
!"##$%&'()*+(,-&./0,(+1&23,&4#",#11/3)&
4#5#$5/3)&2,3+&6(57,(8/15/$&!+(,5"%3)#&!"##$%

!"#$%"&'()*+#,-./)01#'( 2)314-&')56672)+#4&)3$#%"-8



9 :35/;(5/3)

9 <#8(5#*&=3,-
> !"##$%&(,5/$78(5/3)&(22#$5#*&?@&*#",#11/3)&→ !"##$%&'()*+(,-1

9 A,3"31#*&B#(57,#1&?(1#*&3)&8()*+(,-&?/0,(+1
> ./0,(+ C$37)5
> '4D C?/0,(+

9 4(5(1#5
> E%#&!FG&H3,"71

9 IJ"#,/+#)5(8&!#55/)01

9 <#17851

9 H3)$871/3)1

9 B757,#&=3,-

K758/)#



9 4#",#11/3)&/1&(&?/0&?7,*#)&53&5%#&13$/#5@L

9 E3&*(5#M&*#",#11/3)&*#5#$5/3)&%(1&",/+(,/8@&23$71#*&3)&8(?3,(53,@C
$3)5,388#*&$8#()&1"##$%&1(+"8#1M&N%/$%&/1&(5@"/$(8&/)&)(57,(8/15/$&
#);/,3)+#)51L

9 !+(,5"%3)#1 O&322#,&%70#&"35#)5/(8&/)&1",#(*/)0&*#",#11/3)&
1$,##)/)0M&N%/$%&%3N#;#,&%(1&13+#&$%(88#)0#1L
> #);/,3)+#)5(8&)3/1#

> ;(,/371&%()*1#5&$%(,($5#,/15/$1

9 !"##$%&D,5/$78(5/3)&→ !"##$%&'()*+(,-1

:35/;(5/3)



9 !"##$%&(,5/$78(5/3)&(22#$5#*&?@&*#",#11/3)
> $30)/5/;#&/+"(/,+#)5M
> "%3)(5/3)&()*&(,5/$78(5/3)&#,,3,1M&

> (,5/$78(53,@&/)$33,*/)(5/3)M&
> */157,?()$#1&/)&+71$8#&5#)1/3)M&"%3)#+#&,(5#1M&
> (85#,#*&1"##$%&P7(8/5@&()*&",313*@L&

<#8(5#*&=3,-

Image Credit: Cummins et al, 2015

H7++/)1M&6LM&!L&!$%#,#,M&QL&R,(S#N1-/M&!L&!$%)/#*#, M&QL&I""1M&()*&EL&BL&T7(5/#,/M&UD&,#;/#N&32&*#",#11/3)&()*&17/$/*#&,/1-&(11#11+#)5&
71/)0&1"##$%&()(8@1/1MV&96&&%"):$881' ;M&;38L&WXM&""L&XY>Z[M&Q78L&GYX\L
!5#;#)1M&RL&6LM&!L&]L&:()7#8M&!L&!%(557$-CF72)(0#8M&()*&!L&'/7M&U^+"8#+#)5(5/3)&32&(&:3*#8&23,&'#J/$(8&D$$#11&?(1#*&3)&B#(57,#1MV&/)&
^H!'AM&X[[GM&)3L&K$53?#,M&""L&Z[[>\YGL



9 !"##$%&(,5/$78(5/3)&(22#$5#*&?@&*#",#11/3)
> $30)/5/;#&/+"(/,+#)5M
> "%3)(5/3)&()*&(,5/$78(5/3)&#,,3,1M&

> (,5/$78(53,@&/)$33,*/)(5/3)M&
> */157,?()$#1&/)&+71$8#&5#)1/3)M&"%3)#+#&,(5#1M&
> (85#,#*&1"##$%&P7(8/5@&()*&",313*@L&

9 !"##$%&8()*+(,-1&(,#&1@+?381&(113$/(5#*&N/5%&1"##$%&(,5/$78(5/3)
> ^)5,3*7$#*&?@&RL&!5#;#)1&/)&X[[G&
> '/)07/15/$&3,&8#J/$(8O&

