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Continuous Speech Recognition based on Parmetric
Trajectory Segmental HMM
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ABSTRACT

In this paper, we propose a new trajectory model for characterizing scgmental features and their interaction based upon a
general framework of hidden Markov models. Each segment, a sequence of vectors, is represented by a trajectory of
observed sequences. This trajectory is obtained by applying a new design matrix which includes transitional information on
contiguous frames, and is characterized as a polynomial regression function. To apply the trajectory to the segmental HMM,
the frame features are rcplaced with the trajectory of a given segment. We also propose the likelihood of a given segment
and the estimation of trajectory parameters, The obervation probability of a given segment is represented as the relation
between the segment likelihood and the estimation error of the trajectorics. The estimation error of a trajectory is considered
as the weight of the likelihood of a given segment in a state. This weight represents the probability of how well the
corresponding trajectory characterize the segment. The proposed model can be regarded as a generalization of a conventional
HMM and a parrametric trajectory model. The experimental results are reported on the TIMIT corpus and performance is
show to improve significantly over that of the conventional HMM.

Key words: Parametric trajectory model, Segmental HMM, Parametric trajectory scgmental HMM, Speech recognition
F3 ok §HRAQS)

1.6 B

no ol
ox

AL 5L A widas ol EAY dyges
S ZUT g ol A FHor HL
10600 h )2 W) dFH 2 Wol AL EHE S H3 2ok 2@y, HMMO] 839 &4 239 ¥
vl E® ¥ e (HMM; hidden Markov model)& A1 7+ - HQ WolE B 2d AT, o} Wk v)dla A
8249140 2983 T AL HMM 1 €3 T4 8k 718 7HY
AR 1999 109 6 o B AEZH "Wetch HMME] 7] & 71 [1, 21

czlA

)




36

A F 7HAZ g¥H e, A $4 N S4E
ANE EH3A] Z32 Ak AA 72 27y @
& ATl A A28 Fell(state)e BHR o] 9 Ate] o
AT 28 B ZEGE 1A IR E M3tk
ol AR Z A5G AHlAMY &@ BUFEL T Al
o A 8] Rj& Al Zke) wh} 2] 423 2 Z (exponentially) 7
2EA HBER, &4 A5 NH FZXEAYE E
B3A Z3HA ). o) AP S A7) A3
o A A& S RYYE] AT gL
W Eo] A A HYr) i} 22 #5 = Y(observation
independent) 718 2 & 4 2lc) o1 R L Y29 Abehol
A S HEE 2 AdoM 34 8(358) BE o 5
gHoz ¥Rt AL £ok 28 AP E B
2 gL A2 YA FEH Qlo], AAHL2
2 Qo g FE Y35 2EE ANE 247
A 23A €. g S JE Y £ A UH
3 EAE ) AAEE AR FosTeE AF
[3.4,5,6]7} 28 H T o], AlAEAAAHY X7 o)
T REAT SR EFY 2hYPo g @ A7t 423
= AL Y UL

ol2| g FHolAM HMMe] P L HAsr) 48 o

o] AYPHo K=o, QEFHQ AP PYHLEE
H) A A} A} (non-stationary state) 34 o] & F A& A
7+ 29 2 (duration modeling)[7], ¥ R4 (segmental
model}(8], t} 3 2o 21§ 7 F Z Y (polynomial or
parametric trajectory model) [3, 4], ¥4 HMM(scgmental
HMM) [5] §o] alc} ol dF WP EL AFAY
HMM9] 2} H-S B 93t71 938l ZH o ol i § 3
A gEu £H 5L ol 43 A& AT EE B
S IS 2ok 94 2 HMME “Fol 4
HelA S48 L8 3552 1 4 SH 3
o, $& 50 &9 e $H g 24 AR
ARZ/A6). AEY FFEL BEL duIHE AF
S AR SYEHQ A BALE Z gAY [3),
TR A &A1 th 3 LAt DY A AP L= s 43
ATHYL uhetA, 22 & S8 A& A 7130l
HAHA, Fo17 AdefojAe] BE HyEL A J
9] 5o oF §r}. o] 9} &) HMMel 7| 3} e ALef o) A
2 BF B S A&A2 sl A 3= v
A A} Are] HMM(non-stationary state HMM) T = 7 &
HMM(trended HMM)2 F0]3) ZEl & Za 9 4 [10]
v AFR FH Q) =g AR e 23 3 ¥ (regression
function) 2 B oj &t A}(7]). ol & B o] 25
Hom AEHAE RV AL T FAE
At o, A FF 5 hH0] AMSEHI
2o, HMM2} 34 S Bty 817] ofFeh # A&
ol 2% Fia vl BHANAMY 5L AR T

