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Robust Speech Recognition in Real

Environments for Spoken Dialog Systems*

Masaki Ida

Abstract

What are the key requirements for the next-generation human-machine inter-
face? Some of the requirements may be ease of use, high accuracy, high speed,
and low cost. While there are various approaches to create a human-machine
interface, I focus on a spoken dialog interface in this study.

In recent years, a great progress has been made in speech recognition tech-
nology. Speech recognition technology has been used in various applications for
general users. However, the current state of the technology is still immature,
because there are a large number of constraints over the use of the technology.

For utilization of a speech recognition system under real environments, two
major problems must be solved: One is the realization of a hands free speech
input interface, and the other is robust recognition performance against noisy
speech input. In this thesis, a microphone array serves as a directive microphone.
Combined with spectral subtraction for noise reduction, a hands-free interface
becomes feasible. The noise problem is addressed by adapting acoustic models to
the emvironmental conditions.

I propose a new acoustic model adaptation method with a priori noise GMM

( Gaussian Mixture Model ) and multi-SNR. ( Signal to Noise Ratio ) models for

* Doctor’s Thesis, Department of Information Processing, Graduate School of Information
Science, Nara Institute of Science and Technology, NAIST-IS-DT0061004, February 6, 2004.
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HMM ( Hidden Markov Model ) composition-based model adaptation. The stan-
dard HMM composition method requires only noise data for adaptation, not bur-
dening users with adapting process. However, there are a couple of issues with this
method. First, it requires much data for adaptation. Second, it lacks robustness
against changes in the noise environment. The proposed method demonstrated
a reduction of the amount of noise data needed for adaptation by adapting the
initial noise GMM with a variety of noise data in the database. The method
also employed a multiple HMMs for several SNRs from which the best model
is selected based on the acoustic likelihood to deal with unknown SNRs. Ex-
perimental results show that the amount of adaptation data is reduced to 10%
compared with the conventional HMM composition method.

I construct a hands-free speech input interface for information kiosk terminals
using the combination of a microphone array and spectral subtraction method.
I implemented the interface into ticket vending machines and information kiosk
terminals to illustrate the effectiveness of the interface. The experimental re-
sults in the real environments show 91.6% word recognition rate in the 216 word

recognition task, confirming the applicability.

Keywords:

speech recognition, HMM composition, multipath model, microphone array, spec-

tral subtraction
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gbobooboboobobobooobobooboboobob10bon
000000000oOo0o0o0ooooDoooO0oooooooOoUOoo (oo
000000000) 0000000000  HMMOOO000000000 (00
O000000000000)0000000000 HMMOOOO
oooooooooHMMOOOOOO0OO 220000000 a; 000 ¢ 0O
0 ¢ 00000D000b;(k) 0000000000 £kDODOO0DOO0DODOODOOO
gboboboooobboooobboon

13



020 000doooodggdn

k
00000b00b0ob0ob0obObb eeb000ODODODODOOODOOOOOOOO
Q1Q1QQ(]3D(]1QQQQ(]3D2DDDDDDDDDDDO:01OQ...OTDiC:.QZlIQ...SCT
oot bbbbuoououuuoooouuooaa

P(z) = HP(%|$§_1) = HP($i|$z‘—1) (2.2)

P(o|x) = HP(ol|w§) = HP(oi|mi_1, ;) (2.3)

godn
Plo) = ;P(Olw)P(m)
- zm:HP<xi’xifl)P(0i‘xi71:$i) (2.4)

ggbbooobboogobobooobbuoogb 2buoggbbooon
gbooboogooboboogoooboon

Py(abb) = 0.3 x 1.0 x 0.7 x 0.5 x 0.8 x 1.0 = 0.084 (2.5)

Py(abb) = 0.7 x 0.5 x 0.2 x 0.7 x 0.8 x 1.0 = 0.0392 (2.6)

000000 P(abb) O
P(abb) = Py(abb) + Py(abb) = 0.084 + 0.0392 = 0.1232 (2.7)

0000
HMMOOOOOOOOOOOOOOOOOO0OO0O0000000000
0 wi,ws,...,wy 00000000 My,M,,...,.My 000000000000
o=1{01,0,...,0,4 0000000000000 P(M,|o)000000 w, 00
000000000000000

