�=Qg�R`&YmT�^rVmTz� {RTBOjnLQtTzW1`FO��¬��`FO��=lcQg��Yqo�W1^rkFVpYqoRT§WX�JTBT|n9o¬^rkFVq�
v `,O YmWzyPì�kFVdT|`Fn9o"Vmk kFYzhJí ä h�YmoRT�^rVmTz� {RTzO�nLQtTzW�`,O��¨�j`,O����
lcQg��Yqo�WP`,VmTxeUQHSUTBO!� Z7Ý

î ä à ï ä°ð,ñ¿,ò ¹�ë º
ó ä à ô ftO)õ í ä õ ð,ñ

ò ¹rÁ º
lcoRTBVmT ð,ñ QtWaYqoRT¬Wm` v �RftQHORe)^rVqT|� {RTBO�nBZ�`,O�� ï ä `,O���õ í ä õ

`,VmTxYqoRT�`FOReFftT¬`,O�� v `,eUORQ�Ym{��=T¬k,^3í ä VqT|WX�JTznLYqQtSFTBftZFy
~�oRT�Vqk�k,Y9W1VmTB��VqT|WXTzOUYmQHO�edYqo�T�^rkFV v `FO YmW1Y[Z ��Qtnz`,ftfHZo�`¤SUT

SFTzVqZÜW v `FfHf]��`FO��=lcQg��Yqo�W ¹�� ZÜkU��WXTzVqS&`,YqQtkFOph!Y[Z��RQtnz`,ftfHZ
õ í ä õdöÅ÷�ø ù�h§nBkFVmVqT|WX�JkFO��RQHORe�Yqk ó ä àÅú ë û � ¼]^rkFV ð,ñ à
ÂzüUu � ¼ º `,Oj�®fHk&lÜ^rVmTz� {RTzO�nLQtTzWzy*~�oRT���V9WXY¦`,Oj��WqTznLkUO��
^rkFV v `,O YmW�l@TzVqT/TzWXYqQ v `,YqT|�(��Z%WqkFVqYqQtORe®YmoRT/Vmk�k,YmW�QHO Ymk
kFV9�=TzV�k,^1`UWqnBTBO��=QtORe¬^rVmTz� {RTzO�nLZUh `FO���TL¥�YqV9`FnLYqQtOReYmoRTdY[l§k
ftk&l@T|W[YclcQHYqo©õ í ä õ=ö%÷�ø ù�y
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Scaling of Formants to Match Individual Formant Estimates to Formant Distributions
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~�oRT!YqV9`,QtORQtORe,�Ã�R`&Y9`�l�`FW�Yqo�T]nBk v �RftTLYqT]YmVm`FQHORQtOReF�°WqTLY¦k,^
Yqo�T�~ � � � ~£�R`&Y9`,��`UWXT]¹rÁ�¿,ü]WX�JTz`FsFTBV9W º y�idkUV v `FfHQgWq`,YqQtkFO
k,^»Yqo�T¬YqV9`,QtORQHO�e,�Ã�R`&Y9`)QgWc`�Y[l@kF�°WXYm`FeFTx�RVqk=nBTzWmWBÝ� � Y9`,eUT©ÂFÝ�ì@Â�`,O��(ì�¿*T|W[YmQ v `&YmTzW�^rkFV�T|`Fn9o�^rV9` v T

