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Construction of Phone HMM Using Model Search Method
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In most of the conventional approaches of speech recognition using HMM, each model is chosen
according to the heuristic knowledge. In this technical report, a new algorithm to construct a HMM auto-
matically is given. The algorithm searches the model which would minimize the AIC (Akaike’s information
criterion) by increasing the states or the connections between the states. AIC considers not only the likelihood
function but also the number of the parameters and the training data. Two recognition experiments using
the models constructed with this algorithm is shown. First, artificial data are used and second, ATR speech
database are used.

HMM, phone models, model search, AIC



1 0000

HMMOOODOOOOOO)OoDoOoooooooo
gobobooobooobobboboboobooobooboo
00000000O000O0oO0 UoDooUoUoDoo
ooooopooboooobooobobooobooog HMM
gobgoooooooobobbobobooboooboobo
gooooobobobobuobobobooobboobooo
gobgoooooooobobbobobooboooboobo
gooog

HMMUOOOOOODOOODOooOoooooooo
gobgooooboobobbobobobooobooboo
00000000 AIC(D00U000O0)0ooOooUo
0000000000oo0oo0oooD (20)00000
gobgoooooboobobbobooboobobo
OOoodopooooooAlcCOODODOOOOOOODODOD
ooboobobobooboooooboOobboOoDob Baum-
Welch (B-W) O O0O0DO0O0O0O00O0OOD0OO0OOOOOOO
HMMOOOODOOOoOoooooooooooooo
googooo

O0ooooopoooOoAlcO0ODooOooOoooo
gobgooooboobobbobobooboooboobo
gobgoooooboobobbobobobooobooboo
oooooooooobD B-wooooooooooo
gobgogoobooboobooboobooobooboo
googon

o0 gMMOOOOO0OODODOO0ooOoOoogoooogo
gobgooooboobobbobboobooobooboo
goobooboobooboobooboobooboo
gobgooooboobobbobboobooobooboo
O0pD0o0 AlCODO0O0ooOooooooooooo
gobgoooooboobobbobboobooobobo
gobgoboooobooobobbobbobooobooboo
gobooboooobooobobobobobobooobooboo
gobgoooobooobobbobobobooobooboo
gobobobobooboooboobooo

goooooooobooEeMM OOOODOODOD
000000 (2000000000000 00000
gobgooooboobobbobobooboooboobo
00000200 0000000000000O0OO0O0O
OOooopAICOO00O0ODOOODOOOOOoOoooDO
oOopAICOOU0OODOOODOOODO0OOOODOODOO
gobooogo3gnboonooo

gobobooobobbobooobob 200000
gobd40 DOOD0O10000O00ODOOODOODO
gobgoooooboobobbobobobooobooboo
gobgoboooboobobbobobobooobooboo
0100 ATRODODODOOOODOOOOOOOOOD
googooooo

oooooooboobooboboooooHEMM OO0
O0o000O00OO00ODODOATROODOODODOODD
SSS(successive state splitting) 0000000000 (3|0
SSSO000000pooooO0opoooooooo HMM
gboboboboobobobobobobobobo
oooooopoooboobooooobo0ooUoHMM O
gobgobooboobbooboboobooboooboobo
OO0pDoO0oOooog SSsoodooooooooooo
goboooobooboboobgsgbonobon
goog

2 AIC

OO0OHMMOOOOO0D0000000000000O
0Doooooo
0000000000000000 AICO [4]500
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000200000000000000000000
0000000 AICO000

00000 p(y) 000000000 f(ye) (O oo ¢
00000)0000 “00” 0 Kullback D000

p(y)
[ s Tl ™

— [ s 0gpwdy - [ ) 108 F610))

D(p, f) =

gobooboooboboobobbobbobbon
ooo0ooU0ooooOooOoDOoeerDO0bDOObOODD
gobooboobooobooboboo11g0o 1000
gbobobobobobobobob 200000000
goooooooogoeopoooopoooooboDo
ooooooogogooooooooooooo e, oo
0000000000000 00ooououoD(p,f)
oboooooboobooboooobooooyooog

Ey [D(p, )] (2)

gobooboopooobob pbobOob0bODbOD
0000000000000 00UOD 2xn(00O00O0O
00)00 AICO000D00D0O0O0ODO0OO0OO0OO m
googn

AIC = (=2) 3 I f(il6") +2m (3)