P<0‘Mn) ’ P(Mn)

(2.8)
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22. HMMODOOOODOOODOO0OO0OO0O0OO0O0O0O0gon

P(M,|o) x P(o|M,)P(M,) (2.9)

0000000000000 PloOODODDODODOOODODODODDODODOOOOOO
0000000000oo00oooooP(M,) 000DDOO0ODOOODODOODOOOOOO
gboboboobooobooboobobooboogMMObbOOobooonDon
gboboboogobobuoooobboboooooobooo

2.2.2 HMMOOO

D0000000000000000000000000000000000
000000 ploM,) DDO0O0O0D0D0O0O0D0D0O00D0ODO00O0D0000OOO0
0000000000000000000000000000000 a(4,¢t) 00
0000000000, 0.,...,0, 0000000 0000000000000
O a,t)00000000000DO000O
a(i,t) =Y a(j,t —1ajb;(o)000000(,0)=m000000 (2.10)
J
Dooo0
P(o|M,) = > a(i,T) (2.11)

Gi€F
gboobooo pFo0boooboobbobbooboooboobbon
000000 Fooward D0 O00O00O000O0D0COO0OO0O0DODOOO Forward
ooboboboboooooogobob 230000

0000000000000 0000000O0000OO0 gi,ty)yDooOoOooo
0o00dd op,...,o40,00.1 DO OOO0O0O . 00000O0O0O0O0DOO

Bli,t) = B4, t + 1)asbij(0r41) (2.12)
J
DDDDDDDMWD:{I “eF (2.13)
0 otherwise

OO0 Backward OO0 OO QOUODOODODOOOOOO

PMM@:Z]MﬁMi (2.14)
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AR URILRE

0 2.3 ForwardO OO ODOO

0000000
0000000 oi,¢) 000000000 8(j,t) 0000 HMMOOOOO
0000000000000000 Baum-Welch 0000000000
HMMOOOOOOO0O0O0O0 6= {m,a;,b;0)} 00000 HMMOOOOO
00 o={o,00,...,0,) 00000000000000000000
000000 o0000000 0000 0000000 ¢t000000
0 ~(i,j,t) 0000

i, j,t) = afi, t — )Zl;(m(;f)ﬁ( t) (2.15)

)
ai,t — )CL” U(Ot) (4, 1)
s a(i, )80, t) (2.16)

0000000000000000000000000000060000 40
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22. HMMODOOOODOOODOO0OO0OO0O0OO0O0O0O0gon

goboboooobobboooobbboooon

7= Zj 7(27]71>

' Zi,j ”Y(iaja 1)
~ _ Zt7(27j7t>

Zj Zt 7(27]7 t)

_ Xeali,t = Dagbii(o) B85, 1) 518
= T a8 (218)
7 Zt:ot:k 7(%]7 t)

Zt 7(7’7]7 t)
_ o=k (it — 1)aiibii (o) B4, 1) 919

> a(iyt — 1)aizbiz(o:)B(4,t) (2.19)

(2.17)

2.2.3 ViterbiOOODOOO

HMMOOOooOdoooobooooboboobooboobuoobobooo
gbooooboboobobooobooobbonob Forward DOOO0ODOOOO
0000000000000 00 (24)0

P(o) = %: H P(zi|xi—1)P(oi|zi1, x;)

googd
P"(0) = maz;LX{H P(xi|zi—1)P(oi|xi—1,x:) } (2.20)

gbbogobbuogoboboobbooobbooobbuooobboon
Uboobuobooboon Viteehi HODO0OO0O0OO0OOOO Viterbi O
gbobogobbodooooboobbooobbooobbooobboon
gboboooobobooboboboboobobooboboboboobn
gbbogoboodbbuoooobbodobboodobbooobboboon
gooog
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Noise GMM Clean speech HMM

Trai&iEg g g%

Noise data
ﬁ Adapted
Environmental HMM
noise J
Noisy speech Word
Input > »Recognition——* o
speech sequence