kF^�T|`Fn9o�SFk&l§TBf�WqTBe v TzO Y�QHO*YmoRT�YqV9`,QtORQtORe,�Ã�R`,Ym`¨`,VmT
v `F�RT�`,O��`FVqT�{�WqTz��YmkdTzWXYqQ v `&YqT�`d{RORQH�°�=Q v TBO�WqQtkFO�`Ff `F{�WqWqQg`,O¨�=QtWXYqVmQt�R{=YqQtkFO]^rkUVcTz`Fn9o!^rkFV v `,O Y�^rkFVcT|`Fn9o
SUk&l@Tzf��ÃnLfg`FWmWBy� � Y9`,eUT�¿=Ý�~�oRT�TzWXYqQ v `&YmTzW�kF^�ì@Â�`,O��(ì�¿�^rkUV�Yqo�T� ¢ Yqo®^rV9` v T�eUQHSUTBO®��Z®`/Wq�jT|`,sUTBV!¹ ð <ä `FO�� ð Kä º `,VmT
{�WqTz��YqkUeFTBYqoRTzV§lcQHYqo]YmoRTxY[l@k��=QgW[YmVqQt�R{=YmQHkUO�Wc`,���RVqkF�
�RVmQg`&YqTaYqkPYqoRT§SFk&l§TBfH�°nBft`UWqW7kF^=YqoRT@^rV9` v T�YmkPTzWXYqQ v `&YmT
`�ORkFV v `,ftQtWm`&YmQHkUO^�`FnLYqkUV æ ä ^rkFV»Yqo�T@^rV9` v TUy æ ä QtW3nz`,fH�nB{Rft`,YqT|�]`UW§^rkFftfHk&ldWzÝ

æ ä à `,Vme v `&¥� ½aVz¹ æ ð <ä õ î < º ½aV|¹ æ ð Kä õ î K º ¹ úFº
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lcoRTzVqT î <£`FO�� î KÆ`,VmT£YmoRT �RQtWXYqVmQH��{=YqQtkFO�W�^rkUV
YmoRT�SFk&l§TBfH�°nBft`UWqW�`,�R�RVmkF��VqQg`&YmT^rkFVxYqo�T�^rV9` v TUhplcQ�Ymo
v Tz`FO�W � < h � K `,O���W[Y9`,O��R`FVm�(�RTBS�Qt`,YqQtkFO�W�� < h�� K¹r��eF{RVmT�Â º y
~�oRT¬nLftkUWqTz��^rkFV v WXkUfH{=YmQHkUO�^rkUV æ lco�Qtn9o v `,¥=Q v QgWXT|W
T|�U{j`&YqQtkFO¨ü¦QtWdeFQtSFTBO!��ZJÝ

æ ä à
ð <ä � <�� ¹�� < º K�� ð Kä � K�� ¹�� K º K¹ ð <ä � � < º K ��¹ ð Kä � � K º K ¹ªû º

~�oRT|WXT¦ORkUV v `,ftQgWq`,YqQtkFO"^�`UnNYqkUVmW¬`FVqT)YqoRTzO�nBk v ��QHORT|�
Ymk�^rkFV v `�WXQtOReUfHTk&SUTBV9`,ftfJO�kFV v `FfHQgWm`&YqQtkFO�^�`FnLYqkFVPTzWX�
YmQ v `&YmT æ ¹ � º ^rkUVxWq�JTz`,sUTBV��!lcoRQgn9o�QgWP`�ftQtsFTBftQtoRk�k��=�
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Distribution of Warping factors
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l§TBQteFo YqT|�!nBk v �RQHOj`&YqQtkFO]k,^¯YqoRTQtO��=QtS�Qt�R{�`,f æ'&ä ¢ WzÝ
æ ¹ � ºaà â)(+*ätå <Dæ'&ä�, í=¹ æ ä ð <ä õ î < º ½aVz¹ æ ä ð Kä õ î K º

â (+*- å < , í=¹ æ - ð <- õ î < º ½aVz¹ æ - ð K- õ î K º ¹ . º
lcoRTzVqT æ ä QtW1Yqo�TaORkUV v `,ftQgWq`,YqQtkFO�^rkFVp^rV9` v T � h¤`,Oj�0/21
QgWcYmoRT�Ymk,Ym`Ff1O�{ v �jTzVPk,^�SUk&l@Tzf7^rVm` v T|Wc^rkUVPWX�JTz`FsFTzV�jy