9 !"##$%&,#$30)/5/3)&_A(,-&GYYG`&!5#;#)1&#5&(8&GYYG`&Q3%)13)&#5&(8&GYYZa

> A(,(8/)07/15/$O
9 A(,-/)13)b1&*/1#(1#&()*&18##"&*#",/;(5/3)&_^1%/-(N(&#5&(8&GYXWa

9 I+35/3)&,#$30)/5/3)&_4(/&#5&(8&GYYca

9 d3$(8/e(5/3)&D0#&_B#88&#5&(8&GYYGa

<#8(5#*&=3,-

H7++/)1M&6LM&!L&!$%#,#,M&QL&R,(S#N1-/M&!L&!$%)/#*#, M&QL&I""1M&()*&EL&BL&T7(5/#,/M&UD&,#;/#N&32&*#",#11/3)&()*&17/$/*#&,/1-&(11#11+#)5&
71/)0&1"##$%&()(8@1/1MV&96&&%"):$881' ;M&;38L&WXM&""L&XY>Z[M&Q78L&GYX\L
!5#;#)1M&RL&6LM&!L&]L&:()7#8M&!L&!%(557$-CF72)(0#8M&()*&!L&'/7M&U^+"8#+#)5(5/3)&32&(&:3*#8&23,&'#J/$(8&D$$#11&?(1#*&3)&B#(57,#1MV&/)&
^H!'AM&X[[GM&)3L&K$53?#,M&""L&Z[[>\YGL



9 !@+?381&(?375&(,5/$78(53,@&$%()0#1
> 4#5#,+/)#*&?(1#*&3)&#)#,0@&$%()0#1&($,311&1#;#,(8&2,#P7#)$@&?()*1&()*&

+785/"8#&5/+#&1$(8#1

=%(5&(,#&1"##$%&'()*+(,-1&f

!"#$%"&' ()*+&,-.,/#

g sustained vibration of vocal folds starts (+) or ends (−)
p sustained periodicity begins (+) or ends (−)
s opening (+) or closing (−) of the velopharyngeal port during a sonorant sound
f frication onset (+) or offset (-)
v voiced frication onset (+) or offset (-)
b onset (+) or offset (-) of existence of turbulent noise during obstruent regions



'()*+(,-1& → '()*+(,-&./0,(+1

(g+, p+), (p+, p-), (p-, s+), (s+, p+) ⋯⋯ (g-, b-)'()*+(,-&
./0,(+1O

'()*+(,-1O (g+), (p+), (p-), (s+), (p+) (p-), (p+), (g-), (b-)⋯⋯

9 :3,#&$3+"8#J&"(55#,)1&(?375&1"##$%&(,5/$78(5/3)&
9 E,()1/5/3)1&2,3+&3)#&8()*+(,-&53&()35%#,&> ,/$%#,&/)23,+(5/3)



A,3"31#*&'()*+(,-&B#(57,#1& > ./0,(+ C$37)5

𝒄 = [𝑐'(,'(, … , 𝑐+,,, … , 𝑐-.,-.]

(g+, p+), (p+, p-), (p-, s+), (s+, p+) ⋯⋯ (g-, b-)'()*+(,-&
./0,(+1O

9 H37)5&%3N&+()@&5/+#1&#($%&?/0,(+&3$$7,1
9 H3)$(5#)(5#&(88&$37)51



9 '(5#)5&4/,/$%8#5&D883$(5/3)&g'4Dh
> '4D&23,&5#J5&→ 8(5#)5&53"/$&+3*#88/)0

> =%@&'4D&23,&8()*+(,-&?/0,(+1f

A,3"31#*&'()*+(,-&B#(57,#1& > '4D C?/0,(+

Image Credit: Blei 2010

Text

Speech

→ 8(5#)5&(,5/$78(53,@&#;#)51

.8#/M&4LM&'L&H(,/)M&()*&4L&47)13)M&UA,3?(?/8/15/$&53"/$&+3*#81MV&<555)9-('#4)=>$%&77;)?#(;M&;38L&GWM&)3L&iM&""L&\\>i\M&GYXYL