0 24 HMM OO

2.3. HMMUOOOOOODODODOOOOO

goboogbobodbbuoobbuooobobboooboboobboon
gbhoboboboooobboboodgbobobobooboboboboon
goobgbbuogobboooobooobbuogobobooboboooobbon
oobooooboboooboboobooobooboobooboobooog EMM

gboboboogobood

HMMOOO [58,59]|0 0000000000000 0000000O0O00O0OO0O
gbbogoboodbooobooobbuooobboobboobboon
gboboooboobobooobooboboooboopMMbODOoDOoO
gboobgobgz240000000b00b0b00b0bOobbOob0bOo0oboOon
gooobogobobobobobobyobooboboboboboboooo
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23. HMMOODOOO0DO000O00000

Speech model Noise model

Composed model

025 00 HMMODOUO

NOODODOODOOODOOOOOOoOoDOOo Ssoooooobbooboboooboooo
gbobboodgobbodd

Yiinspc = Slmspc + Nlinspc (221>
gbbboooobbbuooogbbbuoooobbbuoooobbbdao
Yeep = I M log[exp{T'(Seep)} + ksnr exp{T'(Neep) }] (2.22)

O0o0nr'00000000000000000O0ksyg 0 SNOOOOO
00000000000 (222)0 HMMOOOOODODODODOD HMMOOOOO
2560000000 HMMUODOODOO0DOO0DOo0obo0obOooDbOooDbO
gbbogouoggbbooobbuoobbooogbbobbuooobboon
obdz26e0000000000O0OD0DO0ODOODO0ODO EMMOODOO
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Cepstrum Log spectrum Linear spectrum

m —3p Cos —P Exp
Clean speech

HMM

Q —3p Cos —P Exp X ksve
Noise GMM
m 4—— Cos''"——— Log
Adapted HMM

026 UbODOOOOooobobOoOogo
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23. HMMOODOOO0DO000O00000

lL.gbbboooobbboooobbboooobbbuoooonoon

20 HMMOO0OCO0O000CO00000000000000 feep, 2eep O 0O
O00000000000000000000 e, 20 000000000
gbbobuoogoboboooobbooogn

Kiog = Fﬂcep (223)
Yiog = ['Seep, I (2.24)

. ubgboobobobooboboboobobboboboboboob
gboooboboobooboobon

2
o ..
J%M} (2.25)

[(tin)i = €XP{ tog).i +
0-(2“”)71.7 = N(lOg)viM(ZOQ)J eXp(J?lOg),ij - 1) (226)

4.00000000000000000 (221)00000000000000
000 O fitin_s), Stins), Miinn), Sinyy 0000000000000000
0000000000000000000000000000000000
0000 ugny), Lunyy 00000000000000000000000
ooooooood

W(tin_y) = H(tin_s) T ESNR * [b(1in_N) (2.27)

S(tin_y) = S(in_s) + kng - S(tin_N) (2.28)

. uuugnobobouogno

e = log g ! {—(U(lm_y)’ij)Q +1} (2.29)
og-Y),i — n-Y)i 4§ .
(log-Y) ( ) 9 (ll(lm_Y),i)2
0(214 ¥Y).j
009y .47) = 108 =4 +1} (2.30)

H(lin_Y),il(lin_Y),j
6. 000d00ououoouoouoouoouoooon

Heepy = F_llu(log_Y) (231)

Ece;{LY = F_lz(log_Y)(F_l)T (232)
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24. ODO00oooboooboooogood

gobooobbooobboobbooobbuoobboboboobaon
gbboobboogbbuogobbuooobbogbbooobbuoobobon
gbobogbobooggbbuoobbuoogbboobooobooobboon
OO000DbO00O000O0oo0OoSNODOoOobODobOobooooooobooboboo
gbbodgbboodbbuooboobbooobboobbooobboon
gbbodgbboodgbbuoobbuooobbogbboobuooobboon
gbbogobooobbooobbubbuogbooobbuooobboon
gbobogoboodgbobooobbobbuogobbooboboboobbon
gooboobboobboooboboobbuooobooobbooobboon
oboboboobooboon

