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Speech Recognition

 Goal:
« Given acousticdata A=al, a2, ..., ak
« Find word sequence W =w1, w2, ... wn
« Such that P(W | A) is maximized

Bayves Rule:

acoustic model (HMMs)
~ —

P(A | W) «P(W)
P(A)

language model

P(WIA) =

P(A) is a constant for a complete sentence
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Markov Models

Elements:
States : S ={So,S1,---SnJ
Transition probabilities : Plq¢ = S; 1 ;.1 = S;)

P(A1A) P(B1B)

P(A IB)

Markov Assumption:
Transition probability depends only on current state

P(Qt =Sil Q1 = S5, Q2 = Sy, ) = P(Qt =Sl qu1= Sj) = Qj
N
>0 Vi Yag=1Vj
aji J,1 i:OaJl ]
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Single Fair Coin

« Outcome head corresponds to state 1, tail to state 2
« Observation sequence uniquely defines state sequence

0.5 0.5
0.5
0.5
PH)=1.0 PH) =0.0
P(T) = 0.0 P(T)= 1.0
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Discrete Observation HMM

« Observation sequence: RRRBYBBYYY ++«R
* not unique to state sequence

PR) = 0.31 P(R) =0.50 P(R) = 0.38
P(B) = 0.50 P(B) =0.25 P(B) = 0.12
P(Y) =0.19 P(Y) =0.25 P(Y) = 0.50
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lidden Markov Models

Elements:
— States ={Sp, S1, - - SN
— Transition probabilities Plag=Silae1 =Sj) = aj

— Output prob distributions P(y; = Ok | q¢ = Sj) = bj(k)
(at state j for symbol k)

O;1A P(BIB) PO, | B)
112((0; | A) e P(o2 | B)
P(OMIA P(B | A) P(OMIB
Prob ‘ ‘ ‘ | I G Prob
P(AIB)
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Acoustic Modeling

 Hidden Markov Models:
— Words, Phonemes, States
— Observation Probability: P(feature vector | state)
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HMM Problems And Solutions

 Evaluation:

— Problem - Compute Probabilty of observation sequence
given a model

— Solution - Forward Algorithm and Viterbi Algorithm
» Decoding:
— Problem - Find state sequence which maximizes probability
of observation sequence
— Solution - Viterbi Algorithm
« Training:
— Problem - Adjust model parameters to maximize probability
of observed sequences

— Solution - Forward-Backward Algorithm
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Evaluation

Probability of observation sequence
given HMM model A is: 0=0710, ... Ot

P(OIL )=2 P(O,QIA)

v Q
where Q=qp4q1--- 97 1S a sequence of states
= ) aqoqlbql(ol) aqlqzqu(OZ) O aqT-ququ(OT)

v qo, ,qr

Not practical since the number of paths O( N1)

is where N = number of states in model
and T = number of observations in sequence
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The Forward Algorithm

Oct(J):P(Ol 02---Ot,qt=Sj|7L )

Compute o recursively:

A (J) — (1) ift :l is st.art state
"N _
oalj)=| X Oi-1(1) aij | bi(Or)
L 1=0 _

POIA)=oapSy) Computation is O(N2 T)
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Forward Trellis
0.6 1.0

B 02 (<) 04 Q) B 07

Initial Final

A A B
t=0 t=1 t=2 =3

" " 0.6 * 0.2
state 1 [ 1.0 o2 048]&228. 0.3 1 0.03

0.4 *0.3 0.4*0.3 0.4 *0.7

1.0*0.3 T 075 L0%03 [0 09]0%0.7,

state 2 0.0

0.13
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The Backward Algorithm

Bt(i) =P(Ou1 Opa --- O, q = Si | 7‘~)

Compute o recursively:
N 1 ifi is end state
Br ()=

O otherwise

N
Bi@)= T aijbj(Ow1)Puw1 () t<T

=0

PO1M)=BoSo) = a(SN) Computation is O(N*T)

Alex Waibel — Speech Recognition



Backward Trellis

0.6 1.0

B 0o @ 0.4 g.’) 5 07|

Initial Final

A A B
t=0 t=1 t=2 =3

6%0.8 0.6 *0.8 0.6%0.2
state 1 0.13 |O6 o 0.22 | 0.28 | 00

0.4 *0.3 0.4*0.3 0.4 *0.7

10*03 9771 L0*03 o7 ]L0*07]

state 2 0.06

1.0
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Decoding

The Viterbi Algorithm:
— Find the state sequence Q which maximizes P(O, Q| A)
— Similar to Forward Algorithm except MAX instead of SUM

VP(i) = MAX,,. ¢, P(OOy--- O, q=11A )

Recursive Computation:

VP(3) = MAXi:(), ...N VP1(1) aijbj(Ot) t>C

P(O, QL ) = Wr(Sn)

Save each maximum for backtrace at end
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Viterbi Trellis

0.6 1.0

B 02 (<) 04 Q) B 07

Initial Final

A A B
t=0 t=1 =2 =3

" " 0.6 * 0.2
state 1 [ 1.0 o2 048]&2—28. 0.3 1 0.03

0.4 *0.3 0.4*0.3 0.4 *0.7

*
State 2 0.0 1.0 * 0.3 > 0.12 1.0 * 0.3 . 0.06 1.0 0.7 R

0.06
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