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1 R IntroductionS;T=U�ULV�WYX�Z\[�];^9_"V�V�X�`aWYV�X�T6b�c
Z d Z\T=cP^9e@^9d\V�UL^�fhg�i�g�jE`k[�l
Vm V�V�cBl
V�WheB^9nkX�X�V�^(^(o nk]1Z c�UL[�c
ep[�_6_"] Z\X�[�d Z\T=ck^(qsrCn
dCt"Z d `�d `kV[�u6l
V�c
dKT6o6ULT m Z\] V:u6V�l�Z\X�V�^(vYULT=WYV4WYT m nk^9dKg�i�gN[�WYVEWYV�w=n
Z WYV�ud\T#ULV�V�dxd `kV�X�nk^9d\T=ULV�WYyz^!V�{
_"V�X�d\[�d Z\T=cBT6o?`
Z\b�`�_"V�WYozT=WhUL[�ckX�VV�l
V�c8Z c�`
Z\b�`k] eL[�u6l
V�WY^(V#^9Z d nk[�d Z\T=ck^(qYr8V�X�[�nk^(V#g�i�g7WYV�_"] e|T=c^9d\[�d Z\^9d Z\X�[�]5ozV�[�d n
WYV�^pT6oN^9_"V�V�X�`MV�^9d Z UL[�d\V�u}o WYT=U~[O^(V�dpT6od WY[�Z c
Z ckb5u6[�d\[�v/[�c
e8U�Z\^9UL[�d\X�`aT6o?d `kVEd WY[�Z c
Z ckb5u6[�d\[:t"Z d `5d `kV[�X�d nk[�]CX�T=cku=Z d Z\T=cBZ c�t"`
Z\X�`Bd `kV|g�i�gJ[�WYV�nk^(V�u�X�[�c�[�ozozV�X�dd `kV:_"V�WYozT=WhUL[�ckX�V�T6okd `kV�g�i�g�q/�hcaUL[�c
eO[�_6_"] Z\X�[�d Z\T=ck^(v/d `kVu=Z\ozozV�WYV�ckX�V m V�d\t3V�V�cMd `kVJd WY[�Z c
Z ckb�u6[�d\[�[�cku,d `kV�[�X�d nk[�]T=_"V�WY[�d Z ckbaX�T=cku=Z d Z\T=ck^8X�[�c
ckT=d m V�[�u6V�w=nk[�d\V�] ea_6WYV�u=Z\X�d\V�up[�dd `kV�d Z ULV'g�i�g�[�WYV'u6V�_"] T=e@V�u6vN^(T�d `kVHg�i�g�X�[�c
ckT=d m Vd WY[�Z ckV�u3Z cB[�u6l
[�ckX�V�d\T�^9n
Z d\V�d `kV�^(V�X�T=cku=Z d Z\T=ck^(q��E`
Z\^@ckV�X�V�^
-^9Z d\[�d\V�^-d `kV�u6V�l
V�] T=_6ULV�c
d�T6oM[�u6[�_6d Z\l
V�ULV�d `kT6u6^�d `k[�d[�n
d\T=UL[�d Z\X�[�] ] e�X�T=U�_"V�ck^([�d\VPozT=Wpd `kVpn
c
�
ckT6t"c�T=_"V�WY[�d Z ckb

conditions.�#ULT=ckb�UL[�c
e�oz[�X�d\T=WY^�d `k[�d�X�[�nk^(V%d `kV%U�Z\^9UL[�d\X�`m V�d\t3V�V�c�d `kV
training