~�oRTx�RQtWXYqVmQH��{=YqQtkFO!k,^pORkUV v `,ftQgWq`,YqQtkFO�^�`FnLYqkUVmW@QtW�WqoRk&lcO
QtO"��eF{�VqT�¿Ryd~�oRTBVmT)QgWP`�nLftTz`,Vx�=QgW[YmQHO�nLYqQtkFO��JTLY[l§TBTzO"Yqo�T
ORkUV v `,ftQgWq`,YqQtkFO�W�^rkFV v `,ftT�`FO���^rT v `,ftT®WX�JTz`FsFTBV9Wzy«ìRTL�
v `,ftT�Wq�jT|`,sUTBV9WceFTzORTBV9`,ftfHZ]o�`¤SUT)`�ORkUV v `FfHQgWq`,YqQtkFO]^�`FnLYqkUV
ftTzWmW�Yqoj`,O�kUORTFh lcoRQtfHT v `FfHT|W�o�`¤SUTd`¬^�`FnLYqkUVaeFVmTz`,YqTzV�Yqo�`FO
kFO�TFy3~�oRT�ORkFV v `,ftQtWm`&YmQHkUO)nLk v ��VqT|WqWqTzW¯Yqo�T@^rVmTz� {RTzO�nLZ)VqTB�
Wq�jkUO�WXTxk,^1YqoRT�^rT v `,ftT¬WX�JTz`FsFTBV9W§`,O���TL¥=��`,Oj�RWaQHY�^rkFV§Yqo�T
v `,ftTzWzy©~�oRQgW�QgW¦lco�`&Y�l§kF{Rfg�®QtOUYm{RQHYqQtSFTBftZ®�JT]TB¥=�jT|nNYqT|�
WqQHO�nBTFh�QtO(eFTBO�TBV9`,fªh@l§k v TBO�o�`¤SUT"WXoRkUVXYmTBV�SUk�nz`,fcYmVm`UnNY9W
`,Oj�!nBkFVmVqT|WX�JkFO��RQHOReUfHZ�o�QHeUoRTBV�^rkUV v `,O Y9WaYmo�`,O v TBO1y
Èp²431²�Ïc×�ÿ�ÕzÚ Ñ5!»Ó�Ô6
�Ô¯ÐjÑ&Ò©ÓRÿØ× Ö Ó=Õz×ØÐjÔ
\�O�nBTP`¬ORkFV v `,ftQtWm`&YmQHkUO)^�`UnNYmkFV æ ¹�� º oj`FW��JTBTzO�TzWXYqQ v `&YqT|�
^rkFV!WX�JTz`FsFTBV���¹�`UW��=T|WqnBVqQt�jT|��QHO�¿Ry ¿Ry º hd��ì+787 nBk TB���
nLQtTBO Y9W�`,VmT@eUTBORTzVm`,YqTz��^rkFV3YmoRTcWX�JTz`FsFTBV|¢ W»��`&Ym`¬`UW1^rkUfHftk&ldWzÝ
ÂFycb�ORkFV v `,ftQtWqTz����f�YmTBV���`FORs�QtW§eFTzORTBV9`&YmTz����Z�WmnB`,ftQtORe

YmoRT�nBTBO YqVmTL�ª^rVqT|� {RTBO�nBQHT|WdkF^�` v TBfH�°WmnB`FfHT�jf�YmTBVP�j`,ORs
`UnBnLkUVm�RQHORe�Yqk¦YmoRTS&`,ft{RTk,^ æ ¹�� º ¹r��eF{�VqT�ë º y

¿=yc~�oRT��¯½97/nLk�TL��nBQHTzOUY9W7^rkFV1Tz`Fn9ox^rV9` v Td¹�`FfHVmTz`U�=ZPnz`,fH�
nB{Rft`,YqT|��^rkFV!TzWXYqQ v `,YqQtkFO�kF^^rkFV v `,O Y�^rVmTz� {RTBOjnLQtTzW º
`FVqT¬{�WqTz�!Yqk�T|W[YmQ v `&YmT�`¦SFk=nB`Ff7YqV9`FnNYc^rVmTz� {RTzO�nLZ�VqTB�
Wq�jkUO�WqT�� Z�TBS&`,ft{�`,YqQtORe¨YqoRT���f�YmTBV�VmTzWq�JkFO�WqT�`&Y2.F÷U÷
TzSFTBO�fHZ]WX��`UnLT|�!QtO YqTzVqS&`,fgWc`FnBVqk WqW§YmoRT)Wm` v �RftQHO�e�^rVqTB�
� {RTzO�nLZUy

