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Àe®&©«Áù©«Á5³·Ë�Ç�Ç$©fµ�©«ªf¬�âùÊ5¬�©f¬�Í>ª«Ç$Å=Ê5¬�©f¬$µ²³U©d÷�Ð���®BÝ�³·ÔlÕ ®&©«³Hªf¬�©«®BÇ$¯	µD¬�ª«³�ª«±5¯ù©«ÇÂ°$³U©a©«Á5³
Ë�Ç\Ç�©fµ�©«ªf¬$â5â"³HÊ�¶ ¼s»�½Q¾�¾ µ�ÐS÷0ÎBÎü©«Á5³Q©«ªf¬$®B¯5®B¯5°�Ê5¬�©f¬J¬�ª«³F©«Á5³�¯�â5Á5Ç$¯5³�©«®Ò´�¬�ÎBÎBØDª«³UÄ�ÎÒ¬�Ë�³�ÎB³HÊ7Ë�Ø
ÙF®&©«³�ª«Ë5®9¬�ÎB®B°$¯5Å�³�¯�© º ¬�¯	Ê,¬$¯5Ç�©«Á5³�ª��(ÔlÕ ®&©«³�ªf¬�©«®BÇ�¯	µ¤°$®BÝ�³.±	µ{©«Á5³QÞ	¯	¬�Î�¶ ¼s»�½Q¾�¾ µ�Ð

������� æ������hë�ê�í��uå�è �"!#���"�Hè>ìüí

Ñ¤Á5³.ªf³H´UÇ$°$¯5®&©«®BÇ�¯Dªf³Hµ²±5Î&©fµ¤Ç�Í9©«Á5³.©«Á5ª«³H³sµ²³U©fµlÇ�Í~Å�Ç5Ê\³�ÎÒµ�û

$ » ø »�¼;½Q¾�¾ µ¤©«ª¬�®B¯5³HÊdÍ>ª«Ç$Å)©«Á5³�Ê5¬�©f¬$µ²³U©F¶�¸�¹ ¨

$ » ø¤¶ ¼s»�½Q¾�¾ µF´UÇ$¯�Ý�³Hª²©«³HÊDÍqªfÇ$Å)©«Á5³ »�¼;½Q¾�¾ µ&% ´�Ç$¯�Ý�³�ª«©«³HÊ^¶ ¼s»�½;¾¿¾ µ('

$ » ø;¶ ¼s»�½Q¾�¾ µsÊ\®Bª«³x´�©«ÎBØ^©«ª¬�®B¯5³HÊ�Íqª«Ç�Å ©«Á5³�Ê5¬�©f¬$µ²³�©s¶�¸�¹ ¨ ±	µ²®B¯5°�©«Á5³D¶5àQÑ0¶¿Ç�ÍZ©«Á5³a´UÇ$¯\Ä
Ý�³Hª²©«³HÊ^¶ ¼s»�½Q¾�¾ µ)%q©«ª¬�®B¯5³HÊ�¶ ¼s»�½Q¾�¾ µ('

Ç$¯d©«Á5³z÷óÑ¤ø²¶D©«³Hµ�©eÊ5¬�©f¬�¬$ª«³.µ²Á5ÇLÀ{¯,®B¯^Ñ�¬�Ë5ÎB³+*�Ð É5Ð
Ñ¤Á5³(¯5³�À ¸HÃ�Ä�Å�®&Æ�©«±5ª«³ » ø »�¼;½;¾¿¾ µ.¬$´�©«±	¬�ÎBÎBØ^â"³�ª«ÍqÇ$ª«Å µ²ÎB®B°$Á�©«ÎBØ�Ë�³U©²©«³�ªF©«Á	¬�¯¿©«Á5³JË	¬$µ«³�ÎB®B¯5³

¸�Ã�Ä�Å�®&Æ�©«±5ªf³ » ø »�¼;½Q¾�¾ µ�% § ÐÿÓ�, Ý�µHÐ § Ð ¨ ,-% µ²³�³aÑ9¬�Ë5ÎB³aÈ	ÐÿÈ�'.' º ©«Á5Ç$±5°�Á¦©«Á5³�Ø·¬�ª«³(©«ªf¬�®B¯5³xÊ·À{®&©«Á
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}�~j� �����&�>�4� �)���u�T� }��>�H���)�������D�4� �c�w�B���^�B�H�w�c���������\�Q�
�>�^� }��D�)�>�4�^� �T� �>�^� �F�o�o~�~ �H�w�D���^�u���^� �����T�p�)�^�

�S�u�u��� �:��~��u�w���^�B�&� �4���B�X��~ �^�)�F�o~�~ �^�)�F�o~�~
�Z� �S�Z�"� �n�V  ¡6¢ £ ¡4¢¥¤ ¡4¢ �
�"� �"£" e� �V�  6¢ ¤  4¢A¦  4¢A¦