43$7+#)5&→ 53"/$1g#L0L&1"3,51h

53"/$&→ N3,*1&g#L0L&2335?(88h

!"##$%&→ (,5/$78(5/3)&g#L0L&;3$(8&238*h

(,5/$78(5/3)&→ ?/0,(+1&g#L0L&U0jM0CVh

'4D&0/;#1&(&;#$53,&32&",3?(?/8/5/#1&23,&
8(5#)5&(,5/$78(53,@&#;#)51&/)&1"##$%L

'4D&0/;#1&(&;#$53,&32&",3?(?/8/5/#1&23,&
8(5#)5&53"/$1&/)&*3$7+#)5L



9 '4D C?/0,(+
> 6&?/0,(+ MR&#;#)51M4&1"##$%&2/8#1L

• 𝜽2~Dir(𝛼)k 𝜃2,;, … , 𝜃2,<, … , 𝜃2,= M∑+?;= 𝜃2,+ = 1
• 𝛽<~Dir 𝜂 = 𝛽<,;, … , 𝛽<,C, … , 𝛽<,D , ∑C?;D 𝛽<,C = 1
• 𝑤2,C~Multi 𝛽JK,L?<

> K;#,(88M&𝑧2,CM&𝛽<M&()*&𝜃2 530#5%#,&*#1$,/?#&,#8(5/3)1%/"1&
23,&76&&%"@#>A-%14#A-$'@B-(>#8M&1/+/8(,&53&.$%18&'A@A$6-%@
C$>. -')A$6-%)8$.&44-'(

𝑝(𝜷, 𝜽, 𝒛|𝒘, 𝛼, 𝜂)

9 d(,/(5/3)(8&.(@#1/()&^)2#,#)$#
𝑞 𝛽< ~Dir 𝜆< , 𝑞 𝜽2 ~Dir 𝛾2 , 𝑞(𝑧2,C = 𝑘)~Multi(𝜙2,C< )

> E,(/)/)0
𝜙2,C< ∝ 𝔼Z [K log 𝜃2,< + 𝔼Z _` log 𝛽<,aK,L

𝛾2,< = 𝛼 + ∑a 𝑐2,a 𝜙2,C< M&𝜆<,a = 𝜂 + ∑2 𝑐2,a 𝜙2,C<

> E#15/)0O&23,&(&)#N&1"##$%&2/8#&𝑑∗
𝛾2∗,< = 𝛼 + ∑a 𝑐2∗,a 𝜙C< M&𝜃2∗~Dirichlet(𝛾2∗,;, … , 𝛾2∗,=)

A,3"31#*&'()*+(,-&B#(57,#1& > '4D C?/0,(+

articulation-bigram

speech-articulation

speech-articulation-bigram

𝜃2∗ 0/;#1&(&;#$53,&32&",3?(?/8/5/#1&23,&(88&8(5#)5&(,5/$78(53,@&#;#)51&/)&#($%&1"##$%&2/8#



4(5(1#5&> 5%#&!FG&$3,"71&_F7()0&#5&(8M&GYXca

9 E%#&!FG&$3,"71
> 6(57,(8/15/$O&(&;(,/#5@&32&)3/1#1&g#L0L&322/$#M&,#15(7,()5M&?($-0,37)*&Ed&)3/1#M&

#5$Lh`&Gc&*#;/$#&+()72($57,#,1L&
> Xi&%37,1&32&1"##$%`&ccW&1"#(-#,1&gZ\Y&+(8#1h`&\[lW&;3/$#&,#$3,*/)01&g1(+"8#*&