gobobbogbobouoogbboobbuoobbooobooobboon
gbobogbbooodboobboobbooobboobbooobboon
gboobogbbooogbbogbbuoooboogbboooboboobbob
gobogobobogobobooobbooobbooobbuooobboon
gboboboobobobobobbooboboobooboboobobon
gobobobbbbbobbbtbototboddgoooooooooobbbbbbbo
gbbodgbboogbbuoobbuooobboabbooobbobboon
gbobodobbogboboooboboobbuoobobooobooobboan
gbobogobobobgobooobbooobbooobbuoooboboon
obogobbgobboooboooboooboooboboobbuooon
gbbodgbboodbbuoobbuooobboobbooobbobboon
gbbogobbuodgbobooboobbboobboobboobbooon
gilobouogoobbbooooobbbooogbboboooobobobooogn
gboobogbbogobbuogbbuogobboogbbooobbuooboon
gobobboogoobb2ydgooooobobooooobobobuoooon
gbodbbooboobodgbuogbuoobooboobbobbobboon
gbbodgbbuoodbbuoobbuooobboobboooooobboon
gbobogoboodobboobboobboogbbooobboobbon
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24. 0000000000 O0O0ODOOoO0oond

direction of —u

sound source

add d[sec] delay

record with d [sec] delay —

<>l synchronize for the sound
d [sec] from source direction

U227 00booboobooboobobbo

0000000000000 (0O0)000o0o0O0o0ooooooooooooO
000000000000 [21, 22)0

obobobodo—-00boobooboobobbo280bo0boobgn
ooboobooboobooooboobooooooobooo doboooo
Ooo0 ¢ 000000000 DODLODLO D;OUbUbUObODbODbObLO
cOdboboobopb, bbooooooobuobooboboboobooboobon
goboboooobboood

D= Dy — (i — 1)y i=1,2,--- M (2.33)
7, = (dsinfp)/c (2.34)

O000000000000000000 x4(¢) O
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Xl(t) Xl(t - Dl)

y(t)

-

Delay

028 000000 O00oo0ooon
0000000000 (233) 000000000

0000000000000 0000000000000 00000 (2.33)0
OO0 0000D00D00ODO0ODODOOOOODOODOODODODODOOO
gboboogboobobodboboobobooooobuobbobob
ooooog g, 00obobooboobobbob npOOo0obObO0bOODO
O0000000000C00O0OD0ODODODODOD (233)D0000O0O0OOOO0O
gbobogbboggbbobbogbbooobbuoobobooobboan
oooobobobooooobooboobD o 000000 DO0ODODODODO
oogd
ooy U 1L O
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25. Dgggoooogodgooon

1.000

8 \
for "7~ ~—"~.‘\
0.100 M ) % \\/?J

U \/

0.001

gain

0 45 90 135 180

angle[® ]
— 188 Hz ---375Hz ---750Hz ----1.5kHz —-3kHz —6kHz

029 00b0oobogooboobon

gbobbuoooobbooo 4245 mmU000godoooogooooboooan
(00 382.05mm)0 000000000000 290000000000000
gboboboobobobobodobobuooobuoobobobooobobon
gbbuogobbuodgoooobuoobbboobbooobboobboon
gbbogbboodooobboobbooobbuoobbooobboon
gboboboooobbbuoooobbbooooooboboood

25, OJoodooooogon

gbobogboboodbbboooobbuoobobobooobbooobboon
gbobobobogoboobbuooobbuoobobooobbuooobboon
gbbogouoggogobbuogobboooboooobbuooobboon
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goddooooooobobobobooooooooooooooooooooo
(Spectral Subtraction: 00 SSOO0) D0000OOSSO0OO0OO0OOOOOOO
g uooouoaoaa
00000000000000000000000000000 3700000
0 y()OO0ODO0O00/000000000000000000ODOO0O00O0O0
ool uoouooo
goboboooobboboooobbboo

S(wsty) =
Y(w; tn) - aN<W; tn)
if Y(w;tn) — aN(w;ty) > Y (w;t,) (2.37)
BY (w;ty,) otherwise
N(w:t,) =
N(w, tn—l)
if V(w:t,) — aN(w;t,) > BY (w;ty,)
(2.38)