§4¨^©�ª�«>¬D¥®4®4®a¯u°.°O±e²´³S¨Hµ]±e¶w·¹¸aº^»�©�±f°Oº^±w¼H³4¶.±V©�»�¨^±�¶.ªu¶�°O±V½¾»h¶&°O²´³S»�¨^±e¿�¸a»À°Oº�«�Á"Âu¥®6®4®�¯u°.°O±V²´³4¨Hµ]±e¶(ÃZÄ&Å�º^±
¼H³4¶.±e©�»�¨^±�¶.ª�¶.°O±V½Æ»h¶�°O²´³S»�¨^±"¿Ç¯H¶.»�¨^Èc°Oº^±É¶�°´³4¨H¿^³S²´¿�Ê�Ë�ÌÍ³S©�È4§6²O»À°Oº^½	B¸aº^»�©�±|°Oº^±É¨^±V¸ÏÎfÐ�Ñ�ÌÒÌ	¶
³S²O±�°O²Z³S»�¨^±e¿¼6ªÓ°Oº^±J¨^±e¸lº6ª�¼^²O»h¿cÔ�ÅQÕ�Öw×Ø³S©�È4§4²´»À°Oº^½	Ä�Å�º^»h¶Ù¶.º^§�¸Ù¶f°OºH³X°Ù°Oº^±JÔQÅ�Õ�Öw×Ú°O²Z³S»�¨^»�¨^È
³S©�È4§6²O»À°Oº^½Û¸�§6²OÜ�¶a¸�±V©�©ÝÄ

Ê#±eµV§4¨H¿u©�ª4a±VÞS±e¨r°Oº^§4¯^È6ºß°Oº^±Ò¼H³6¶.±V©�»�¨^±àÁVáXâã½É»Àä#°O¯^²O±�ÎfÐ�ÑqÌ�Ì	¶c³S¨H¿r°Oº^±å¨^±V¸æÁVáXâã½�»Àä�°O¯^²O±
ÎfÐ�ÑqÌ�Ì	¶�³4²O±|°O²´³S»�¨^±"¿z»�¨�ÞS±e²Oªå¿u»Àç>±V²´±V¨4°�¸f³"ª�¶e�°Oº^±èÂX®Xâk¶.°O²O±e³S½éÊ�ÐjÎfÑqÌ�Ì	¶�µV§4¨6ÞS±V²O°O±e¿Çê ²´§4½
¼>§S°Oº�¶.±V°´¶T§Sê)ÎfÐ�ÑqÌ�Ì	¶fºH³eÞS±Q±]ä^³4µn°O©�ª�°Oº^±Q¶´³S½�±a²O±"µ]§4È4¨^»À°O»�§4¨ÉëD±V²Oê §4²O½�³S¨Hµ]±j·\³4¶Fìí¯H¿uÈ4±e¿�¼6ª�°Oº^±V»�²
¸f§4²´¿�±V²O²O§6²�²´³X°O±"¶�·\Å&³S¼^©�±aî:Ä¥î�Þu¶VÄ�Å)³S¼^©�±�ï�ÄðÂ6ÃZÄ)Å�º^»h¶o¶.¯^È4È4±"¶�°´¶&°OºH³X°o°Oº^±�½�§^¿u±V©uµ]§4¨6ÞS±e²´¶.»�§4¨+¶OµZº^±V½�±
°O§Éµ]²´±e³X°O±jÊ�ÐjÎfÑ�ÌÒÌ	¶aê¹²O§4½ñÎfÐ�ÑqÌ�Ì	¶a»h¶a²O§4¼^¯H¶�°eÄ