OO0OOHMMOOODO AICOODOOOOHMMDOO
gobgoooooboobobboboboboooboobo
ooOopAICOOO0OO0ODOOOODOOD

af(yl6)

90 |, 0 for ¥V i (4)

oobooooooooooooooB-woOoooooo
gobgoooooboobobbobbooboooboobo
obooo4000000b00oo0oooboOobooon
gobgoooooboooobobboboboboooboobo
oooo {e;;} 0000000000000 a;; D000

OOo0o0opooooOoOoooooooAICODOO0OOOO
gbobobooboooobooobooboobooo
0000 HMMOOOOOOODOOO200000AIC
goboob sOogbooobooboo

AIC = (-2) Z log f(y:]0%) +2(m —2s)  (5)

3 Ubogobooogd

3.1 OOooood

HMMOOOODOOOOoOoooooooooobooo
gobgobooboobbobooboobooboooboobo
goobgoooooboooboboboobobobooobobo
gobogooooobooooboboboboobooobobo
gobgoboboobobooboobooboooboobo
gobgoboooobooobobboboboboooboobo
gobgoboooobooboboobooboooo 3o
goboobobooboog
gooooooo

gobobooooboboboboboboobobbon
gobobooooboobobbobobobooobooboo
gbooboooboobooobboobooboooo
goboooooboobobbobboboooboobo
gobgoooooboobobboboboboooboboo
gobobooooboobobbobobobooobooboo
gobgoooooboobobboboboboooboboo
gobgoooooboobobboboboboooboboo
goboobobooobooboooboooboo

g0 0000000000
T-1 N

o Y > ailb)aibi(yes)Bi(t+1)  (6)

t=1 j=1
00+:0000000

bi(k) log bi(k) (7)

I
O ?MN

goboboooboobobooo

N
Z t)aijbs(ye1) B (¢ + 1)

.
L

||M

X Zb ) log b; (k (8)

gbobbooboboboboobobobobobobo

gooooo
gobooboboboboooboooboobbobbo

gobooboboobobobobboboboboobo

U1good

010200000000000000000000
0S8 00000000000 S 00000000
P,O0p+q<1000000

Pn = p?pQ (9)

oOopooOoUoooOoDobD SsOgOoopOoOoooooooo
gobi1oooooboooo

n—1

P, = p’?p’Ser’;quZp’iq? !

m—1

pipy + ngap’sp'] Pi=aq

O000000py =p2,q1=p1,q2=Dp2,p; +pP5=p1
00000 100 P,0090 P,O000O00OO00D0
0do0oo0oooooooooooooon s 0 s;00
gdboooobooobo200000000000a0
gdooooboo. ooooboooobooooboooao
gdoooboooooobuooboooouoobooao
gdoooboooodoouoboooooobon
goooooobodooooooboooooooobooo
gdoooboooodoouoboooooobon
gdooobooooooouobobooooobon
OoAICO0OO0ODOOOO0OO0DOODOOO0OO0O0OOOOOoOoO
goooobooooooao



200000000

googooooobooo
Oo0oC0C 200000 AICOODODDOODODODOOO
O0o000oUoooD Alcoooooooooooooo
gobgooobooboooboooo
goboboooobboboboboobobbon
goog

1. 00ooooogooo
2. 00000000
. B-wlOooooooopoobooooooobooono

4. AICODOD0OOO0O0OOODO0OOOODO 10000
goboboboobooboobooobooon

3.2 0OOOooood

000000000000000000000000
00000000000000000000000000
0000000000000000000000000
00oo0o
000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
000000000BWOOOOOOO0O0000000
0o0oo0o
0000000000000000BWOOO0OO0OO
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
000BWOOOOOOOD 1000000000000
0000000000000000000000000
000000000000 1000BWOOO0000
00000000000000000B-WODODOODO
00100000000000000000 (0-6)0
dlog P(y/0)/00 000000000000000000O
0000000000000000000000000

BwilOlOOOOOOoOoOooooooooooooooo
B-wiOOOOooOoOo 1ooooooooooooooad
gobooooobooboooooobooboo
gooooooooo
DDDDDDDD{@U}DDDD B-wOOOoOoooo
O1ogoooon

9log P(y|0)
YT day;