u6[�d\[�[�cku�d `kVM[�X�d nk[�]*T=_"V�WY[�d Z ckbX�T=cku=Z d Z\T=ck^(vId `kV m [�X��kb�WYT=n
cku�ckT=Z\^(V�Z\^�T6oH_"[�Whd Z\X�nk] [�WX�T=ckX�V�Whckq��hc�d `
Z\^�_"[�_"V�WYvBt3V-ozT6X�nk^'T=c�d `
Z\^'^(T6�zX�[�] ] V�uV�ckl�Z WYT=c
ULV�c
d\[�]/u6V�b�WY[�u6[�d Z\T=ckq� V�[�d n
WYV��zu6T=UL[�Z c%ULT6u6V�] Z ckb%[�cku�X�T=U�_"V�ck^([�d Z\T=c%Z\^�[t"Z\u6V�] e@� nk^(V�u�[�_6_6WYT6[�X�`�d\T�`k[�cku6] Z ckbId `kV'V�ckl�Z WYT=c
ULV�c
d\[�]u6V�b�WY[�u6[�d Z\T=ckqk�4{k[�U�_"] V�^#Z ckX�] nku6V5d `kV5ULV�d `kT6u6^�T6o�ozV�[�d n
WYV^9n m d WY[�X�d Z\T=ckvkckT=WhUL[�] Z\��[�d Z\T=ckv![�ckuLd WY[�ck^(ozT=WhUL[�d Z\T=c'�h�6�hqk�#c[�] d\V�Whck[�d Z\l
V�[�_6_6WYT6[�X�`�Z\^�d `kV�[�X�T=nk^9d Z\X��zu6T=UL[�Z c~^9Z\b�ck[�]_6WYT6X�V�^(^9Z ckb
vkt"Z d `Nd `kV5[�Z U�T6oxWYV�u=nkX�Z ckb7d `kV5V�ckl�Z WYT=c
ULV�c
d\[�]u6V�b�WY[�u6[�d Z\T=c�T=cJd `kV*^9_"V�V�X�`
waveform

T=W�Z d\^L^9_"V�X�d Whn
ULq�E`
Z\^�Z\^>d `kV#[�_6_6WYT6[�X�`|t3V4d\[��kV"Z cLu6V�l
V�] T=_6Z ckbKd `kV4_6WYT=_"T6^(V�u[�] b
T=WhZ d `
ULq7��] d `kT=nkb�`�^9_"V�V�X�`%V�c
`k[�ckX�V�ULV�c
dLZ\^�t"Z\u6V�] e

nk^(V�u�d\T�u6V�^(X�WhZ m V�d `
Z\^5[�_6_6WYT6[�X�`kvK^9_"V�V�X�`pWYV�^9d\T=WY[�d Z\T=cBZ\^5[ULT=WYV�[�_6_6WYT=_6WhZ\[�d\V�d\V�WhU m V�X�[�nk^(V�d `kV7[�Z U�Z\^@d\T#WYV�ULT6l
V�d `kVu6V�b�WY[�u6[�d Z\T=c�WY[�d `kV�W7d `k[�c}V�c
`k[�ckX�V�d `kV�_"V�WYX�V�_6d Z\l
V|w=nk[�] Z d eT6o1d `kV3^9Z\b�ck[�] v6u6V�b�WY[�u6V�u�T=WkckT=d\q�4{
Z\^9d Z ckb8[�] b
T=WhZ d `
UL^;ozT=W3^9_"V�V�X�`8WYV�^9d\T=WY[�d Z\T=c8Z ckX�] nku6V4d `kV_6Z\T=ckV�V�WhZ ckb�t3T=Wh�-T6o:�"Z U�[�cku
Oppenheim

�h�6�N[�ckuBd `kVULT=WYV�WYV�X�V�c
dKt3T=Wh�k^C�h�6�z�6�hq/ EckV�UL[�¡(T=W#T m ^9d\[�X�] V7ozT=W#^9_"V�V�X�`WYV�^9d\T=WY[�d Z\T=cOZ\^:d `kV
nonstationarity

T6oCd `kVB^9_"V�V�X�`'^9Z\b�ck[�] q� WY[�ULV�� m e@�zo WY[�ULV�_6WYT6X�V�^(^9Z ckbJZ\^O[�d e1_6Z\X�[�]7d\V�X�`
c
Z\w=nkV}T6o`k[�cku6] Z ckbBd `kV
nonstationarity. ¢ T=WYV�V�] [ m T=WY[�d\V|ULV�d `kT6u6^� £"���h�6�>WYV�w=n
Z WYV;d `kVK�
ckT6t3] V�u6b
V�T6oE[

nonstationary
^9_"V�V�X�`ULT6u6V�]/^9nkX�`|[�^>d `kV"`
Z\u6u6V�c

Markov
ULT6u6V�]