Å�º^»�²Z¿u©�ªz³S¨H¿å½�§6¶.°J»�½�ëD§6².°´³S¨4°O©�ª4�°Oº^±Ê�ÐjÎfÑqÌÒÌè¶j°O²´³S»�¨^±e¿åê ²O§4½ò¶Oµ]²´³X°´µZºå¯H¶.»�¨^È�§4¯^²J¨^§�ÞS±V©
¿u»�²O±eµ]°+Ê�ÐjÎfÑ�ÌÒÌó°O²´³S»�¨^»�¨^ÈÇ³S©�È4§6²O»À°Oº^½ôë>±V².ê §6²O½ô³4¶J¸f±V©�©�³6¶�°Oº^±ÓµV§4¨6ÞS±V²O°O±e¿�Ê�ÐjÎfÑ�ÌÒÌ	¶VÄÅ�º^±
²O±e¶O¯^©À°+¿u±V½É§4¨H¶�°O²´³X°O±"¶q°Oº^±±]çB±eµn°O»�ÞS±V¨^±e¶´¶J§SêÙ¿u»�²O±"µn°|Ê�ÐjÎfÑqÌ�Ìõ°O²´³S»�¨^»�¨^È:Ä�öí¨tê\³4µn°e&°Oº^±c³eÞS±e²´³SÈ4±
ÖwºH³X°.°´³4µZºH³S²Oª�ª4³�¿u»h¶�°´³S¨Hµ]±"¶&ë>±V²�ë^²O§S°O§4°kª�ëD±�¼>±]°k¸f±V±V¨�°Oº^±Ùµ]§6¨6ÞS±V².°O±"¿+Ê�ÐjÎfÑqÌ�Ì	¶T³S¨H¿�°Oº^±w°O²Z³S»�¨^±e¿
Ê�ÐjÎfÑqÌ�Ì	¶Tê¹§4²T°Oº^±Ù°k¸f§�µV³6¶.±e¶)§Sê&Î�öãâ.Ê^÷�Å�Ê6â�Ì�ÁVáXâã¨�Á�ÂXø�³S¨H¿ÓÎ�ökâ�Ê^÷�Å�Ê6â.Ìèî#Â�âã¨HáS¬q³S²O±a®HÄ¥®6î4øq³S¨H¿
®HÄ¥®HÁV¬|²O±e¶.ë>±eµn°O»�ÞS±V©�ª4ÄoÅaº^±e¶.±J¿u»h¶�°´³S¨HµV±e¶w°O²´³S¨H¶O©h³X°O±q°O§�º^»�È4º�ÖwºH³X°.°´³4µZºH³S²Oª�ª4³|±V²O²O§6²´¶´ù�§4ê)¬6ø:Ä�Á�úû³S¨H¿
¬ / Ä¥îuúü²O±e¶.ë>±eµn°O»�ÞS±V©�ª4F¶O¯^È4È4±e¶�°O»�¨^Èè°OºH³X°J°Oº^±|°í¸�§Ò¶.±]°´¶q§Sê�¶.¯^¼H¶.ëH³6µ]±�÷�³S¯H¶O¶O»h³S¨H¶J»�¨å°Oº^±�µ]§4¨6ÞS±e².°O±e¿
Ê�ÐjÎfÑqÌ�Ì	¶+³S¨H¿å°Oº^±�°O²´³S»�¨^±e¿yÊ�ÐJÎwÑ�ÌÒÌè¶+³S²´±�ÞS±V²Oªå¶.»�½�»�©h³4²eÄÅ�º6¯H¶�»Àêa§4¨^±É»h¶j§4¨^©�ªåÈ4»�ÞS±V¨�°Oº^±
Ê^÷�Å�Êà³S¨H¿y°Oº^±c°O²´³S»�¨^»�¨^Èt¿^³X°´³å§Sê�³å¶.±]°�§Sê�µ]§4¨6ÞS±e².°O±e¿ýÊ�ÐjÎfÑ�ÌÒÌ	¶V�°Oº^±ÒÊ�ÐjÎfÑ�ÌÒÌ	¶ÉµV³S¨à¼>±
þ ²O±"µ]§"ÞS±e²O±e¿^ÿQ¼6ª|§4¯^²f¿u»�²O±eµn°�Ê�ÐJÎwÑ�ÌÒÌ °O²´³S»�¨^»�¨^È+³S©�È4§6²O»À°Oº^½
°O§+³�ê¹³S»�²w¿u±VÈ4²´±V±�§Sê�³Së^ë^²O§"ä�»�½�³X°O»�§4¨�Ä
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���m���L�������9�_���������t�9���������t�¡ '��¢����:��£+¤R¥�¦�§¨§©��¢8ªt��������«¬�?������8ªt®�¯��?������ ±°'²Z��«v��ª³�����9´µ�3¶�¢�������¢���
���v�t�\������«vª����·���\²¹¸¬ªX�vº|��¢8ªt��������«» �ª��8ª¨ªt¢���¢���¼½¶���¢��� ±¾{¿��y�����?�<��À'´Y��¢���¸ �9�v��°d�����µ �ª��8ª¨¢���¼½¶���¢���Á
¸ �9�v��3�X¢���¢	ªt��������«µ¥Z¿�£+¤R¥�¦�§Â§Ã�H�?�S���X¸ ´mªX¢��� ³�������mªt��3�X¢���¢8ªX��������«µ¥Z¿¥�¤"¦�§Â§Ã�¶m������«³�����
¸ �������� '�X¯��v«Xº¬ '�����9¢���®Y�\ µ���Â£½���:�����X�ÂÄ'¾&Åm¾�ÆX¾

Ç�È¨ÉRÊ�Ë�Ì�ÍXÎ+Ï¡Ð�Ë�Î

Ñ ���K�8ªt¸ �Ò´�¢������� '¶�¢8�.�O�X¢±��¢8ªX��������«�¥�¤L¦�§¨§Ó�dªX�U���JÔÒÀ'´Y�9¢8��¸ �9�X��¿_�?��¢8�9´Y�\ª����� �²S�Õ����Öm�t�0��¢	ªt��������«
 �ª��8ªX�����8�9×RØÙ�X��¯�ºX°0£+ÚÓ�X��¯�ºX°0£_Æ �X��¯�ºX°Ò£_Æ�Û�Ü'°.ªt�m Ý£_Æ:Û½Þ�¾¬¤Lª��8ªv�����JØÙ�?�J¶m���� |���¨®Y�'�t�8����¢	ªt´yªt¯�¯
¸ �� '�9¯?�9¾ Ñ ���R¸¬ª�À'��¸J¶�¸ß�½¶�¸J®_�9¢H�X�.¸ �ÕÀ+��¶�¢�����àL���Ã�\ªX�8�{���8ªt���á '�9�m���Õ��ºµ�?�SªX¯?���³�!ªX¢����� ��3¢��v¸â�X���
���¬Å½ÜJ���Ó´Y�!²Z��¢8��t�.��²���¾
£½��¸ ��¯?ªX¢�¯�ºX°Ò�����Ã��ªX¸ �{£+¤R¥�¦�§Â§ã��¢8ªX��������«»´�¢������� '¶�¢����t��ÔÒÀ'´_�9¢���¸ �9�v�<¿J�?�<¢��9´_��ª����� ä²S�Õ���

������Öm�t�" �ª��8ªv�����8�9¾D¿���ªX � '�Õ�����X��°+²���ªt¯?���á��¢8ªt���{£+¤R¥�¦L§Â§Ó�Z²H�Õ���¬�����L��¸¬ªt¯�¯���¢K �ª��8ªX���9�8�9×.åp�X��¯�ºX°
¥æ�X��¯�ºX°�ªt�m �¤ç�X��¯�ºX¾ Ñ �������µ¯?ª������9¢�£+¤R¥�¦�§Â§Ã� ªX¢��µ�X��¯�º�®_�'�t�8����¢8ªX´�´Y�� �²S�Õ���������{��¢	ªt��������«
 �ª��8ª¨¶��m '�9¢ ����¶m 'ºy������ªv�8�Ý�9ªX���|èéªt�m ëê_ìtí0²H�Õ���� �ªt�8ªX������Ø�î�¶m������«Â����¢��9�µå�ï �Õ���9¢8ªt�����X�m�9¾Ã¿��
�?�J�3�X¶��m Ý���mªt�����|¸ �v¢��¬ð Ñ"ñ å�ï ��º'��¯����<ªt¢������9�� '�� ÝªX�R�����{¸ �� '�9¯?�RªX¯�¢���ªX 'ºy���v�v�t�9¢�«v��ª��3���9¢
®_�+�X�8����¢8ªt´�´�����«�¾

Ç�ò�ÉJóµÎ+ô!Ðdõ4ö ÷�ødÏúù{û3ô\Í½Ð�ô\ô�ûOÌUø

Ñ ���³¢��\���X«X���Õ�����X�|ªX�9�9¶�¢8ªX�������H�t��ªX¯�¯K¥�¤"¦�§Â§Ã�Jªt�m y£+¤á¥�¦L§Â§Ã�á��¢8ªt������ »ªX®Y�!�t�³ªt¢��³�����!²S�»���
ü ��«X¶�¢���Ä+¾&Åm¾�¿��|ªv � '�Õ�����X��° Ñ ªt®�¯���Ä+¾&Å¬´�¢8�����9�v�8�H�����³¸¬�' '��¯.���X¸¬´�¯���À+�Õ�����\�9°����Â���9¢8¸¬�H�X�0�����<���t�8ªt¯
�v¶�¸<®_�9¢H�t�KýLªt¶m�8���?ªt�m�9°'�t�Òªt¯�¯U����� ¥�¤L¦L§Â§Ã��¾
Ø"�·�����|¸ �� '�9¯����v¸ ´�¯���À'�Õ��ºë '�\��¢���ªX�����9°K�����yªX�9��¶�¢8ªv��º��v¢·¢8�����X¯�¶'�����X�þ´_�\²��9¢·�t�J¦�§¨§Ó�µ�?�

���X¸¬´�¢��X¸ �?���\ ±¾ Ñ ���?�¡¸¬ª\ºR®_�S�9ªt¶m���� <®vº<¯���¸ �Õ����  ªt¸¬�X¶��X�0�t����¢8ªt��������«R �ª��8ª�°t�X¢¡®vº��mªt¢8 +Á�¯���¸ �Õ������«
�������v¶�¸<®Y�9¢D�t��¸ �ÕÀ+��¶�¢����d���R��ªX�	�R���8ªt���Z '�9�m���Õ��ºX¾ Ñ ���K���U���:���?�D��¯���ªX¢�¯�º��v®m���9¢��t�� L��� Ñ ªt®�¯��Ä+¾&Å�ªt�m 
ü ��«X¶�¢��<Ä+¾&Å�×¡ïë���9�µ�����R¸ �� '�9¯±���X¸ ´�¯���À'�Õ��º|èO¸ ��ªX��¶�¢��� ·���µ���9¢�¸¬���X�������á�v¶�¸<®_�9¢H�t�0ýLªt¶m�����?ªt�m��î
�?��¢��� '¶m�9�� ±°½������¢������X«v���Õ�����X��ªX����¶�¢8ªX��º³ '¢��v´m�9¾ Ñ ����¢����9�X«X���Õ�����X��´Y�9¢��3�X¢�¸�ªt�m���H�X�.ªt¯�¯.¥�¤L¦L§Â§Ó�
²S�Õ���y '�Õ�U�9¢��9�v���v¶�¸<®Y�9¢R�t�K¸ �ÕÀ+��¶�¢������OªX¯�¯?���t�ä²S�����¨������º¨ªt¢��<´�¢������9�X���� Â²S�Õ���|�O�9²��9¢"���mªt�pÆ ` Ä
¸ ���½¶'�����³�t�S��¢	ªt��������«y��´_�9���	�þèé �ª��8ªX������£_Æ�Û�Üvî	¾Â¿����9�X�X��¢8ªv����°¡�����{¢����9�X«X���Õ�����X��´Y�9¢��3�X¢�¸�ªt�m���¬�X�
�����µÜtÚ�Á�����¢��\ªt¸ÿ£+¤á¥�¦L§Â§Ã�R��¢8ªt�����\ »²S�Õ��� ¥�¿�Á�£�ý Ñ £vÁ�§äÆ a Á���Æ\Ü � �X¢³¥Z¿�Á�£�ý Ñ £vÁ�§ÓÅ½Ü\Á�� a Þ·¶m������«
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CDHMM               
20-stream SDCHMM 
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baseline M=32, n=64 SDCHMM (8.7%)

baseline M=16, n=128 SDCHMM (9.5%)