REZERRE B19% FHIRQ000)

28 o) 43= Aol ol x, FHE A9 ¥ A (global
or complete trajectory) 2] M3 M EH 0 T X H e}, of
2o B 24 5o i Y FHE HolX
o) oy sz JHU Fot A F4¢ ¥Y
< AAHeE RAYY & AY34]. 2HY, FEE
A WAL BH3 A £ ol dX
glojof & FAF) A E3, d IS HHES
o) &8t B U BF AAE FAI7] QM e
o3& MEES ] HEZE A3 30
817) W Zoll, A4t AlZke} Ao A2 BFE} 5713
A g

B =RdiMe oy ddA AT s &3
7o) M2 WA o) £IEA, FAPLE A HHL
& ZAA & (boundary problem)u}; A &g 2ol &
H oy A3lA 7 A gt AAE WYL dvd
) HMMo} 719heted foi4 AT P ol 4 S 27
4 AAx2Es% &4 HUMES Z § & o
(PTSHMM;parametric trajectory scgmental HMM).
PTSHMME 242 SHY& Ao} @ HHo2
EYT, 239 A4 £4 HMM2] Y o2 AHE
gt 2 AYE 2YE FAHse ZHAET OH
ARE XPRY ¢ UARS O PEE AN T
ok AHSE Y FRBE NG} s, At
g oxel B2 Ao BS Helof st A
Q Ha g A A, £33 Zolo £5A0|x] G F
Az st Bt @ R E A gk 1&g
To g, R AdFoMs £-9 PolE ZAANA, ¥
@+ AFE 7id) B dexpected average) o 2 HA F+
B} 5 A=F 3td AFHE FA st A7k FaHE
2E A £2, AH 34 2A8 £2Y AH
23w o)(extra-segmental varition)oll T & 7} X 2 A
£ 8 k. PTSHMM®] F & (estimation)} 3 7}
(evaluation) 24+ Lukdy el HMMS =3¢l S4 &
A EAo 2 qAgE, Jd g tEAE 4 2
AHE o £35}7) o ol Ayt HMMS 3, H7H FA) ¢
F2raA o

£ =529 242 g8 20 BA, 2F0N= 2P
A A2 gL o] & ¥4 29 ¥ (segment modeling)
o ek 2082, AASE &3 A RE 9kg 3§
EE2 A2 YA PP L Akt B, 2 HMM
o 7|8 MEdy BQ PP S LAt 3FAME
PTSHMM S| ]l 48 $% (likelihood) Al AHHE Al
st 2 HEES FAUE ¢TAEFES MPE
032 2 PTSHMMO] Folzl = 7] mja} Yty
AHMMEE 24 Yy rds g29Y #3055 4
d§ic) 44 Agkd e FARS FFE7
st TIMIT AFAMe &2 Uy A5¢ A&