(HMM).�hc5d `
Z\^x_"[�_"V�WYv/t3VE_6WYT=_"T6^(V7[:^(V�b�ULV�c
d\� m [�^(V�u5[�] b
T=WhZ d `
ULq�E`kVHu6V�b�WY[�u6V�uM^9_"V�V�X�`%^9Z\b�ck[�]8Z\^Po Z WY^9dL_"[�Whd Z d Z\T=ckV�u}Z c
d\Tw=nk[�^9Z\�z^9d\[�d Z\T=ck[�Whe¤^(V�b�ULV�c
d\^(v*t"`kV�WYV,d `kV�^(V�b�ULV�c
d\^JUL[�eWYV�_6WYV�^(V�c
d;d `kV�^9d\[�d Z\T=ck[�Whea_6Z\V�X�V�^�T6o#T=ck] eLckT=Z\^(VNT=W�^9_"V�V�X�`_"] nk^!ckT=Z\^(V�v;[�cku�d `kV|] V�ckb�d `�T6o7V�[�X�`�^(V�b�ULV�c
dCZ\^5l
[�WhZ\[ m ] V[�cku5[�u6[�_6d\V�u8[�n
d\T=UL[�d Z\X�[�] ] e�d\T!d `kV#] T6X�[�]
stationarity

T6o
d `kVu6[�d\[�q"¥EZ\l
V�c|d `kV5^(V�b�ULV�c
d\[�d Z\T=c|WYV�^9nk] d\^(v"[�cN� ¢ _6WYT6X�V�u=n
WYVZ\^�d `kV�c�V�U�_"] T=e@V�u*d\T�n
_"u6[�d\Vad `kVLUL[�{
Z U�n
U¦] Z �kV�] Z `kT6T6uf ¢ �3jCV�^9d Z UL[�d\T=W8T6o@d `kV!ckT=Z\^(V5[�cku|^9_"V�V�X�`�^9_"V�X�d WY[5[�^:t3V�] ][�^!d `kV|^9_"V�V�X�`
waveform

Z d\^(V�] o:ozT=WNV�[�X�`P^(V�b�ULV�c
d\v�nk^9Z ckbd `kVNV�^9d Z UL[�d\V�^8o WYT=U�_6WYV�l�Z\T=nk^8^(V�b�ULV�c
d\^8[�^CZ c
Z d Z\[�];l
[�] nkV�^(qr8V�X�[�nk^(VCZ d"WYV�] Z\V�^:T=c*^(V�b�ULV�c
d\^4d `k[�d"WYV�_6WYV�^(V�c
d"d `kV8] T=ckb
V�^9d^9d\[�d Z\T=ck[�Whe5_6Z\V�X�V�^(v�d `
Z\^![�] b
T=WhZ d `
U�Z\^![ m ] V�d\T#UL[�{
Z U�Z\��VKd `kV^9d\[�d Z\^9d Z\X�[�]pV�ozo Z\X�Z\V�ckX�eMZ cM_6WYT6u=nkX�Z ckbM[�X�X�n
WY[�d\V�V�^9d Z UL[�d\V�^t"`
Z\] V�UL[�Z c
d\[�Z c
Z ckb�Z d\^�[�u6[�_6d\[ m Z\] Z d eBd\T
nonstationarity

T6od `kV3^9_"V�V�X�`|[�^�t3V�] ]/[�^>d `kV"ckT=Z\^(V�q
§ RN¨7©4ª8«4¬,­�®°¯�±�²
³°´\©4µ��^(^9n
ULVId `k[�dBd `kV�X�] V�[�cA^9_"V�V�X�` Z\^}u6V�b�WY[�u6V�u m e

x¶ t ·[�u6u=Z d Z\l
V!ckT=Z\^(V vk^(T�d `kV5X�T=WhWhn
_6d\V�u|^9Z\b�ck[�] X�[�c m V
v¶ t · y¶ t ·V�{
_6WYV�^(^(V�u�[�^