ëRyc~�oRQgW@VqT|WX�JkFO�WqTPQgWa��f�YmTBVmTz����Z¦Yqo�T�ORkUV v `FfHQgWXT|�¦��fHYqTBV
��`FORs7h¤YqoRT�ftkFexk,^RYmoRT§��fHYqTBV3��`FORskF{RYq�R{=Y3Y9`,sFTzO�`FO��
`;:<7§~�`F�R�RftQHT|��Ymk¦^rkFV v Yqo�T���ì+787§W

~1k�TBO�Wq{RVmTcYqo�`,Y�`UnBnBTBO YaS&`,VmQt`,YqQtkFO�Wa�jTBY[l@TzTBO�Wq�JTz`,sUTBV9W
�=Qg��ORkFY v `FWqs¦YqoRTxSFk=nz`,fjYqV9`FnNY§TL�7TznLYmWzh � ���Å��oRkFORT v T



a(I) < 1

a(I) > 1

Ïc×�ýJþ¯Ñ¤Ú=31²Ïc×�ÿ�ÕzÚ Ñ � Ó�Ô6
?>ÇÓ=Ñ � ×ØÔ¯ý
v k=�=TBfgW�^rkFVxTz`Fn9o/k,^�YmoRT5.��=Qg`,ftTznLYxVmTBeUQHkUO�WdVmTB�RVmTzWqTBO YmTz�
QtOYqoRT�~ � � � ~®�R`,Ym`F��`FWqT�l§TBVmT�YqoRTzO)�R{�QHfHY»{jWXQtORedYmoRTaO�kFVq�
v `,ftQtWqTz�/�R`&Y9`RyPbÆë�WXYm`&YmTFhJfHTB^5YX�°VqQteFo Y�¹�ORk!Wqs�QH�jW º h7WqQtOReFftT `,{jWqWqQt`FOph3�=Qt`FeFkUO�`,f�nBk&S¤`FVqQg`,OjnLT v `&YqVmQH¥/YqkU�jkUfHkUeFZ�l§`UW
{�WqTz�Dy31² ��Í��¶ Î]µ"³ � ³ ¶ µ ÍA@ Ë Íx� ³ É£Í µ �¦�
��TzSFTBV9`,fcVmTznBkFeUORQ�YmQHkUO+TB¥=�jTzVqQ v TBO YmW�l§TBVmT�nLkUO��={�nLYqTz�%QtO
kFV9�=TzV�Yqk�TBS&`,ft{�`,YqT�YmoRT!TB�JT|nNYmQHS�ORT|WqW�k,^cYmoRT�ORkUV v `FfHQgWq`,�
YqQtkFO1y � ORQ�YmQt`FfHftZFh�WqQHOjnLT�kUORfHZ�SFk&l§TBf@WXTze v TBO YmW�k,^dWX�JTBT|n9o
l§TBVmT�{�WqTz�"Ymk!nz`,fgnL{Rfg`&YmT�Yqo�T�ORkUV v `FfHQgWq`,YqQtkFO]^�`FnLYqkUVzhJYqo�T
ORkUV v `,ftQgWXT|����fHYqTzVa��`FORs)l�`FW3kUORftZ){�WqTz�¦Ymk��`,V9` v TLYmTBVmQtWqT
Yqo�T�SFk&l§TBfDWqkF{RO���WByc\PYqoRTzVPWX�JTBT|n9o]^rVm` v T|W�{�WqTz�"`�WXYm`,OR�
�R`FVm� v Tzf��ÃWqnz`,ftTz�x��fHYqTzV§¹r��eF{�VqT@Á º ~�oRT�YmTzWXY3�R`,Ym`cl�`FW1Yqo�T
nLk v �RfHTBYqT�YqT|W[Yq�°WqTLYk,^aYqoRT�~ � � � ~Æ�R`&Y9`,��`UWXT]¹[Âzù�û�Y9`,fts �
TBV9Wzh Â|÷dWqTBO YqTzO�nLT|Wp�JTBV3WX�JTz`FsFTBV º `,Oj�l§`UWpORkUV v `FfHQgWXT|�x{�W[�
QtORe�YmoRT�Wq` v TFh�¢ SFk&l§TBfH�ªkUORfHZ7¢jORkFV v `,ftQtWm`&YmQHkUO��RVmk�nBTz�={�VqTUy
½3TBVq^rkFV v `,O�nBT)l�`FWxÁU÷�y üUüCB��RoRkUORT v T�`FnznL{RV9`FnBZ]^rkFV¬Yqo�T
ORkUV v `,ftQgWXT|��nB`UWXT%¹�`¤SFTzVm`FeFT|�(`FnLVmkUWmW�YmoRT%.+�RQt`FfHT|nNY¨VqTB�
eFQtkFOjW º nBk v ��`FVqT|��lcQ�Ymo�ëD.�y ù ú B {�WXQtORe©{�O=�ªO�kFV v `FfHQgWqTz�
�R`,Ym`¨`,O�� v k=�=TBfgWzy�~1k¨QtO�SFTzWXYqQteU`,YqT¦Yqo�T�TL�7TznNYmQHS�ORT|WqW�k,^
Yqo�T��RVmk=nLT|�={RVmT/kFO�ORkFO=�°SFk&l§TBf�WXkU{RO��RWzhPORkUV v `FfHQgWq`,YqQtkFO
l�`FW�YmoRTBO!�jTzVX^rkUV v T|��kFO�`FfHfJYmoRT�Wq�jTzTzn9o�^rVm` v T|W�VmTBe `,V9���
ftTzWmW¬k,^�lcoRTLYmoRTBVYmoRTBZ�o�`F���JTBTzO�{jWXT|�/Ymk"TBS&`,ft{�`,YqT�Yqo�T
ORkUV v `,ftQgWq`,YqQtkFO¦S¤`FfH{�TFy3ÄcTznBkFeFO�Q�YmQHkUO�`UnBnB{RVm`UnLZ�QtO�nBVqT|`FWqTz�
Yqk*ÁjÂFy;û,¿EBÙ{�WqQtORe�^r{RfHftZ�O�kFV v `FfHQgWqTz�®YmVm`FQHO�QHORe*`,Oj�©YmTzWXY
�R`,Ym`RyÅì»QtO�`,ftftZFh¬QHO kUVm�=TzV]Yqk(QtO SUTzWXYqQteU`,YqT�YqoRT®VmkF�R{jW[Yq�
ORT|WqWckF^¯YmoRT�ORkUV v `FfHQgWq`,YqQtkFO�^�`FnNYmkFV|h=Y[l§k�WXTzOUYmTBO�nBTzW§^rVmk v

Tz`Un9o®YqT|W[Y¦Ym`FfHsUTBV¦l@TzVqT!{�WqTz�®Ymk/T|W[YmQ v `&YmT�YmoRT]ORkFV v `,fH�
QgWq`,YqQtkFO©^�`UnNYmkFV æ ¹�� º `FO���`FfHf§YqTzO%WqTBO YmTBO�nBTzW�l@TzVqT!YqoRTzO
ORkUV v `,ftQgWXT|��{�WqQHO�e æ ¹�� º `FO���VqT|nLkFeUORQgWXT|��{�WqQHO�e!YmoRT�`,�R�
�RVmkF�RVmQg`&YqT¦�=Qg`,ftTznNY v k=�=TBfgWBy�MPWqQHORe]ORkUV v `,ftQgWq`,YqQtkFOphJ�jTzVX�
^rkFV v `,O�nBT¬l§`UW@ÁjÂFy;û¤Á�BÆ�RoRkFO�T v T�`FnznL{RV9`FnBZFy
~�oRTzWqTÇVmTzWq{RfHYmW�^rkFV�QHO��RQHS�Qg�={�`,f®�=Qg`,ftTznLY�VmTBeUQHkUO�W�QtO