A~

YN (witn—1) + (1 =Y (w;t,)

otherwise

00 00«0 over-estimation factord (0 flooring factord v O smoothing factor
gogg

0000000O00ooOoO0oOb0ooo0ooooooboboOoboodBOOODOOD
0000000000000 DOOhuman-speech like noise 0 000000000
goooooooooooooooooooooonooooooooooon
0000000000000 0000000000 musical noise0 00000
goooooooon

000000000000SS000000000000 [60]0(61]0([62]0[63]
0000000000000 0000O0000000ooooODOo0ogo Sssoon
gooooooodooooboooooooodoooooooooooonon
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gobogboboogoboboobbuoobbuooobooobboobboon
gbobobooooboboobobobooboboboobobbobon
000000000000 (6000000000000 00000O000O0O0O0
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3.1. 0000

gbbodgbbuooobooobbuoobboodobbuooboobbood
gbbogboboodbbuoobbooobbogbuoobobooobboon
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gbobooobobooobooboboooboooeMMUOObOOODOooDbDOoO
0000000000000000O0()ODooooOooOoOoOOoOoOoOoOoOoOoOQ
O000000000000000000000000 HMMO0000000(2)
OOoooooooSNODbOobOobobooboboobooooooooboobooo
gbooboogoon

3.2. UJ0O0Ooooooooogd

oooooooo0ooOo0ooooooOooooOoobooOooboOoooOoooDOo
OoO0oo0o0oOo0o0ooO0o0ooOoO0ooOoO0ooOooooObo0bOoOooboOooon
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ooooooooooOOOOOOOOODOODODODOODODODODOODODODOOOOO
Ooo00oO0ooooooooooooooOOOOOOO0OCOCODODOODODOODbOOO
Oo00o00o0O0oooooobooooooo
00000000000000000000000O0O0O 400000000
Oo00o0oobooboooooboboOouobo42000051 0000000000
0000000000000 0O00000O0000O0O 600000000 SN
OO0 15dBO000000000O0O00O000000000O0O0000000000
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O0000 1400000 0000000000000 0O00ODO0O0 HEMMOO
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3.2. dodoooooodn

[

90
80
70
60
20
40
30
20
10

Word accuracy [%]

Test set

(— (travel information task)

[0 Clean speech
B Exhibition hall

B Automobile

Baseline HMM  Exhibition hall
HMM

Acoustic model

031 0bbbugogbbbuooobbbouooobbbouooboobon
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0 3.1 AURORA2000000
000: Tldigit (000000)
000000000: 8kHz
16bit PCM /0000

training set
O O : subway, babble, car noise, exhibition hall
SN O: 5dB, 10dB, 15dB, 20dB, clean
000050000000 5500
O000: 8840

test set A

0 O : subway, babble, car noise, exhibition hall
SN [0 : -5dB, 0dB, 5dB, 10dB, 15dB, 20dB, clean
0000 s00000005200
O000O: 28028

test set B

[ 00 : restaurant, street, airport, train station
SN O : -5dB, 0dB, 5dB, 10dB, 15dB, 20dB, clean
00000000000 5200

0ooo: 28028
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100
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80
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40 e

Multi-condition training
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Word accuracy[%]

20 —o-.
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U 32 gdbobboogobbbogd

gooono : 000000000 16 kHz
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(power OO0 OOO0OODO)
gooono 20000 0OoOoOO
uoodooono 1woood
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10000040500
0 1400 0 O O HMnet
ATROOOODOOODO 0361900000000
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{100, 10,5,3,1}0 0000000000 (000O0)000
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gbooboooood
000000000 (DbOoD0)0SNO=15dBOOOOOOO

3.3. HMMUOUOUOOOOOooooooooooog
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gbobogobbogobobuooobbooobbooobbooobobon
goboboooobbboooboboboooobbbuoooboboboo
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80
GMM mixtures
— 1w 11 mix.
=170 |
> ™ .
o — 12 mix.
3
e 0 4 mix.
ej
bt 60 ~ .
O
= I 8 mix.
) TR [TrR T — - Baseline
50 Environment
1sec 3sec bHsec 10sec 100 sec dependent HMM