(5&ZZLX-FehL

> !/J&#8/$/5(5/3)&5(1-1
> 1#82C(11#11#*&A(5/#)5&F#(85%&T7#15/3))(/,#&gAFTC[h

9 F#(85%@O&_YM&[a
9 4#",#11#*O&_XYM&GWa
9 E%#,#&(,#&i[\&1"#(-#,1&gXGG&(,#&*#",#11#*h&23,&5,(/)/)0&()*&X[G&1"#(-#,1&gl\&(,#&

*#",#11#* h&23,&5#15/)0L

F7()0M&mLM&QL&I""1M&4L&Q3($%/+M&()*&:L&HL&H%#)M&U4#",#11/3)&4#5#$5/3)&2,3+&!%3,5&n55#,()$#1&;/(&4/;#,1#&!+(,5"%3)#1&
/)&6(57,(8&I);/,3)+#)5(8&H3)*/5/3)1MV&/)&<DE5F9=55:0 M&GYXcM&""L&ll[l>ll[WL



9 I8/$/5(5/3)&E(1-1
> H30)/5/;#&'3(*

9 !5,33"&5#15

> B,##&!"##$%
9 B,##&,#1"3)1#&53&P7#15/3)1&8/-#&UN%(5&/1&5%#&

N#(5%#,&8/-#&3751/*#V

> <(/)?3N&A(11(0#
9 U=%#)&5%#&17)8/0%5&15,/-#1&,(/)*,3"1&/)&5%#&

(/,M&o&N/5%&8/558#&3,&)3&0,##)&3,&?87#V

> F(,;(,*&!#)5#)$#
9 UE%#&?/,$%&$()3#&18/*&3)&5%#&1+335%&"8()-1LVM&

#5$L

> !715(/)#*&d3N#8
9 U(%%LLV

> 4/(*3$%3-/)#5/$
9 UA(E(R(V

4(5(1#5&> 5%#&!FG&$3,"71&_F7()0&#5&(8M&GYXca



9 E%#&!FG&$3,"71

9 H8(11/2/$(5/3)&:3*#8O
> '/)#(,&!d:M&N/5%&3"5/+/e#*&H&;(87#&2,3+&lC238*&$,311&;(8/*(5/3)&N/5%/)&5%#&

5,(/)/)0&1#5L

9 A#,23,+()$#&:#5,/$
> BX&1$3,#&g*#",#11/3)h&g$%()$#kYLGiWhM&n)N#/0%5#*&D;#,(0#&<#$(88&gnD<hM&

D$$7,($@M&H3)271/3)&:(5,/JL

9 !"##$%&'()*+(,-1&N#,#&#J5,($5#*&71/)0&5%#&!"##$%:(,- 5338-/5&_.3@$#&#5&(8&
GYXGaL

9 '4D C?/0,(+
> E%#&'4D&p53"/$&N(1&3"5/+/e#*&2,3+&G&53&ZYM&7)8#11&1"#$/2/#*L

9 /L#L&)7+?#,&32&8(5#)5&(,5/$78(53,@&#;#)51L

IJ"#,/+#)5(8&!#55/)01

.3@$#M&!LM&FL&QL&B#88M&()*&QL&:($D718() M&U!"##$%:(,- O&'()*+(,-&4#5#$5/3)&E338&23,&!"##$%&D)(8@1/1LMV&
/)&<DE5F9=55:0 M&GYXGM&""L&Xc[Z>Xc[WL



IJ"#,/+#)5(8&<#17851

9 F3N&N#88&5%#&",3"31#*&2#(57,#1&"#,23,+f&
> '()*+(,-1&N#,#&(**#*&3)# C?@C3)#&23,&$%331/)0&#22#$5/;#&?/0,(+1

> '4D C?/0,(+&5#)*1&53&?#&?#55#,
> ^5&/1&/+"3,5()5&53&5(/83,&8()*+(,-&$%3/$#1

s (4) s,v (10) s,v,p (34) s,v,p,f (38) s,v,p,f,g (55) s,v,p,f,g,b (73)