. (1)y¶ t ·3¸ x¶ t ·�¹ v¶ t ·�E`kVNT m ¡(V�X�d Z\l
V|T6o#^9_"V�V�X�`pWYV�^9d\T=WY[�d Z\T=cpZ\^!d\TBV�^9d Z UL[�d\V
x¶ t ·o WYT=U t"`kV�cNd `kV�WYV!Z\^7] Z d d\] V5T=WCckT�_6WhZ\T=WC�
ckT6t3] V�u6b
V5T6o

y¶ t ·qx�:T�^(T6] l
V�d `
Z\^3_6WYT m ] V�ULv;t3V8_6WYT=_"T6^(VL[�c}[�] b
T=WhZ d `
U
v¶ t ·t"`
Z\X�`|X�T=ck^9Z\^9d\^�T6o1d `kV3ozT6] ] T6t"Z ckb m [�^9Z\X3^9d\V�_"^(º

1.
  m d\[�Z c-[�c�T=_6d Z UL[�]�^(V�b�ULV�c
d\[�d Z\T=c-T6o m [�^(V�u�T=c

y¶ t ·X�V�Whd\[�Z c
“stationarity”

X�WhZ d\V�WhZ\[�v#^(TLd `k[�d7d `kVB^(V�b�ULV�c
d\^WYV�_6WYV�^(V�c
d/d `kV3] T=ckb
V�^9dEw=nk[�^9Z\�z^9d\[�d Z\T=ck[�Whe7_6Z\V�X�V�^(»
2. ¼ WYT6X�V�^(^�V�[�X�`|^(V�b�ULV�c
dE^(V�w=nkV�c
d Z\[�] ] eN[�^�ozT6] ] T6t3^(º

½¿¾!ÀEÁ#Â�ÀEÃ5ÄxÅ\ÆOÇ#È�ÀEÉ�½,Ê�Á#Ë#ÌEÍ�ÄsÎ5ÂÏË#Ð*¾!Ñ5ÀEÀEÒEÎ�ÓOÃ5Î5Ç#Ã5ÒEÀEÂ�ÀEÃ5Ä�ÐsË#ÌPÔ,Ë#Õ5Ö5È�Ä*¾!Ñ5ÀEÀEÒEÎ
Recognition

Ta-Hsin Li* ×
Ø�Ù Guokang Fu†

*IBM
�:q=Ú
q

Watson
i�V�^(V�[�WYX�`|S;V�c
d\V�WYv

Yorktown Û V�Z\b�`
d\^(v=Ü�ÝP�6Þ6ß6à6á6�zÞ6�6�6á;â�g�� (thl@watson.ibm.com)
†IBM

Sx`
Z ck["i�V�^(V�[�WYX�`��3[ m v
Shang ã Z\v=r8V�Z ¡9Z ckb��6Þ6Þ6Þ6á6ß6v PRC (fugk@cn.ibm.com)

½¿¾!ÀEÁ#Â�ÀEÃ5ÄxÅ\ÆOÇ#È�ÀEÉ�½,Ê�Á#Ë#ÌEÍ�ÄsÎ5ÂÏË#Ð*¾!Ñ5ÀEÀEÒEÎ�ÓOÃ5Î5Ç#Ã5ÒEÀEÂ�ÀEÃ5Ä�ÐsË#ÌPÔ,Ë#Õ5Ö5È�Ä*¾!Ñ5ÀEÀEÒEÎ
Recognition

Guokang Fu* ×
Ø�Ù Ta-Hsin Li†

*IBM
Sx`
Z ck["i�V�^(V�[�WYX�`��3[ m v

Shang ã Z\v=r8V�Z ¡9Z ckb��6Þ6Þ6Þ6á6ß6v PRC (fugk@cn.ibm.com)
†IBM

�:q=Ú
q
Watson

i�V�^(V�[�WYX�`|S;V�c
d\V�WYv
Yorktown Û V�Z\b�`
d\^(v=Ü�ÝP�6Þ6ß6à6á6�zÞ6�6�6á;â�g�� (thl@watson.ibm.com)



a)
i�V�o WYV�^9`�d `kVKckT=Z\^(V�^9_"V�X�d WY[�]kV�^9d Z UL[�d\VKZ\o/d `kV�^(V�b�ULV�c
du6T6V�^>ckT=dEX�T=c
d\[�Z c|^9_"V�V�X�`k»

b)
�#^9d Z UL[�d\V ozT=W�V�[�X�`�^(V�b�ULV�c
d"nk^9Z ckb�[�c ¢ �3� � ¢x¶ t ·_6WYT6X�V�u=n
WYV8Z c
Z d Z\[�] Z\��V�u m e�d `kVa^9_"V�X�d Whn
U�T6o Z c

