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Abstract

This thesis presents our proposals to improve speech recognition systems. The state-of-
the-art hidden Markov model (HMM) based systems usually treat the acoustic features as a
chain of stationary signal sources. The observed values of these features are represented by
vectors. We assume that they might be better modeled by individual vector components.
We discuss two methods based on this assumption.

In the first method, we try to model asynchronous changes of individual acoustic vector
components. Conventional HMM implicitly assumes that individual components change
their statistical properties simultaneously. This assumption may not be true. Temporally
changing patterns of individual acoustic components do not necessarily synchronize with
each other. We propose a new HMM that allows asynchronous state transitions between
individual vector components. We demonstrate that this new HMM outperforms the con-
ventional HMM in speaker-dependent speech recognition task.

In the second method, we try to model phoneme context dependency of individual acous-
tic vector components. Conventional parameter tying techniques provide a common tying
structure for all vector components, no matter how different is their individual components
complexity and phoneme context dependency. In this discussion, we propose a new param-
eter tying technique that allows to have distinct tying structures for each component. Our
experimental results show that proposed HMM with feature-depended tying works better
than conventional HMM with a common tying.

Both proposed methods are based on treating the observed feature vector as vector
of individual components. Moreover, we discuss time characteristics and phoneme context
dependencies of individual components, and develop the new HMM structures and the new
training techniques. All these methods are evaluated in continuous phoneme recognition

task.
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6t(2) = Q1,qr2r}ai,)§t—1 P(q17 qz, ", qt = ia 01,02, ", Ot|)\) (214)

1 000
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2000000
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" Yoco Ty i)

(2.28)

5 _ 20c0 sy %i(t) (i — 0r)?
e T
Y oco 21 Vi(t)

(2.29)
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0, otherwise

17 qt:Z

V(i) = { (2.31)

0, otherwise
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Single Distribution Multiple-Mixture Distribution
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gbobobuogbbbuooobbouoobboooobbbuooobbbuooobbn
gbobouogbbuggbbboooobbbuoogbbbuoogbbboogobbn
gbobouggbbbuoggbbobuoobbbuooobbbuooobbbuooooobo
gbobouogbbbuooobbobuoobbbuooobbbuooobbbooobbn
gboboobooboooobobbobooboboobobbobooboboon
gbobouogogbbodooobbboooobbboooobobobboooobbo
gbobbouogbbbuooobbbuoobbbooobbbuooobbbuooobbo
gbobougbobbboogbbouobbbbuoogbbbuooobbbuooogbo
gbobbuooggbbbuoooobbbooobobobbuooobbobboooboobobo

23



1 304

Jogobobobboboobobooddd

gobbouodgobodgobbboooobobuooooboboooobbuooonboon
gbobogdgbboogbbodbbogugobuooooobooobbogbbooboba
gobbuggbbobuogobbbuoobboboooobbuooobbobuoooboo
gobooo

3.1 UO0U0oooooooogn

gobbougobboboooobbooooobbbooobbooobobbuoooboon
goboobobobuooggoobobo200dggoboboooooobuoooooobooo
goggbbobbboobboooboddododdoooddooooooouugug
gobobuogobobbooobbbuoobbbuooobbbuooobbbuoooboboo
gbobboodgobobbooobboboogobobuooobbboooon

3.1.1 0O0obogogooobooodd

gbobobugobboooobbuooobobbuoooobbooobbbuooobobn
gbobouogbbbuoggbbbouoobbbuooobbbuoooobboooobn
gbobobooogbbbuooobbobuoobbbuoooobbuooobbbuooobbo
gbobbbuoguoog2obbbooooobbboooobbbuoooobbbo
gbobobuoogbbougobbbbooouoobbbbouoogbobobobooobbo
gbobbuooog2bb0ggoboboooobobobod