M = 16, n = 128 
M = 32, n = 64

»u¼ ½p¾(¿UÀ�ÁpÂÄÃ�Å�Æ.ÇMÈÄÉAÅ&ÊEËK¿Ì¼}Ë�Í�¼ÏÎ}¼ ÐÌÑÓÒd¼ ÐDÔ�Õ�ÀDÒ�ÐS¿ÖË(¼Ø×(¼Ø×!½·Ù�Ë!Ð$Ë�Ú0ÛÝÜßÞZà6¼ áKÐ@¾(¿UÀ!â�Ëu×CÙ
×cÜãÞ�â!¾(Í�âDä(ËKå!À�æ�Ëu¾!â9â ¼}Ëu×:ä�¿Uç�Ð9ç�ÐÌÑ+ä+À@âMä+À�¿iâ
Ð ¿UÀKËuà�è

é�ê(ë5ë$êzì2í@ë�ê(ë$î�íCï�ðÖñ�òDë$ê�ï0ó�ô.ê+ó$ó9õ2ö�ì2÷¢ò!ê�ø#ô�ì2õ8ò!ñ�ë$íVê�ù�ï5ø:ñ(õ2é�ï$íCó9íCñ�ï0ò0î¢ú�ê+ñ(ìEî�íCï$í+û�ü,í~ó
ë0ñ(ï$ë�ðUï0ê�ø
ë$î�í�öFñ�ó9íCì2õ2é�ímò@ê�é�ë$í!ýuë9þYÿGíCôTí!éFÿGíCé�ë��������	��
����mó#ê(ð��,îFñ(ôGë$íCï������¡î�í�ó9ù�öFó$ôFñ�ò@í��fñ(ùFó0ó9õ8ñ(é
ëY÷�õ2é�ú�ó
ë$ï0ùFòDë$ù�ï$í+ûAÿGí!é�ê(ë$íKÿ�ñ�ó���
Mþ��������+þ�� º�¹ þ�é����TûFõ8ófí@ý�ë$ï0ñ�òDë$íKÿ�ðUï0ê�øgë$î�í º�¹ þYó
ë$ï0íCñ(ø�� 
����>þ
���mócò@ê+é"!(í!ï9ë$íKÿ¥ð�ï$ê�ø ë$î�õ8ó�öFñ�ó9í!ì2õ2é�í���
#��
������ó!ûPüdî�õ8òSî îFñ$!(í º(¹ þ�ø#õXý�ë$ù�ï$íCó5ñ(éFÿ%���zó9ù�öGþ
ó9ôFñ�ò!í&��ñ(ùFó$ó9õ8ñ(é�ô�ï0ê(ë$ê(ëY÷�ô.íCóeôTíCïdó
ë$ï$íCñ(ø��'�¡î�õ8ó(������Zõ8óeùFó9íKÿZðUê�ï>ñ�ì2ì)�*
+� 
�������� ë$ïSñ(õ2é�õ2é�ú
õ2é¦ë$î�õ8ó�í!ý�ô.í!ï$õ2ø#íCé�ë,�.-�í~ñ(ì8ó9ê�îFñ,!(í�ñ(ì2ì�ë$ï0ñ(õ2é�õ2é�ú�ÿ�ñ�ë0ñ�ô�î�ê�é�í@ë$õ8ò!ñ(ì2ì2÷�ì8ñ�öTí!ì2íKÿ¥ö+÷¥ë$î�íVöFñ�ó$í!ì2õ2é�í
��
/��
������ó0�	�Qê¥ó$ñ,!(í~ë$ïSñ(õ2é�õ2é�ú¢ò@ê�ø:ô�ùGë0ñ�ë$õ2ê�é�û_ó9ù�öFó9í,1uù�í!é�ë.� 
&�*���� ë$ï0ñ(õ2é�õ2é�ú¥üdõ2ì2ì&243�5
ï$í@þsó9í!ú�ø#íCé�ë¡ñ(é+÷Zë$ï0ñ(õ2é�õ2é�úVÿ�ñ�ë0ñ��

�¡î�í,í@ý�ñ�òDëvë$ï0ñ(õ2é�õ2é�úMô�ï$ê�ò@íCÿGù�ï$íPõ8ó�ñ�óAð�ê�ì2ì2ê�ü>ó06)7Fê�ïQÿ�ñ�ë0ñ+ó9í@ë0óvé�ê&ó9ø:ñ(ì2ì2í!ï�ë$îFñ(é8� ¹:9 õ;� í<�=� ¹ ê�é�ì2÷�û
� ¸ ê�é�ì2÷�û>� ¸@?�º ûA� ¸@? �pûA� ¸B? C û�ñ(éFÿD� ¸B?.¸ � ESû���
+� 
&�*����mó¡ñ�ï$í&ñ�ú+ñ(õ2éZõ2é�õXë$õ8ñ(ì2õGF!íCÿZüdõXë$îZë$î�íH��
Mþ
������+þI� º�¹ þ�é����6ùFó9õ2é�ú5ë$î�ífô�î�ê�é�í@ë$õ8òCñ(ì2ì2÷�ë$ï0ñ(éFó$ò!ï$õ2öTíKÿ#ÿ�ñ�ë0ñ�ó9í!ë��Óñ�ó,ÿGíCó$ò@ï$õ2ö.íCÿcõ2éD�Mì2ú�ê�ï$õXë$î�øJ���
�¡î�í!écõXëEõ8óPðUê�ù�éFÿ�ë$îFñ(ëEê�é�íLK*- õXë$íCï0ñ�ë$õ2ê�é�õ8óPí!é�ê+ù�ú�î5ë$ê6ú�í@ë�ë$î�ídö.êGê(ë0ó
ë$ï0ñ(ô�ô.íCÿ���
M� 
&�*����mó,�
�¡î�í5öTêGê(ë0ó9ë$ï0ñ(ô�ô.íCÿ�ø#ê�ÿGí!ì8óMñ(ï$í�ï0í!íCó
ë$õ2ø:ñ(ë$íCÿ�ö+÷�ï$ù�é�é�õ2é�ú~ë$î�íNK*- ë$ï0ñ(õ2é�õ2é�ú�ñ(ì2ú�ê�ï0õXë$î�ø±ê�é�ë$î�í



O0PRQ

S�TVU�WGX�WGX�Y�Z�U�SVU8[�X�ZA\0TL]�S�[�ZA^R_a`�Y"U�WGXDbRX�\�c*deWfS�\0TVUgS�WGbRXhWi]*\0X�bR[�Y"jlkmbRT�S�j�\�n�b�ZA\0oi]pS�b�qrbRX<s�\0T�YR\"_
t XuS�j�\Db�S�j�\0T8j�U�X�ZwvxkybRTHS�j�\z]In�URoGoG\0THZ�U�SVUR]I\rSV]|{mW;_ \"_}`~bRX�oG^Rvxc�bRX�oG^Rv���bRX�oG^RvxURX�Zu��bRX�oG^>��v
S�j�\:�4bAb�SV]�S�TVUR����WGX�Y��[�X�Wfkyb"T�n�]ISVUgS�\:]I\0Y"n�\0XRSVU�S�WGbRX8kybRoGoGb���\,ZN�"^l� ����������WGX�WfS�WiU�oGWG�,UgS�WGbRXhU�X�Z
bRX�\Nc*d WfS�\0T�UgS�WGbRX�� U�oGbRX�\8Wi]�kybR[�X�Z�S�bD�4\N]I[A�lqrWG\0X"S&UR]�ky[�TIS�j�\0T&c*d T�\0\,]IS�WGn�UgS�WGbRX�YRWGs�\,](X�b
ky[�T�S�j�\0T:WGn���TVb$s�\0n�\0XRS:b"XDS�j�\�n�b�ZA\0oi]0� oGWG��\0oGWGj�bAb�Z�]0_

���l���D� ���)���� >¡)¢¤£.¥y�$¦<�|�$�,¥m§¨¡
© j�\hn�WiZ�ZAoG\zqr[�T�s�\hb�k:ª«WGYR[�T�\¬ _®¬z]Ij�b��:]�S�j�\hTV\,qrbRYRX�WfS�WGb"X��4\0TIkyb"T�n�U�X�qr\�b�k�S�j�\DT�\,]I[�ofS�WGX�Y¯���
� ���������]0_Dd°j�WGoG\l��\�n�U$^�\r±A�²\,qrS�UoiU�T�YR\��²\0T�kybRT�nlU�X�qr\NZA\0YRTVU"Z�UgS�WGbRX}�LWfS�j¯oGWfSIS�oG\lS�T�U�WGX�WGX�Y
Z�UgSVU³{´]IWGX�q0\8S�j�\D����n�b�ZA\0oi]U�T�\8n�bRT�\8qrbRn���oG\r±zS�j�U�X�S�j�\D��µ:n�b�ZA\0oi]@��v²S�j�UgS�S�j�\lUR]I^ n��AS�b�S�Wiq
�4\0TIkyb"T�n�U�X�qr\�ZAbA\,]hX�b�S.n�\0\rSDS�j�\}��UR]�\0oGWGX�\}�²\,TIkybRTVn�U�X�qr\�U�X�Z¤b�q0qr[�TV]l�LWfS�jMn�b"T�\S�j�URX¶¬ Q<·
n�WGX<[AS�\,]Lb�k�]I�4\0\,q�j&{´Z�UgSVUR]I\rS(� OB¸ ¹ �aWi]LUN��WGYlZAWi]�U����4bRWGXRS�n�\,XRS,_