2431 A3 7)gke] 8 HMM$ o] £ 94 24 A4
HMMz=} ¥ 330, x| ete 2 A& 2 A § §ict
I.84 24 =243

SR A5 EEHY FF 5 HE| S BA
S F0M A3 FHE ZA 2 4 U of#H §
A o8 £ Xde 7120 HAew, 243
(parametric) & ¥) 25 (non-parametric) WA 2 2
THEHNG. 2y dgore FA A9 didto
G384 E o] L3d AL FAHE, 2 A AP
EE= A 9 FEZA ¥ At A, HESF
A AR YL 7o) By Yol Y X AT E
€ R B E=EFAMNE RS U dE S @
Hel X Ao HEg3 EFE 7HH L7 vl F2o)
v §73 i3t 32 d ) A stche AR ol Ae(8),
24 29 Yo R4 e Ao

2.1. 23 248

ey AF Yo d @ dFolA, Gishs} Nge
1993 d 0]l A2 1ol A& FANZHYE e &4
B4 C EUed 2o 2EAY.

C,=ZB,+E (0

o7l A zhzte] Tl S DALY Y 53 HE 2
dEo] glon, Z& AL E AE %9 ¥ & AR
B NXR A9 YA golvk £8, B,= 4 A
T& Jehll = RXD P & e, EE AE £3
ol A 2] 23t 2 AHresidual error)& E W Hoh RS H A
E3% A3 AA S (regression order) & VERY
ok SEof R=19] 9 W (FF)E, R=2017 U Ay A
2, R=30]E 23 Ao A S FPd0, R0l F
718 wel A §AS AL 2898 5 ol

71E] Apelixgl o] &4 $ES G AFJL2
2Yds A 22 E8= 04112 FF8 =) o
o, 289 AAE QA Folof gt o2 3 FA
FE A2 ASHY, e d8E 482 2HYE
TER BUsY 2 2P £HE 24 AFLE R
st A HMMol J 4 A7 22 . £33 HMM
S HesA F3, # 7 Al(evaluation phase)ol A
Viterbi @2 2]5 S ol £3l9 A &3 ZAE =38
F AA @k £-e] Aol TR dEN A2
FERES AN ALY RE S EHLE FEEY
A2 BB PR E oL F Ao, 2 GAGME= T
AMe] 7idl B L2 JF AF L A&E 4 Ut

e} Y3 A FEE ALY, 7 ¥
9 EAL £ Pold EPAHEE AU TS
BERE 5 AL Jolct. T2} Ao ZAo]& B2

37

o) &) Gishe} Ng(1993)A 8 J+a € AL PE &
O 23 MY AHL £H HMM Ao 2 Y437
Agch MarM, £ M Y YEef gol &
A2 FFeiol dsf T Ho|Z, A Fol o 5
A3 IS 3 FA 23 FAE WA} F
et o, AN A Lo o] $3HA) ¥ 2
A £ o) F o|4F2N HAFE A v £
BAAZ LI oo} s g NI

A N=2M+1Z3 YA &4 4] F0i7
RS HHES S PTEAN EH/EL

Yi-my o Ymop Com

C=Y"N=t yu ~ Yo [=| ¢

R I ’ @)
yu-M'.I y:+M.D cu-.«'

r:,=[y,., y,'o], I-MST<i+ M

A Aol A B 4 Ko Aol A T o
B2 A0 Fdel 27) o o] A BH URE
F AREL A 1ol 1419 $4 BE BAA
ok uielM, 99 22 U S 2H3 AR AR
el #de 4ol Yasith NRL dA] P&
< AW Y £A3e] Bo) A Htransitional information)
2 XA 4 o9, 58 A ZAYAE T T4
o 255 WX F Slojo Pt Y] AL VHY
FAEE AR $B ZE B33 2ol Y F ik

) &
=) @ - @]

S 6],

7]l Ze £ PolZ Bt € FUNFA AR
€ vehll7) i 2o, 84 #& 8| FRE EE
S 2 S3YY S AR 2¥E F At #