Bigram-count

0.25
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ss
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)

s (16) s,v (36) s,v,p (28) s,v,p,f (16) s,v,p,f,g (22) s,v,p,f,g,b (14)

LDA-bigram

0.25
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0.35

0.4

0.45

F
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(d
ep

re
ss

ed
)



IJ"#,/+#)5(8&<#17851

9 F3N&N#88&5%#&",3"31#*&2#(57,#1&"#,23,+f&
> '()*+(,-1&N#,#&(**#*&3)# C?@C3)#&23,&$%331/)0&#22#$5/;#&?/0,(+1

> '4D C?/0,(+&5#)*1&53&?#&?#55#,
> ^5&/1&/+"3,5()5&53&5(/83,&8()*+(,-&$%3/$#1

9 <#+3;#&5(1-&*#"#)*#)$@
> E(1-&)3,+O&eC)3,+(8/e(5/3)&1"#$/2/$&53&#($%&5(1-L
> '()*+(,-1&(,#&1"#$/2/$&53&*/22#,#)5&#8/$/5(5/3)&5(1-1

s (4) s,v (10) s,v,p (34) s,v,p,f (38) s,v,p,f,g (55) s,v,p,f,g,b (73)

Bigram-count

0.25

0.3

0.35

0.4

0.45

F
1 

(d
ep

re
ss

ed
)

s (16) s,v (36) s,v,p (28) s,v,p,f (16) s,v,p,f,g (22) s,v,p,f,g,b (14)

LDA-bigram

0.25

0.3

0.35

0.4

0.45

F
1 

(d
ep

re
ss

ed
)

s (4) s,v (10) s,v,p (34) s,v,p,f (38) s,v,p,f,g (55) s,v,p,f,g,b (73)
Bigram-count

0.25

0.3

0.35

0.4

0.45

F1
 (d

ep
re

ss
ed

)

Original
Task norm

s (16) s,v (36) s,v,p (28) s,v,p,f (16) s,v,p,f,g (22) s,v,p,f,g,b (14)
LDA-bigram

0.25

0.3

0.35

0.4

0.45

F1
 (d

ep
re

ss
ed

)



IJ"#,/+#)5(8&<#17851

9 F3N&N#88&5%#&",3"31#*&2#(57,#1&"#,23,+f&
> '()*+(,-1&N#,#&(**#*&3)# C?@C3)#&23,&$%331/)0&#22#$5/;#&?/0,(+1

> '4D C?/0,(+&5#)*1&53&?#&?#55#,
> ^5&/1&/+"3,5()5&53&5(/83,&8()*+(,-&$%3/$#1

9 <#+3;#&5(1-&*#"#)*#)$@
> E(1-&)3,+O&eC)3,+(8/e(5/3)&1"#$/2/$&53&#($%&5(1-L
> '()*+(,-1&(,#&1"#$/2/$&53&*/22#,#)5&#8/$/5(5/3)&5(1-1

9 F3N&(?375&3"5/+/e/)0&8()*+(,-&$%3/$#1&23,&#($%&#8/$/5(5/3)&5(1-f

s (4) s,v (10) s,v,p (34) s,v,p,f (38) s,v,p,f,g (55) s,v,p,f,g,b (73)

Bigram-count

0.25

0.3

0.35

0.4

0.45

F
1 

(d
ep

re
ss

ed
)

s (16) s,v (36) s,v,p (28) s,v,p,f (16) s,v,p,f,g (22) s,v,p,f,g,b (14)

LDA-bigram

0.25

0.3

0.35

0.4

0.45

F
1 

(d
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ed
)

s (4) s,v (10) s,v,p (34) s,v,p,f (38) s,v,p,f,g (55) s,v,p,f,g,b (73)
Bigram-count

0.25

0.3

0.35

0.4

0.45

F1
 (d
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ed

)