t X�\(�4b"]�]IWG��oG\(\r±A��oiU�X�UgS�WGbRXln�U,^N�4\LS�j�\WGX�]I[A�hqrWG\0XRS�qrb�s�\0TVU�Y"\�b�kwS�j�\:S�TVWG��j�bRX�\,]��²\,WGX�Y�n�b�Z º
\0oG\,Z�WGX�S�j�\]In�U�oGoG\,T�S�TVU�WGX�WGX�Y8Z�UgSVUR]I\0SV]0_«µ»X�S�j�\:��UR]I\,oGWGX�\(]I^A]�S�\0n�v"U�oGo�S�TVWG��j�bRX�\,]�U����²\$U�T�WGX�Y�WGXhU�oGo
b�kwS�j�\�` © µ��lqrbRT��4bRTVU&URT�\:n�b�ZA\0oG\$Zw¼RS�j�\0TV\(U�TV\(U�ofS�b"YR\rS�j�\0T�½�v®¬�¾R½�b�kwS�j�\0n_���b$��\0s�\0T$v<ZA[�\(S�b8WGXAº
]I[A�lq0WG\0XRSpq0b$s�\0T�U�YR\�kybRT�]IbRn�\*S�TVWG��j�bRX�\,]0v<U�X�URZ�ZAWfS�WGbRX�URo ¹ v PRPRP [ASIS�\,TVU�X�qr\,]�kyT�bRn�S�j�\:d³U�oGo4�"S�TV\0\rS
¿ b"[�T�X�U�oaqrb"T���[�]&U�T�\N\,n���oGb$^�\$Z}S�bz��T�b�s WiZA\�S�j�\hqrb$s�\,TVU�YR\"_ © bq�j�\,q���b"[�T�qrbRX�À�\,qBS�[�T�\"v)�p\�Á�X�Z
bR[AS�S�j�\�X"[�nH�²\0T�b�k)S�TVWG��j�bRX�\,]*S�j�UgS(U�T�\�X�b�S:qrb�s�\0T�\$ZlWGX\,URq�jlS�T�U�WGX�WGX�Y�Z�UgSVUR]�\rS,v�U�X�ZDS�j�\&TV\,]I[�ofS
Wi]pb$s�\0TVoiU�WiZ�b"XRS�b8ª'WGY"[�T�\&¬A_®¬�{yS�j�\(S�bR�hqr[�T�s�\g��_=d°j�\0XlS�j�\URn�bR[�XRS*b�k¨S�TVU�WGX�WGX�YNZ�UgSVU�Wi]poG\,]�]aS�j�U�X
· ½�n�WGX"[AS�\$]�{´Z�UgSVUR]I\0SL� P ��v S�j�\S�TVWG��j�bRX�\,]*qrb�s�\0TVU�YR\�Wi]*bRX�oG^�U��4bR[AS ·"Â {mWGXDS�j�\&]In�U�oGoG\$]�S*Z�U�SVUR]I\rS
���a� QRP Â {mWGX�Z�UgSVUR]�\rS� P ��¼>S�j�\�oGb��Ãq0b$s�\0T�U�YR\&]I\0\,n�]*S�blq,U�[�]I\�S�j�\HWGT�T�\0Y"[�oiU�TL�4\0TIkyb"T�n�U�X�qr\�bRk
S�j�\NS�TVURWGX�\,Z¯���Ä� �&�*����z],_NÅxs�\0X}�LWfS�j³URoGoxZ�UgSVUhkyT�b"nÆ� O@¸4O ¾�vwUR�²bR[AS ¹ Â bRkaS�j�\NS�T�WG��j�b"X�\,]
U�T�\[�X�T�\,��T�\,]I\0X"S�\,Zw_ © j�Wi]Ln�U,^l\r±A��oiU�WGXDS�j�\�Y"UR�h�4\rSÇ�p\0\,XlS�j�\�UR]I^ n��AS�b�S�Wiq�4\0TIkyb"T�n�U�X�qr\b�k'S�j�\
S�TVU�WGX�\$Z¯���~� ��������]0v'URX�Z�S�j�UgS�b�k�S�j�\���UR]I\,oGWGX�\�{´qrbRX<s�\0TIS�\,Z²�����~� ���������z]«{md°ÅpÈ:]&bRk
· _ ·"Â sA]0_ · _ P Â ��_

µÇXURZ�ZAWfS�WGbRX|v>�p\�j�U$s�\&S�j�\�kybRoGoGb��LWGX�YNSÇ�pblbR��]I\0TVs�UgS�WGb"X�]�U��²b"[AS�S�TVU�WGX�WGX�Y.�*�+� ���������³É

Ê `�ofS�j�bR[�YRj�S�j�\0T�\�Wi]&WGX�URZA\,Ë<[�UgS�\NS�T�WG��j�bRX�\hqrb�s�\0TVU�YR\8�LWfS�j¯U.oGWGn�WfS�\,Z³URn�bR[�XRS�b�kpS�T�U�WGX�WGX�Y
Z�U�SVU�vwS�j�\0TV\NWi]&]�S�WGoGoxj�WGYRj¯qrb$s�\,TVU�YR\Hb�kaS�j�\l]I[���]I��URqr\DÌU�[�]�]IWiURX�]�b�kaS�j�\z���Í� ��������]
{ykm[�oGo«q0b$s�\0T�U�YR\(WGXU�oGowbR[�TL\0± �4\0T�WGn�\,XRSV]@��_