24



1st MFCC

2nd MFCC _lo/J\u

-20

2
1st Delta MFCC /Vv/\/

90ms

e
O ON®MO

2nd Delta MFCC

ohonr N O

031: 00000000000000000000000000000000000 o/k/a
HEN

0000000000000000000O0O00 310000000 o/k/.00000
0/k/00000000000/a/00000000000 2MFCCOOOOOOOOO
OO00o0O0boooooob 2 AMFCCOOOODOODOODOOODOODOOODDOODO
O1MrFCCOOOOODOOOODOOOOOODOobDOoOoboobOoooooEeMMODODO
gbobouogbbbuooobbbuoobbbuooobbbuooobbbouooobbo
HMMOoboOogoooodooboobooobuoobboobooobooobbooobdg
gbobobuogbbbuooobbbuoooobbuooobbooobbbuooobbo
gbobobuogogbbboduobooobbbuoooobbbouoogobbobooobbn
gbobobuoooogn

3.1.2 0OU00OO0oooooobod

g3200b0ddoogubbobbbuuooooobboobobbouooooooboon
gobobobobbobogoobbbobbooooo1gbbobbooooog 200000
obool1ooobooboboboobooobo gMMOObOOoOobooboboooboon
gobbuogb400bbboooobboggobobooobb4booobbn
obooboooboboooHMMODODODOODOODOODODOObDOoOobOobDOoOobDooD
gobobbugoobobooooobobb2bbdgoobobobodgg 2000000

25



0.8..8

— Statel for C1  State2 for C1 State3 for C1
i
(@) i —
— O
o
@) N
(@)
Time
00! §>> () () 3
Statel State2 State3  Stated Statel for C2 State2 for C2
(A) Modeling of conventional HMM (B) Modeling of individual features

Independently

032 000000000000000O000DO00O0DO0OHBMMOODDOODOOO0OO0
gobobooooobooo

0000000000 32-(A) 00000 HMMOODOOOOOODOOOOO ViterbiO O
gbobouoggbboooobboboooobbbbbbouooobboboooobbo
Dbhooooboogubobbobbi400 x20000b0o0obo0oboon
gbobboooogobobbolboogg 20000 30bbboooooobon
oooogboobobobooboo200000100002000030000400
gbobbuoogbbbduooobbboooobbbuoooobb1ioboooobbo
gbobbuoogbb2bb0odgobboooobobbuooognobouoooobbo
gstugbbodboubulbuooo3ggboobbuodgg2000b 200004000
0000000000000 000o0O00o0ooOO0o0oooOO 32-(B)oooooooooo
ooobobooobobooboobobooobobooobobo0o HMMO OO OO HMMO
gbobbuogbbobuoooobbouoobooooobbbuooobbobuoooboon
oboobooobooboobobooboooboobobboboobo gMMOOObDOoon
gbooogbuogobuogobogbbuobooboboobbuoobbuoonoboobobo

26



3.2 000000 HMM

goodooooooooododooooooooooooooooooooon
O 0 HMMO Asynchronous Transition HMM: ATHMMO O OO OOOAT-HMMOOODO
oo HMMO OO0 doooooooooooooo
goooooooboodoooooooooonooodoooooooooononn
Jooddoooooooddoogoooobbooooooooooboodg HMM
gooooogooon

3.21 0OO0O0O0OOOOOOOOO
goodooooon

gbobobboobobobbbbbobbbbbobbuud 3sgoboooooobbbob 3.3
gbboboooobbboodgbo

(A) 0O OO (Synchronous)

ooooobooobobuoobobooobobooobbboobo eMMOOOQDOO
goo

(B)DoODOOO (Partially asynchronous)

gbbogobodgbbugboogbuoooobbooobbuoobboobo3n
gbuogobodgbobbooboobbooboobobuoobobobbooboon
gbobouoggodgoboog

(B-1)0DOOOO0OOO0O (Feature grouping)

gogoboboobooboobobbobooboobooboobonon
gobbobbooogoobbobotboooooboobbbooooooobooo
gobbobbooogoobobotbooooooboobbbuoooobooo
gbobobooggbbbuoooobooogooobuooon

(B-2) D0 OO0 (Model synchronous)

gbobbbuotbooogobobbbbooooobbbobbobooooobobobo
gbogboboobuoobobooboobuodboobuoobbobobobobo