38 REE R R B19% $ 392000
Speech signal WW‘MWWWWW*W" m
C,
QObservation s
veclors o © @ ©
Y, Yis Yo Yiu Yy Yia Yie Yra
Design matrix 7,
R le ----- Zr+M
Trajectorics B o © /\ /—\ o o
Coefficients B o o ] I : I l I o o
b, b, b, b, b, b,
Bt’-’l B‘
22 1. #S 9E g tAd P, 22 O E e A Y RAF PETH wA
Fig. 1. The relation among the observation vectors, the design matrix, the trajectories and their coefficient.
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Fig. 2. Temporal variation of the 0" MFCC coefficient for foy/
vowel segment, and the corresponding segmental trajectory
features with M=3 and 5. respectively. N means the
segment length and R the regression order for teajectories.
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MY E PAL Tl & Aok 2PN 2 =
AYE ADA £HE AT D7) W So) AR ¥
A Fold RREE F4E AN 4 W2
AL e 44D 59 2] o] §3e] Fal Aok
@k wrebd, Al B2 239 4R ARl
2 gro] gahimh,

T _ -
— zg,(j.k){zn(B, thk)}’ {zn(Bt _Bﬂ()}
zﬂ.}* = 4=t T (22)
PRATEY
=1

711N 2B, 9 z,B = 27 A7k o)M Feizl
8 AR} el jo) kA EF IEZRH Y
g =Za99d 5 & vedn

ol A ﬁ-&ﬂ H7EA F4be] 3wy 24 2
171 A%, &, 2l Y 54 S AL E AoE
dyt HMM—J B4 54 vhdn $939 28,
A Zol7} 18t & Afoll= o] E B2 HE O

LAE A HZ 94 238 Wold B
& P(ZB, s, ) 5 230

de o

3. 3. gHtg{generalization)

PTSHMM$] =& th&3} o] BslH, Uity
A HMM= 243 93 Bde) dits £ 3oz
A 5 Ao
L 2rep 24 o) N=to] R A X R =10]2}A,

A A ¥ole ¥F PCIZB,s, 1) 10 HI 9

A EE BF PEB s, A& 239 Ao ofd #

29 ZHQ SHol o 7H-A% REE GEA

Het o) Ay, C = 9d =AY AL 23

HY, 338 H3F A B 24 ok g2ty F

B e Ee AYE »2& 00] 50, B,= ) 59

U HFd 54L& gA8A 9. 222,

PTSHMM£ @< HMM=} 9443] 7244 €t
2.%kep B8 Aol No] Fo|7] Rde] Ul 35 o

Aol 79 Z2A 804, ZH S5 2d L 7y B

q 2o Y e 2E Y FE2 EHEGY. 9

7%, PTSHMME 243 3 F 79 (parametric

trajectory modc) M Y 7t Aol & Ze 34 £33 9

Q- v £ Ao

V. 48 & dqt

Aergt WRje] FATAE FAALSZ] Y8t TIMIT
AR 7| 32 5P &4 (speaker-

BESERMNIE B19% F3IH(2000)

independent phoneme recognition) 4 & st o} &
ol 870 W AMEXE B F 9 4629 o] 3A s} 109
A EAG ARE AHE S .Cm, TIMIT 2HE ol M %) A]
g AR " A2 7 P(complete test set) L o} 351 )|
ZESNY ¢ HAE AP Gl 9 npa sz
Z 8l W e Ab3 R} 16873 of shAbrt A WA & =)
BEE2AM F 1344 FZE o) 20 B Hotel AL H
= NEE 20msec?] 24 F7H, 10 msec] £7F o] F
2023 12248 MFCCe} 22 oA 8 38k & o} 4]
ZER IR NS ASE ZTE F 2609 oz
ERE o) AL BTk oA 2R &4 A3 £
< Y HMM 9] Q132 2 AH&-5 2} PTSHMMS] 2

B4V AHL FH=G AL ET

Ry H7HE Aske] E£F 48709 £9 5¢ 24
9 (context-independent phoneme mode()-g o] &3
2 27 do] 29 (phoneme bigram)o} A} £ 5 . 2}
29 290 B Tl Y Holol wa} el 5271 270
EE M -8 HMM S Al 48t 3tgo] A
A, 7t FEE S SHAIY E EYR HEel 5
Rt &4 A4 Foll, 4870 8] F 45 Leert Fol g
HUR 3908 S48 Q4 235 E¥stad £ S
A3}