Amount of noise GMM training data

034 DOGMMOODODOODOOOO
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34. ODU00O00ooooodd  HMMO O
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googbobuogobbooobooobbuooobboobbooobbon
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X Kew
Mixture weights
adaptation H H H Adapted

Environmental
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noise
Noi eech J
Input speech ¥ Reco nition%word
put =p 9 sequence
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Jooodoo eEMMOOOOOO HEMMOOOOO0OO0OO0OO0OO0ODOOOOOOO
oot ooooouoooooooouooood
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ooobobobooboobooboobooboobooboo0 EMMODO
OGMMOOOOOOOOoOoOooooooboooooooonD eEMMOD 10
gbooboboooob 20000000000

ws11Ps11 + ws12Ps12

O00O00O0000O gMM OOOO
w1 Pn1 + wno P

0000000000wOO0O000000000000 Py, Psia, Pyi, Pya 0
00000000000000x000X000000

Ps11 = N(ps11, Xs11)

P15 = N(ps12, Xs12)
Py = N(,UNLZNl)
Pyo = N(,UNQ, ZNz)

Ooboobobo0o gMM OO 1000000000000 0b0o0oboO

ws11wn1(Ps11 @ ksnrPn1)
+ wspwn1(Psi2 ® ksnyrPn1)
+ wsnwn2(Psi1 @ ksnvrPr2)

+  wsiawna(Psi12 © ksnvrPra2) (3.1)

OO0 ksyg O SNOODOODOODODODOODOOODOOOODOODODODODOO
gbooboogooobooooboon

Ps11 @ ksnrPan
= N(ps11, Xs11) + ksveN (v, 1)
= N(psi1 + ksnrint, Xs11 + ksvrXN1) (3.2)
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+ Wsi1iWn2(Psi1 Dk Pn2)
+ Wsi2Wni(Psi12 @k Pnr)
+ Wsi2Wna(Ps12 Dk Pnz)

-~

!

|

Ws1iWni(Ps11D k Pnr) |
|

|

|

!

/
s

—_—_————,ee e —

Psi1: Speech HMM 1st state 1st Gaussian
Wsii: Weight of Psiz

Noise GMM k: Coefficient corresponding to SNR
¢ : Composition in a linear spectrum region

—_—_————eeeee e~

g 36 bobooooobooboobob

OOoGMMOODOOODOODODOODOOO0Dwsm,wye OOOOODOOODOOODO
0000000000000 (3.1)00000000o0o00o0o0oooooooO
oooboOoooooooo gMMOOOOOODDOOOOOOO EMMOOOO
gbooboobobobopMMObDO0oooooooooobobobobaon
0000000000000 000000o0O00ooooooooOooon (3.2)
gobboooooboboood

3.5. SNOOOOooooono

HMMOOOOODO (222) 00000 SNOOOOQOOOOOODOOOOOOO
OOoSNOOOODoooooboboooobobooooooSNODoobuoooo
HMMODOOOOOOOOOODOOSNODODObOOooOooooooboboooo
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20 dB model
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15 dB model

Noise GMM < Kis
10 dB model

X kio
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3.6. OUgQg

3.6.1 UUOOOOOOOOOOOO

OOooO0obooooooboHMMODODO SNODOOODOoDoboooo
gboogbobbggbuodgboogobuodgboobboobuoooooboooon
00000000000 4200 [64]000000000000 DBl65|0000
OSNOOOOooooooboooooogooooo

0000000 HMM (DODOD 14000000 500)

0 000000000: Environment dependent HMM (0 00O 140000 O
0500)

ODioo0o00oobooooooboooooooonSNDO =15dB 000 HMM
000000000 : 10 sec GMM train-composition 15 dB (0 O 0O O 14000
000 4000)

O0000001000000000DO000000O0 SNO =10dB0OO0O
HMMOOOOOOOOO: 1sec GMM adapt-composition 10 dB (O O O
O 14000000 4000)