(11)
ZaalogP(yW)

i,
J 8&,']‘

Qi =

J
BwiOOOOoooOo1gooooooooooboooo
gobgoooboopoboboobobboobbobbon
U0 e; 0000000000000 a; =0000
gobgobooboobboboboobooboooboooo
o0 HMMOOOOO0OO0ODOOOODOOOoOOOoon
000 e 00000 {OODOOODOODOODOOODO
oooooooooooooon e; 00000000
goooooo

dlog P(y|0)
~ & 8aij .
S I L ooeraE A
2]
2k 8&,']‘ 8aik
52108 P(yl6)
S daik
ik = Z " dlog P(y|0) +6810gP(y|<9) (13)
2]
2k 8&,']‘ 8aik

dlog P(y|0) /0y, 0000 00000000000D000
013,12000006000000000000000
0000 100000000000000000000
00000000 (j#4) 000000000000
000000000000000000 ay 00000
00000000000000
dlog P(ylo)| _ Olog P(y|f)

for V j’ s.t. a;; #0
das, Dary , forV j" st. a;; #

" (14)

0%

g ZjaijzlljDDDD

52108 P(yl6)

d'k — Qik = 8aik -9
o 3 Olog P(ylf) | ~0log P(y|0)

- ij 8&,']‘ 8aik

J:j#k

dlog P(y|0)

1

==
Q
S
S

ik
[ 0log P(y|0)
_ 5 aa,’k
9dlog P(y|0)
8&,']‘

—11, j;ék/\aU#(Ha)




00000 {m},{b(k)} 000000000000 60
0000000000000000000000000
00000 e 00000000000000000 ag
00000000000000000 15000000
0000000000000000000000000
0000000000000000000000000
ooo

oooooo

000dlogP(y0)/0¢ 000000000 0ay 00
0000000000000000000Oa; (5 #
k)O{b;(k)}0{r,}0000000000000000
(0 —60) 0 dlogP(yld)/0p DOODODDODOODODOOD
dlog P(y|0)/0e;; 0000000000 000OODOO
00 BWOOOOOOO

T

3 @i(t)bj (ye+1)5;(t + 1)
dlog P(y|6) _ ; " (16)

dai; > ai(T)

i

gobgoooobooooboboboboobooobooboo
gooog

N O0log P(yl|0
APl = (602 )
~ 5|2l P(yld) [ologP(yld)
- 8aik 8aij

T-1

i (t)br (Ye+1)Be (t + 1)
><t 1 (17)

Z ai(T)

0000000000 AyjlogP(yld) DOODOOO
goobgoooooboobobbobobooboooboobo
goboobobooobooboobooboooboo

O0000oooooooooooo A;logP(yl)
oooooo B-woooooooooooooooo

oooboooooobooobboooB-woogo
gbogbbbooobobbooboooboobooo
oooOoOOoO0oooODOoOooopDAICOOOODODOOOOD
goooboooooooobooooooooooB-W
O0OooOOoOOOoOoDooOoOoO AICODDOoOOAICODDO
goboboboobooobooobooooonoobo

3.3 Oogooood

gobobobobooboobooboobobobon
gboboboooboboboboboboboboobo

1. 0000 1goboooooobooobog gMM O
goboboboboboobonooon

2. 0000000BWOODODOOOOooDoOoOOoOooo
goog

3. AICOD00OD AlCOOODUODoOODOD 4000
gooooob 200

4. 00000bOOoOoOoBwoOooooooooooo
googooo

5. AICODOOD0 AlICOOODODOODODO 2000
obooboob 400000100 000DO0OO0
goboboboboboooooooo

4 00O

4.1 0OD0O0OO0O0O0O0oOOOoOoOooOoobooboobod

goboboboobooobgsbonobobbobbo
goboooboobbooboobooboobbon
gosgboboooboobboooboooobobonbo
gboooooobobobooboooobooobooo
gbobobobobobobobooboooboobbobo
gobgoooopoooboobobobobgsbbon
gobgoooboobooboobobobooobooboo
gobgoooboopoboboobobobobobobbon
gobgoooboopoboboobobobobobobbon
Juobooboooboobbboobbooobobo
gobobobdeobbOobOobbOobbOobbOobDn

Category 1

08 /08 Category 4
90,708 /07,706
01 .
0.70 0= s 0.05 . .
H . y
o
]