WA Ras 24 Yol BE Qe Ao) g W
71 9stel 718 ALY E A% HMME ol £33
2 PTSHMMA A4S 29 #3908 gela
of MZHRT 7B AL 44 HMMO 2 27
Aol N=13} 3 H A R=1 AL PTSHMME 9]
&3t B3 34 el M E A5 #8718 Yo
Yoz PTSHMME 5 43 N =33 R=28 & &34
O AY ARE Tl A=At

E1NAM AAE 823 71E9 d79 wisd

PAFE BACHA, 121 712 8] AP A 9} Zo] AlE B
E1LAZ G2 24 34 B 04 $2 A4 4%, 7]
A 2¥)-& PTSHMM o A N=1, R=19] Z $-o]], & A}
R el B2 4% WE A8 2HL N3 R0z
LEEVESAC] e 28 B4, FVTASe) o @
B EALTVV:AIE B4

Table 1. Phoneme recognition results for the different variance

r{z ?If

i--!-’a'-D*rﬁI

estimation. ¥=1 and R=1 for the baselinc system. N=3
and R=2 for PTSHMM(FVF:Fixed Variance of the
Features, FVT:Fixed Variance of the Trajectories,
TVV:Time-Varying Variance).

(TN:%)

PISHMM  Correct Accuracy Substitution Defetion {nsertion Error
7jRA| A8 620 56.0 280 160 68 440

FVF 324 3 405 0l 13 &9
YT - 46d 434 N2 167 17 5606
TV 649 392 - 261 92 54 408




243 A3 7Iete] 28 HMME o] $8 9434 A4

A F3 o] T3 A 53 whd v)dte] 45§
AT e LAY 71EY] dFNME 2Y] 2%
¥ (vowel classification)ol| T & & o] 452 o] 7t
a8 aA gRed, 2 4gedye =& 8] ohy
T ASE ZRHY, A48 28 U X =F
(phone alignment)& £ {317 k&l RAESTH) EF
Aol 715l A3 wle] B2 A5 Aot At
AAo] 2 AL L4 F A S NY RF
HAEAEG 0|43 ALNE B73I, 718 A2FEY
R Qe BAh o] AL 1 B4 el MR,
Z 743 ¥ o](temporal and spatial variation)& M2 X
#3314 R37l Mg 229 5 AgE S ¢
F3A ZadreE A& v S fE 23
B4 33 dhgo) ALLE AS, B =AY
i X7+ F &4 (temporal dependence) &3 ¢
olo) & &7t RolA FAAA ) oA &2
WE-9) RE T o) el FFHA EE A L3
B2 Zeid s e AE T4 RV 4
Ades o2 4T 4 At AF AN g 23 23
Hgo] ALL-E 35 F7HF ol ¥ mdFPe] ¢
HAA ok HAHLS ATAQ FEHAD oM BEH
2 §HER A4 Agq g% 23 3L A
AREvtE 32F FLE U Bel 2WRA 0 F
23 B g Z¥3}e AF AFs dAAD P38 Z
o3 W o3 XY B E w3 ok F,
AX FReA e F743 e EEY S §F
TN ] NTHA FH o) k2 E hA EE e 54
HIE AN SH3A UG AN Y 5 gich

22 & PTSHMMS #3 Aol 34 A4 9
Wae) O0E s HEE Sk AR 29 opy
ZIAE 712 A2Y-2 PTSHMM A £3 AN &1
2. A AFREIZ2 ASHUG. 24 ol N 3} 34
A4 RO @ 3}el] mhep N =3,5¢ w9} R =23 w9
PTSHMMoll tidte] 2 Y3 2ny, I AF3= &
2¢] B2t}