Original
Task norm

s (16) s,v (36) s,v,p (28) s,v,p,f (16) s,v,p,f,g (22) s,v,p,f,g,b (14)
LDA-bigram

0.25

0.3

0.35

0.4

0.45

F1
 (d

ep
re

ss
ed

)



IJ"#,/+#)5(8&<#17851

9 '()*+(,-&?/0,(+&2#(57,#1&3"5/+/e#*&23,&#8/$/5(5/3)&5(1-1
> ./0,(+ C$37)5&N/5%&5(/83,#*&8()*+(,-&$%3/$#1&

> '4D C?/0,(+&N/5%&5%#&1(+#&8()*+(,-&$%3/$#1&(1&?/0,(+C$37)5
> '4D C?/0,(+M&p53"/$&kZM&5(/83,#*&8()*+(,-&$%3/$#1
> ^5&/1&?#)#2/$/(8&53&3"5/+/e#&8()*+(,-&$%3/$#1&23,&?35%&./0,(+C$37)5&gX15

$387+)h&()*&'4D C?/0,(+&gl ,* $387+)h&N/5%/)&#($%&5(1-L

9 F3N&(?375&271/)0&/)*/;/*7(8&#8/$/5(5/3)&5(1-1&530#5%#,f

CL Free Speech Passage Sentence Utterance Word
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0.3

0.35

0.4
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Bigram-count
LDA-bigram

CL Free Speech Passage Sentence Utterance Word
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F
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Bigram-count
LDA-bigram
LDA-bigram (optimzied landmarks)



F1 (D) Accuracy UAR Confusion Matrix

.(1#8/)#&_F7()0&#5&(8&GYXcaO&
D$3715/$&2#(57,#1 YLZGG WGL[q YLi\W

121 36
16 19

./0,(+ C$37)5p YLZll WXLZq YLii[
116 41
14 21

'4D C?/0,(+ p YLZlX i\Liq YLiW[
101 56
10 25

./0,(+ C$37)5r YL\Yi WcLWq YLWXZ 130 27
14 21

'4D C?/0,(+ r YL\Z[ WcLWq YLW\c
126 31
10 25

IJ"#,/+#)5(8&<#17851

9 B71/3)&32&#8/$/5(5/3)&5(1-1L
> :(S3,/5@&;35/)0&32&?/)(,@&375"751&2,3+&/)*/;/*7(8&5(1-1

> E%#&",3"31#*&2#(57,#1&?(1#*&3)&8()*+(,-&?/0,(+1&(,#&#22#$5/;#M&
$3+"(,#*&N/5%&($3715/$&?(1#8/)#L

F7()0M&mLM&QL&I""1M&4L&Q3($%/+M&()*&:L&HL&H%#)M&U4#",#11/3)&4#5#$5/3)&2,3+&!%3,5&n55#,()$#1&;/(&4/;#,1#&!+(,5"%3)#1&
/)&6(57,(8&I);/,3)+#)5(8&H3)*/5/3)1MV&/)&<DE5F9=55:0 M&GYXcM&""L&ll[l>ll[WL

!(+#&8()*+(,-1&
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F1 (D) Accuracy UAR Confusion Matrix

.(1#8/)#&_F7()0&#5&(8&GYXcaO&
D$3715/$&2#(57,#1 YLZGG WGL[q YLi\W

121 36
16 19

./0,(+ C$37)5p YLZll WXLZq YLii[
116 41
14 21

'4D C?/0,(+ p YLZlX i\Liq YLiW[
101 56
10 25

./0,(+ C$37)5r YL\Yi WcLWq YLWXZ 130 27
14 21

'4D C?/0,(+ r YL\Z[ WcLWq YLW\c
126 31
10 25
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> B/,15&157*@&53&(""8@&8()*+(,-&?/0,(+1&23,&*#",#11/3)&*#5#$5/3)M&N%/$%&/1&

",3+/1/)0L
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