y¶ t ·d `kVB^(V�b�ULV�c
d�[�ckuLd `kVp^9_"V�X�d WY[�]:V�^9d Z UL[�d\V�^�T m d\[�Z ckV�uo WYT=U,_6WYV�l�Z\T=nk^�^(V�b�ULV�c
d\^(»
3.
S;[�^(X�[�u6V3d `kV�V�^9d Z UL[�d\V�uL^9_"V�V�X�`O^(V�b�ULV�c
d\^�d\TaozT=WhU�d `kV
o Z ck[�]/V�^9d Z UL[�d\V3T6o1d `kV3V�c
d Z WYV"n
d d\V�WY[�ckX�V

.x¶ t ·�E`kV,Z c
Z d Z\[�]OV�^9d Z UL[�d\VMT6oBd `kV,ckT=Z\^(V�^9_"V�X�d Whn
UÏX�[�c m VT m d\[�Z ckV�uJo WYT=U�d `kVBo Z WY^9d�^(V�b�ULV�c
d:n
cku6V�W8d `kVB[�^(^9n
U�_6d Z\T=cd `k[�d/Z dEX�T=c
d\[�Z ck^�T=ck] e7d `kV"ckT=Z\^(V�v6[�^>Z\^>d e1_6Z\X�[�] ] e7d `kV3X�[�^(V�qg�Z ckX�VKd `kV�^9_"V�V�X�`B^9Z\b�ck[�]@X�[�c m VKWYV�b
[�WYu6V�u�[�^
piecewise^9d\[�d Z\T=ck[�Whe@v�[�cku5Z cpUL[�c
eIX�[�^(V�^(v>d `kV�^9d\[�d Z\^9d Z\X�[�]x_6WYT=_"V�Whd Z\V�^T6o�V�ckl�Z WYT=c
ULV�c
d\[�]!ckT=Z\^(VOX�`k[�ckb
VJ^(] T6t3] ePWYV�] [�d Z\l
VLd\T�d `kV^9_"V�V�X�`kvsd `kV�[�] b
T=WhZ d `
U-Z\^![ m ] V;d\T#UL[��kV;d `kVKUL[�{
Z U�n
U-nk^(VT6o

stationarity
ozT=W|[�X�X�n
WY[�d\VLV�^9d Z UL[�d Z\T=c�[�cku*[�dCd `kVL^([�ULVd Z ULV�WYV�UL[�Z cBd\T m V|^9nkozo Z\X�Z\V�c
d\] eIoz] V�{
Z m ] V|ozT=W7d WY[�X��
Z ckb�d `kVd Z ULV��zl
[�Whe1Z ckb�^9_"V�V�X�`|[�cku;ckT=Z\^(V3^9_"V�X�d WY[�q

� V�X�[�] ]�d `
Z\^L[�] b
T=WhZ d `
U�d `kV
segmentation-estimation��� �����	� 
 ����
�������� q �hc8d `kV#ozT6] ] T6t"Z ckb
vYd `kV#^(V�b�ULV�c
d\[�d Z\T=ca[�ckuV�^9d Z UL[�d Z\T=c|^9d\V�_"^�[�WYV3u6V�^(X�WhZ m V�u;Z c|u6V�d\[�Z\] q

2.1 ������������ �!#"�! $&%� �E`kV�[�Z U�T6o:d `kV�^(V�b�ULV�c
d\[�d Z\T=c-^9d\V�_�Z\^5d\T�T m d\[�Z cPd `kVUL[�{
Z U�n
UL�z] V�ckb�d ` w=nk[�^9Z\�z^9d\[�d Z\T=ck[�Whe¤^(V�b�ULV�c
d\^Ho WYT=U d `kVu6V�b�WY[�u6V�u�^9_"V�V�X�`A^9Z\b�ck[�] q��Ee1_6Z\X�[�]pg�i�g�[�WYV m [�^(V�u�T=co Z {kV�u6�z] V�ckb�d `Jo WY[�ULV�^�d `k[�d7[�WYV��6Þ6�z�6Þ8UL^7] T=ckb
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