HE 22 & A9 Aol 3 Aol BE F2 U
Ax 18 A AW PTSHMM of 4] N=1, R=12 A A 5]
At

Table 2. Phoneme recognition results for the different segment
iength and regression order. N=1 and R=1 for the

baseline system.
(2 9:%)
[PTSHMM  Correct Accuracy  Substitution  Deletion  Insertion  Errer
71N~ 610 560 280 100 64 40
¥R 49 %2 Bl 52 54 403
N=3R=3 652 97 FAR] 91 3.5 40.3
N=SR=2 6§49 599 256 95 30 01
N=5R=} 656 606 2.1 92 50 394
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FUFEE oY A, F, N=30| A} 59 o, 2}
A4 Ro| 241N 322 I8 A& N=3 ¢
64.6%N A 65.2%=Z, N=5Y W) 64.9%ANAN 65.6%= =
7hstE Qich Mol 2 FLT A ApoM, F, R=2Y
w2} R=3Y of N=39]A 52 4 Zoj7t F7HE A, A
QA L 77) 242} 5.4%00 A 5.0%Z, 5.5%N A 5.0%= 7}
28E 4+ A webA, AA 2§71 7 Sy
B AN FRE FPAME Aol BAHAT
o]Z & PTSHMMS] 734, TUT £37 o] AN
3N A7t 713 ¥ 2 (discrimination power) o}
F7tEY, 54 A Aot £H Rolzt oA
™ Ao AR Fo) F7hH A7) Wl Fol e Az

7 8 = (percent accuracy) &P o o] g AA QA 45
BrtogA, 718 M2 A ¥ 56.0%, 3 A A~
¢ (linear trajectory system)e] PTSHMMQ) 73 - 59.2%(N
=3, R =2), o) & ¥4 A| 25} (quadratic trajectory system)
A B 606%8] A5E VS 7l AL v)s A
2 7§ £33 HMM-E o] -3 AitE o] 22
73%% 104%2 L H& 242 B )@ A=
AdE o] &4 Gl W Aol FAHE $E3
EHEOE A€ 24953 3o 43 gy
PTSHMMo| € HMMETh A 213 4488 3 £8
3oz @ 4 Art

vV.d &

B2 2P dyyo P HHALT ER S
o &3 E A S UYL AT A2 Y
3 WEg Attt AtE THE VA =@
3t NS CA) PE S 0] 13, o] 3=
S S0 Ao FBE ZJE 4 Ak =3,
PTSHMMd)] Q& 71£3Q £33 £4E 9L
v, HMMS] 7§ el A Baum-Welch 3 e o] ¥4 )
3 228 FE AS3A}. PTSHMME 23 57
o2 25y A3 g AHSsk e, HMMS g
el A £4 HMMO 2 B33 H7) Wl Zof, Jutd
A HMM3 B3 #32 2o Uizt e o2
g Aok =3z ol Ao WolE Zd st o
st Ha A A EXo 9§ Y £ Wl 53
44 g @ AP AP R £P Aol 2E
4t 93 £33 el 23 E A3 HEAAH
o] Aolo) ¥ F UF 7 AA X2 RYFH
Koy, 74 Fio} A £AE o3y FEL
A3 24 374 e S A4 A T
o] AIZEA gelE g wie) Y A WY
o) uighe] $2 A5 L B PAHNM AF F&A
(temporal dependence)?] T LA & B3 . EF,
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¥ B¥9 Wo] $4& Febdr) ¢ 8e], PTSHMM
AX2) £ Aol ARG A G2 AYS
st 49 A3 FUS A PoloAM AR A5t
EohATE WEYo] FolRE ¢ £ UNL FLE Y
A Aol o) FB e o) BolI L ¢ 4 AN
o A8 2N & 2 AT B2 Aot HojA
2 B3 A7t o245 S PTSHMMY A% 2 o}
FE€ &+ ARG BAA, 2= PTSHMMo] 3413
22 BEY 4349 249 Y (Context Dependent
modeling)& A BUTE, &4 =GB A7y
TAIE $E3) ERY 5 0oy REFHA 9 F4
FE,F Al BLE RIFY ¢ Ak Yo
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