~ � � � ~�`,VmTxWqoRk&lcO]QHO]��eU{RVmT ú y
� Ó�!»ÿØÚ®±J² � Ú Ö þ»ÿrÕ Ö Ð��cÑ&Ú'�FÐJýjÔ»×rÕ|×�ÐJÔ%ÚCF � Ú Ñ&×�Ò�Ú Ô7Õ Ö
idkUV v `FfHQgWq`,YqQtkFO]�"TLYmoRk=� ÄcT|nLkFeUORQHYqQtkFO¨bPnBnB{RV9`FnLZ
idkUORT ëD.Ry ù ú BG k&l§TBfH�[\�ORftZ ÁU÷Ry üFü'B
bdftf Á�ÂFy;û,¿CB
_aWXYqQ v `&YmTH:�TBVmQtSFTz�]ìRVmk v~�l§k��=TBO YqTzO�nLT|W Á�ÂFy;û¤Á�B
I¯² · ³ �¯��¸"�¯� ³ ¶ µ � µ · Ï ¸]��¸]��Í > ¶��KJ

� O�YqoRQgW¨�RVmTBftQ v QtO�`,VmZ�QHO�SFT|W[YmQHe `&YmQHkUOphPl§T�oj`¤SFT��RT v kFO=�
WXYqV9`&YqT|�!Yqo�`,YP��Z��RYqYqQtORe�^rkUV v `,O YdT|W[YmQ v `&YmTzW�Ymk v k=�=TBfgWBh
V9`,�RQg��TzWXYqQ v `,YqQtkFO®kF^§^rVmTz� {RTzO�nLZ�ORkFV v `,ftQtWm`&YmQHkUO/^�`UnNYmkFV9W
^rkFV�Wq�JTz`,sUTBV9W¦QtW��JkUWmWXQt�RftTFyML�T"o�`¤SFT"`,fgWqk�WqoRk&lcO+Yqo�`,Y
Yqo�TxO�kFV v `FfHQgWm`&YqQtkFO!QtW�TB�JT|nNYmQHSUTxk&SUTBV�`,ftfpWX�JTBT|n9o]WqkF{�O��RWzh
QtO�nLft{��=QtOReP{�O SUkFQgnLT|�¬�RoRkFO�T v TzWzy¯_@W[YmQ v `&YmQHkUO�k,^=YmoRTaO�kFVq�
v `,ftQtWm`&YmQHkUO/^�`UnNYmkFVVmTz� {RQtVqT|W�kUORftZ�`]fHQ v Q�YmTz�®` v kU{RO Yk,^
�R`,Ym`�`,O�� v `¤Z*YqoRTzO%�JT"`,�R��fHQtTz��Yqk�k,YmoRTBV�{=YqYqTzVm`FO�nLT|W
^rVmk v Yqo�T�Wq` v T�Wq�jT|`,sFTzVzy�~�oRQtW v TBYqoRk=��QtWx^�`UW[YmTBVxYqo�`FO
YqT|n9oRORQg� {RTzW�lco�Qtn9o�{�WqT"`,O�TL¥=o�`F{�W[YmQHSUT"WXT|`,V9n9o©Yqk®T|W[YmQ��
v `&YmTYqoRT�ORkFV v `,ftQtWm`&YmQHkUOpy�MPWqT)k,^�ORkUV v `FfHQgWXT|�¨�R`&Y9`�fHT|�
Yqk�W v `,ftf,Q v �RVqk&SUT v TBO Y9WDQHOVmTznBkFeUORQ�YmQHkUO`FnBnB{RV9`FnLZPkFO¬Yqo�T
~ � � � ~*�R`,Ym`,�j`FWqTFy¯��k v T�QHO YmTBVmTzWXYqQtORecl§`¤Z=WDQtO�lcoRQgn9o¬Yqo�T
YqT|n9oRORQg� {RT v QHeUoUYc�JTQ v �RVmk&SFT|��`FVqTUÝ� {�WqT¨k,^�` v kFVmT¨`FnBnB{RV9`&YqT v k��RTBf�^rkFV�YmoRT]^rkFV v `,O Y