03 000bod HMM

gobobobobbobbooboobooo



e JOU0ODODDOOODDLOOODLDDO 1000000
g2o000b0ogbooboon

e JUDODUOODOUODODLDOODODDOOD
goboboobooboobooooo

e JOUDUODUOOODODOODDLDODDLDDDOOD
000000 P(ylM;)DOODOUOO M; 00000
goboboobooboobooo

gooooo
oooooooobooHMMODOOOOOODOOOD
obooooooobo4000b0000b0bDO0oOobooOoon

Category 1

Category 4

04 0000000000

gobgooooboobobbobboobooobooboo
goboboboobooobooooboooboooboobo
ooooogo3bobogos0boovyoooooooogon
gobgooooboobobboboobooobooboo
gobgooooboobobbobobobooobobo
goooooolgbbobooboboboobooobooo
gobogoboooboooboooo

01000
goooo 300 500 o0 |0oo0od
92.56% || 84.92% | 90.22% | 90.68% 91.94%

gooobobobobob sgbobobobon
OO00o0opooOoos0000000000bDAICOOD
gobgooooobooobobbobboobooobooboo
gbogbooobooobooobboobobboboooo
gobobooboobooboooboooo

log P x1073

—4.90 | | |
O
_ Oooooo o
=5.00 - pgpooooo + + o
—5.10 +
520 | -
i3 <
—5.30 |- |
+ +
~5.40 | -
(o]
—5.50 |- |
+
7560 | | | | |
3 5 7 00 0000
0

5 ]
gooooooooo

s 0oboobobboboboobo

4.2 0O0O0OO0OO0O0O0OOOOOO0

410000000000 000O0DO00000000
gooobooobooobobHMMOOOOOOOOO
O00o0oo0ooooooO/e/00000 (/u/,/s/,/t/
,/k/,/4/)0 500000000

0000000 ATROOOOODOO0O0O000O00O [6)
0000010 (MAU)OOOODOOOO0OO0O0O0O
000000000000000000000000
000000 (70

00000000 000000 B,NANB,SY,FO
351000

000000 0000000 (s24000)0000
g

00000000 00000O0O (524000)00
goog

ooooo (/o/,/s/,/t/,/x/,/d4/)0 50000000
00000000000

HMMOOOOODOO OOOoOooO26000000

0000000 logpow, mel-cep(15), Alogpow, Amel-
cep(15) 0000 320000000 25600000
000 (8]0

gobogoooboobboobb 1gboobobooboo
g200000

0000 ODOO0OO0OOO00D0Oo0 20kHz16bit OO 0O O
20msec 0 00 00O000OO0O0OO bmsec.



2000000000000000000
gd m k t S d

oooooo) || (72) | (o7) | 66) | (75) | (28)

ooo 11 20 20 13 9

gooooo 32 71 64 40 27

gobobooobgsbobobobbobonbbon
goboboooboobobooboobosbonbo
googon

g3bopobopoobobobobobbobobobon
gboobooogosgs,lo,1520000000000000
gobgooooobooobobboboobooobobo
gobgooooobooobobbobobobooobobo
oooboooboobooobooboboob ebgnb/a/zd
gobobobooboobooboobooon

g 30000
(000oDO0DOo0o0oO0DOo0o0o0o0

0ooo0o0D0DO00O000o00oon)

‘ 300 ‘ 500 ‘10[I[I ‘15[I[I ‘QODD ‘[I[I[I[I

103% | 9.2% | 8.0% | 11.2% | 14.4% 8.3%
(3.7%) | (2.0%) | (2.3%) | (1.4%) | (1.7%) | (2.0%)

Model for /d/

D3 OEEREERRREEBREREROOD
00000 10000000000000000000

gobgoboooobooobobbobobobooobobo
gobgoooobooobobbobboobooobobo
obooo0r0/m/0000000000O0O00O0OO

5 0O

5.1 OOdpooboogoobooood

ogr70o0oboobooboboboooobogoobooon
gisobooboobooboobogoobboooboobooon
gobgooooooobobbobboobooobooboo

log P/sample O
—14 ‘ .