Ê d°j�\0XHUL]I�4\0\,q�j([�X�WfS«Wi]|X�b�S'bR��]I\0T�s�\$Z�WGX�S�j�\�S�TVU�WGX�WGX�Y(Z�UgSVU�v,S�j�\an�URWGX�\rÎ4\$qBSwbRXH� ���������
S�T�U�WGX�WGX�Y&Wi]=S�j�UgS�S�j�\:n�Wf±<S�[�TV\L�p\,WGYRjRSV]�bRk²WfSV]p� ���������~�LWGoGo�X�bRSx�²\�oG\,URT�X�\,Z&�ÏS�j�\0^8]�SVU,^
U�S:S�j�\0WGT(WGX�WfS�WiU�o«s�U�oG[�\$]:b�k O�Ð0Ñ {m�:j�\0T�\ Ñ Wi]:S�j�\8X"[�nH�²\0T(b�kpÌU�[�]V]IWiU�Xn�Wf±<S�[�T�\$]:WGX�S�j�\
]ISVUgS�\�ZA\0X�]IWfSÇ^���U�X�ZzU�TV\�X�b�SLT�\0\,]IS�WGn�UgS�\,ZhWGX]I[���]�\,Ë"[�\,XRS�Ò ©(Ó c*dÔS�TVU�WGX�WGX�Yhqr^ q0oG\,]0_



Õ0Ö�×

•

•
• •

• •

•

•

• •

Total Duration of Training Utterances (minutes)

%
 W

or
d 

Er
ro

r

2.1 4.6 8.3 17.0 59.0 105.0 197.0 374.0 735.0 1480.0

5

6

7

8

9

10

(S1-16)(S1-8)(S1-4)(S1-2)(S1)(S0)(A)(B)(C)(D)

baseline CDHMM Error = 5.2%

baseline SDCHMM Error = 5.0%

• SDCHMM (SGTS)
SDCHMM (SGTS + weights)     
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                      Composite Report of All Significance Tests                   
                       For the Context−Independent SDCHMM Test                             

                                 Test Name                           Abbrev.
           −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−     −−−−−−−
              Matched Pair Sentence Segment (Word Error) Test          MP   
           Signed Paired Comparison (Speaker Word Accuracy) Test       SI   
             Wilcoxon Signed Rank (Speaker Word Accuracy) Test         WI   
                       McNemar (Sentence Error) Test                   MN   

|−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−|
|                  | 1stream.g2254.ci |  13stream.g256.ci   |  20stream.g128.ci   |  39stream.g32.ci   |
|−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−|
| 1stream.g2254.ci |                  | MP 13stream.g256.ci | MP 20stream.g128.ci | MP 39stream.g32.ci |
|                  |                  | SI             same | SI             same | SI            same |
|                  |                  | WI             same | WI             same | WI            same |
|                  |                  | MN             same | MN             same | MN            same |
|−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−|
| 13stream.g256.ci |                  |                     | MP 20stream.g128.ci | MP 39stream.g32.ci |
|                  |                  |                     | SI             same | SI            same |
|                  |                  |                     | WI             same | WI            same |
|                  |                  |                     | MN             same | MN            same |
|−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−|
| 20stream.g128.ci |                  |                     |                     | MP 39stream.g32.ci |
|                  |                  |                     |                     | SI            same |
|                  |                  |                     |                     | WI            same |
|                  |                  |                     |                     | MN            same |
|−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−|
| 39stream.g32.ci  |                  |                     |                     |                    |
|                  |                  |                     |                     |                    |
|                  |                  |                     |                     |                    |
|                  |                  |                     |                     |                    |
|−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−|
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              Composite Report of All Significance Tests                   
                 For the Contest−Dependent SDCHMM Test                             

                         Test Name                           Abbrev.
   −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−     −−−−−−−
      Matched Pair Sentence Segment (Word Error) Test          MP   
   Signed Paired Comparison (Speaker Word Accuracy) Test       SI   
     Wilcoxon Signed Rank (Speaker Word Accuracy) Test         WI   
               McNemar (Sentence Error) Test                   MN   

|−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−|
|                   | 1stream.g76154.cd |  13stream.g128.cd   |  20stream.g64.cd   |  39stream.g16.cd   |
|−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−|
| 1stream.g76154.cd |                   | MP 13stream.g128.cd | MP 20stream.g64.cd | MP 39stream.g16.cd |
|                   |                   | SI             same | SI            same | SI            same |
|                   |                   | WI             same | WI            same | WI            same |
|                   |                   | MN             same | MN            same | MN            same |
|−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−|
| 13stream.g128.cd  |                   |                     | MP 20stream.g64.cd | MP 39stream.g16.cd |
|                   |                   |                     | SI            same | SI            same |
|                   |                   |                     | WI            same | WI            same |
|                   |                   |                     | MN            same | MN            same |
|−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−|
| 20stream.g64.cd   |                   |                     |                    | MP 39stream.g16.cd |
|                   |                   |                     |                    | SI            same |
|                   |                   |                     |                    | WI            same |
|                   |                   |                     |                    | MN            same |
|−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−+−−−−−−−−−−−−−−−−−−−−|
| 39stream.g16.cd   |                   |                     |                    |                    |
|                   |                   |                     |                    |                    |
|                   |                   |                     |                    |                    |
|                   |                   |                     |                    |                    |
|−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−|
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