�=QgWXYqVmQH�R{RYqQtkFO�W¹�TFy e�y  `,{jWqWqQt`FO v QH¥�Yq{RVmT º� T|W[YmQ v `&YmQHkUO+kF^xO�kFV v `FfHQgWm`&YqQtkFO�^�`FnLYqkFV9W�^rVqk v {RO�ft`,�
�JTBftTz�¨�R`,Ym`

��Í Ï Íx��Í µ �)Í�
¾HÂLÀ�_dyJ_�Qg�=T�`FO�� � y  QtWqopyPbÇ��`,V9` v TBYqVmQtn`F�R�RVmkU`Fn9o]Ymk

SFk=nB`FfpYmVm`UnNYPftTBOReFYqo"ORkUV v `FfHQt¼z`,YqQtkFOpy � O�N9O 8z6QPQP9I&254 ESR
8UTKV,?6Wx>�> NYXCZ�[ W]\ª:HG&4"\°G h���`,eUTzW�ë,Á ü_^©ëFÁE.�h§��`¤Z
ÂzùUùFüRy

¾ ¿¤À���y��1TBT¨`,O��+Äy�7�y�ÄckUWqTFy����JTz`FsFTzV¦O�kFV v `FfHQt¼z`,YqQtkFO
{�WqQHORe!TL��nLQtTBO Y�^rVqT|�U{�TBO�nBZ]l�`,Vm�RQtORe��RVmk=nLT|�={RVmTzWzy � ON9O 8|6QP`P9I,254 ESRaV&?6Wx>j> NbX'Z�[ W]\ª:HG&4"\°G h)��`FeFT|W�ë ú ë?^
ë ú üRh=��`¤Z�Â|ùFùFü�y

¾ ë&À<L ½�VmTzWmWBh¤}*ì»ft`FORORTBVmZFh,�~¯TB{�sFkFfgWqs ZUh|`FO��<L G TBYXYqTzVX�
fHQtORejyAc<d�e P O 2�6mG,:pC�P96L2 f72 PgR<VN4�? hJn9oj`,�=YmTBV¬ùRyH7§` v �
�RVmQt�=eUTMdORQtSFTzVmWqQ�Y[Z!½�VmTzWmWBh7ÂzùE.D.�y

¾ Á,À)�7y�L�Tze v `,O�OphS:)y&��nzbdftft`UW[YmTBV|hih�y,\�Vqftk,�3h&`,O���}xy|½3TB�
WXs�QtOpy¡���jT|`,sUTBV¨ORkFV v `,ftQH¼|`&YmQHkUO�kFO nLkUO�SFTBV9Wm`&YqQtkFOj`,f
YqTzfHTz�RoRkFO�T@Wq�jTzTzn9opy � O;N9O 8z6QPQP9I&254 ESRjV&?6Wx>j> NkXCZ�[ W]\�l
:HG&4"\°G hR��`FeFTzWcëUëFùi^�ë,ÁjÂFh ��`¤Z�ÂzùUùFü�y



15 Normalised Mel  frequency coefficients
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15 Mel frequency coefficients

800 frequency points

21  LPC Coefficients

Raw Speech Data

12 MFCC’s
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All speech Normalised                 

Restricted Data Normalisation Estimate
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