O0000001000000000DO000000O0 SNO =15dB OO0
HMMOOOOOOOOO: 1sec GMM adapt-composition 15 dB (O OO
O 14000000 4000)

00000001 000000000DO0000O0 SNO =20dBOO0O
HMMOOOOOOOOO: 1 sec GMM adapt-composition 20 dB (O O O
0 14000000 4000)
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0042000000 4000)
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80
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Word accuracy [%]

50
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1 mix. 2 mix. 4 mix. 8 mix.
Noise GMM

038 DOoOooGeGMMOOOO

Oob0oobOooooooboobooboooobo wwb20dBO0O0DOODO
gbgboboboboobooboobooboobobbobn

OO GMMOOOOODOOOOOD HMMOODO SNOOOOODOOODOO
goboobbooboobooboobobobbooboobooouobob gl
gboooobobooboboboob pMMOODODODOODOODODLOO0
Ooboooooobooooboobooboobooboooobooboo GMM
gobboggogbobuoooobobbouooooobooo

3.6.2 AURORA20000000O0DOO

gbobodgbboogbboobbuooobbogboobooobboon
OO0OODOOAURORA2DBOOOO0OOOODODODODODOOODOODOODO
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Word accuracy [%]

90
80
70
60
o0
40
30
20
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Acoustic models

O Baseline

O Environment dependent HMM

@ 10 sec GMM train—composition 15 dB
B 1 sec GMM adapt—composition 15 dB
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3.6. 0gdQ

Word accuracy [%]

90
80
70
60

Acoustic models with
adapted Noise GMM

- HMM composition
C10dB

215 dB
I 20 dB
=>¢=multipath

0dB 5dB 10dB 15dB 20 dB
Test set SNR

0 310 SNOOOOOoOOooooonoooo
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90

Matched test
80 . O------
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Rt - WSO .
70 e Environment dependent HMM

3 //.——o—o —’e-
10 sec noise GMM training

E s Vi _
!l /‘__i,,/A* - HMM composition multi-SNR
» . -G -

50 Ly . .
Iy S 1 sec noise GMM adaptation

y e - HMM composition multi-SNR

40 /; 7 <
J // / g Mismatched test
30 4

/) & -
g x Environment dependent HMM

20 —Q/ : . N
. 10 sec noise GMM training

10 - HMM composition multi-SNR
——

60

Word accuracy [%]

1 sec noise GMM adaptation
0 - HMM composition multi-SNR
0 dB 5 dB 10 dB 15 dB 20 dB - X

Test set SNR
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00000 HMMOOO0OO0O0O0) (000 16000300)
00000000000000(00016000300)
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000000000 (000 160002400)

0100000000000000000000 SNO =54dB, 10dB, 15 dB,
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800002400)

oboobooob1b00b000b00o0obob0bOoboOSNOD =15dBOOO



3.6. 0gdQ

100

Acoustic models

80

Multi-condition training HMM

o
o

-3 -
10 sec noise GMM training
- HMM composition 15dB
- _A —.
10 sec noise GMM training
- HMM composition multi-SNR
——
1 sec noise GMM adaptation
- HMM composition 15dB
0 ‘ ‘ ‘ ‘ ‘ ‘ S —
5d8 0dB 5B 10dB 1548 20dB oclean | o0 10ice GMM adaptation
Test set SNR - HMM composition multi-SNR

40

Word accuracy [%]

20

O 3.12 AURORA200000O0DOOOODOOODOO

HMMOOOOOOOODO (ODOO 160002400)

00000001 000000000000000SNDO =5dB, 10 dB,
15 dB, 20 dB, » dB 000 HMMOOOOOOOOOODODO0O000O
(00080DDD2400)
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000000 DBOO 20 02000000000 20000000000
OO00000000o0o0oooooooon TIdigit DODODODOOO0OO0OO0OO0
gbobBOOOOOODOOOOODOoOLOObLOODOOoDLDOObLObODLOn
OoobOoooobOoobooboooobo s2booooo GgMMUOD OO
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100

80 ; —o-- o
/ 10 sec noise GMM training

/ - HMM composition multi-SNR
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|
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43. 0000
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