27



cil

col—

o —
cab———

(A) Synchronous 4 e

State Transition

c1|

c2|

c3l—

c4|

(B-1) Feature Grouping Time

C1 -

col

c3l—— |

cal

(B-2) Model Synchronous Time

cil
c2 |

c3[
cal—

Time

(B-3) Transition Tying
(B) Partially Asynchronous

c1|
c2|
caf— B

c4|

Time

(C) Fully Asynchronous

U 33 0b0o0uggoooo

28




[ ——

1St MFCC 10 B

=

2nd MFCC

034 000000000000000O00O0DOO0ODO0ODOOD0

gbobbbooooobbbbbooooobbobboooooboboboo
gbobobouoogbbbouooobbbooogn

(B-3) 000000 (Transition tying)
gobbbog2b00gggoobuooooobbooobbuooooobon
goooobbbogodoobbbboooobobboooooooobobn

gbobbobuotboooobobbbooooobbboboboooobboobo
gbobboodgbbodugoboogobobuoogbbuoogobuooobobo

(C)oooOo0 (Fully asynchronous)

godbodgbbodgbugbboobuobbouobbobooobuooboon
gbuogobbobodbbodobuoboboobbuooboobbooboon
gboboouoogon

gbobboooobboboogooo

000000000000000000000000000000000000000
00000000000 340 ATROOODOOO0000000O0O set-A000O0OOO
0000000./k/.0000000000000000000000000 2MFCCOO
1MFCCOOOODOO0D0000000000000D00000000000000000
00000000000 O0MOANO()0000000000000000000

(I)ODoDoO0O0OO0 (Non-sequenced)

gbbodooobbbooobooobboooobboooobbbooobbogz?
obooooboboboobobobobo20bbHMMObOODOODOODOODODOOO

29



goboogogoood

(INDO00D00000 (Quasi-sequenced)

(hODOooooooodn)oooooooooooooooooooo200000
ooooobobob 200 HMMOODODOO 10000 HMMOO 00000
obooobuooboobo200b0 BEMMOODDOO:000¢xe 00000
gbuouogbobodboobboobuoobbobobuooboboobboobooon
000000000 0DO00DOO0DDOODO0O0n Audio-ViswadlODOOODOO
gbooodgg

(III)J 00000 (Sequenced)

gbobogdbobogobuooobbuobboog20bbooboboobboon
0200 HMMUOOOOODOOooOOooOoOooobooboobooboobo1oboo
g20000010bodo200bboggbooobboboboooboboon
goo

3.2.2 AT-HMMO O OO
o000 HMMOOO AT-HMM OO O

0000000000000 000000(C) 000000 (Hh)oooooOd AT-HMM
OO00000000ob0obob0o0ob0obobDobobO0ob0ooDoDoboo0oooD AT-HMM
000 35-(1)00000000000000000000O0O00D0O0O0HMMO0O0ODOO
OO0 VitechiDOOODOOOOOOOOoOOoOODOObOOobOOobOoboboboboboo
oboobooobooboobooboobooboboboboboo eMMOObOoDObOOoboooo
O000000(MB-2)000000 (00000000000 ODO20DPOOOODOOO
gbobobogoobobooan

OO0 HMMUOOOOOOO AT-HMM O OO

gbobooggobobboogobboooobboooobbboogbboooboon
OO0 HMMOOOOoOoooooobooboooooo gMMObDOobooogooooooo
ooobooob HMMOOOODODOOOOODOODbDOoObOOobDOoOobOobDbOobDoOoD

30



R
R

(1) Non-sequenced AT-HMM implemented
using scalar HMMs.

(2) Non—-sequenced AT-HMM implemented
using direct—product HMM.
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(3) Sequenced AT-HMM implemented using
direct—product HMM.
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(a=2) Limited state asynchrony
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(B) Modeling by the temporal tying technique
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1) Creation of a conventional

HMM
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CZ\ H H ‘ 3) Determine a temporal tying
T ‘ structure.
c3l ||

(I) Generating temporal tying structure
using conventional HMM
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and calculation of state tran—
sition timings from individual
transition probabilities.

Time
2) Clustering of state transition
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(I1) Generating temporal tying structure
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