T 53
_16 F o i
—18F o -
—20 -
+
722 — T —
724 L _
—26 | + n .
_98 | _
+
-30 - gooood o —
goooog +
_32 L i
J'_
734 | | | | | |
3 5 10 15 20 googd

ooooooooooo

O 7gboboooooboooogoo

0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
ooooooo
000000000000000000000000
0000000000000000000000000
0000000000000000000000000
00000000000000000000000000
00000 AICO00000000000000000
0000000000000000000000000
00 AICO0D00O00000000000000000
0000000000000000000000000
0000000000000000000000000
ooo

O000O0O0O0HMMOOOO BwWOOOOOOO
0000000000000000000000000
0000000000000000000000000
00000000BWOOOOODOOOOOO0OO0OO0OO
0000000000000000000000000
0000000000000000000000000
00000000000000000
000AICO00O0O00O00O0O0OO0O0OO0D0O0O0O
0000000000000000000000000
000000 (5000000000000000000
000000000000000000000000

5.2 0OUOOogo0O

goboboboobobobooobooobobbobbo
goboooboooboboobobboboboobobon
gbobobobobobooooboooooboobo
gobgobooboobbobobooboobobooobobo
goboboobobbobobooboooobooobobo



goobgobooboobboobobob3sgbobooboooonoo
gboobobooobooboiooboooooboobooo
ooooooooobooborooboobbooboon
gobgobooboobobobboobooboobobonbo
0000000000 0BayesODOOOOOODOOOO
gobgoooooboobobboboboboooboboo
gobobooooboobobbobobobooobobo
gobgoooooboobobboboboboooboboo
gobgoooooboobobboboboboooboboo
gobobooboobboboboobobobobooobooboo
gobgoooooboobobboboboboooboboo
gooogd

gobobooobobbobobobooboobbon
gboobooooooobooboobboobooo
gbooboobboboooboobooboobooo
gboobooobooobobbobboobbooo
000000000 O0000DOOOOOO0OOATR
gobgoooooooobobbobobooboooboobo
oobobooooogo3rogoooooobooon 37
gobgoooooooobobbobobooboooboobo
gobgobooooboooboboboboobooobobo
gobgooooboooobobbobobobooobooboo
gobgoooooooobobbobobooboooboobo
oOooopoooooooooooo eMuOoooooo
00000000 SPHINX 90D 000U0DOOOOO
O0Otriphone OO DOODO 300000 0OODOODODODO
0400000000000 00O00 107600000
OO00D0D0CO00O0ATROOODOOOOOOO SSSO
0 @Bo000000000000oUoUooooDoo
gobgooooboobobboboboboooboobo
OOOHM-NetOOOOODOODOOOODODOOO
goboboooboobobbobobobooobooboo
goooooog

6 OOU4d

5200000000000 0O00DODOOODDOO
gogoobbbooooooooobobobbboogog
gobgoooooboobobbobbooboooboobo
gobgoooooboobobbobobooboooboobo
gbobobooboboboboboboboboboobo
gobgoooooboobobbobbooboooboobo
gobgoooooboobobbobbooboooboobo
gobobooboobooobooobooboooboobo

gobobooobobbobobobooboobbon
gobgoooooboobobbobbooboooboobo
gooboobooboobooboobooobooboo

gobooobooboboboobobobobboobbon
gobooobooboboboobobobobboobbon
gboboboboboobobobobobobobo
gobooobooboboboobobobobboobbon
gobooobooboboboobobobobboobbon
googoooo

goboboobobboobboboobooboobobon
gobooobooboboboobobobobboobbon
gobooobooboboboobobobobboobbon
gobooobooboboboobobobobboobbon
oooooooEpMM OOOODODOOODOooooog
gobooboopoboboobobbobbobbon
gbooboboobooboboobobbooboobooo
gobooboopoboboobobbobbobbon
gooooo

ooog

[1] 000“0000000000007, 0000000
O (1988).

2 DO0“000000000U0OUDOUDUOOD”, O
000,0000,00000 (1993).

3] 00,0000 000000000000DOOO0
ooboboooooooooboooooboooooor,
O0000o,000000000 (1991).

[4 00000000 AICO000-00000000
0007, 0000, 153, pp. 5-11 (1976).

[5] DO0“AICO00D0000000000000007,
00000, 22,5, pp. 445-453 (1983).

[6) 00, 00,00,000“00000000000
0000007, 0000000, 44, 10, pp. 7T47-754
(1988).

[7] 00,00,00,00,0000000000000
0000000007, (0)ATRO00000000
(1986).

[8] Y. Linde, A. Buzo and R. M. Gray: “An algorithm
for vector quantizer design”, IEEE Tr. Communica-
tions, COM-28, 1, pp. 84-95 (1980).

[9] K.-F. Lee: “Automatic Speech Recognition — The
Development of the SPHINX System”, Kluwer Aca-
demic Publishers, Norwell, Massachusetts (1989).



