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Computation of P(O|λ) 

P(O|λ) =  P(O, Q |λ) 
allQ 

P(O, Q |λ) =  P(O|Q , λ)P(Q |λ)


• Consider the fixed state sequence: Q = q1q2 . . . qT 

P(O|Q , λ) =  bq1(o1)bq2(o2) . . . bqT (oT ) 

P(Q |λ) =  πq1 aq1q2 aq2q3 . . . aqT −1 qT 

Therefore: 

P(O|λ) = 

q1,q2 ,...,qT


πq1 bq1(o1)aq1 q2 bq2(o2) . . . aqT −1 qT bqT (oT )


• Calculation required ≈ 2T · NT (there are NT such sequences) 
For N = 5, T  = 100 ⇒ 2 · 100 · 5100 ≈ 1072 computations! 
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The Viterbi Algorithm 

1. Initialization: 

δ1(i) =  πibi (o1), 1 ≤ i ≤ N 
ψ1(i) = 0 

2. Recursion: 

δt (j) =  max 
1≤i≤N

[δt−1(i)aij ]bj (ot ), 2 ≤ t ≤ T 1 ≤ j ≤ N 

ψt (j) = argmax[δt−1(i)aij ], 2 ≤ t ≤ T 1 ≤ j ≤ N 
1≤i≤N 

3. Termination: 
P∗ = max 

1≤i≤N 
[δT (i)] 

q∗ = argmax[δT (i)]�
1≤i≤N


4.	 Path (state-sequence) backtracking: 

qt 
∗ = ψt+1(qt 

∗ 
+1), t = T − 1, T  − 2, . . . ,  1 

Computation ≈ N 2T 
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Baum-Welch Re-estimation Formulas 
π = expected number of times in state si at t = 1  

= γ1(i) 

aij = 
expected number of transitions from state si to sj

expected number of transitions from state si 
T−1 

ξt (i, j) 
t=1= 
T−1 

γt (i) 
t=1 

bj (k) =  
expected number of times in state sj with symbol vk 

expected number of times in state sj 

γt (j) 
t=1 
ot =vk= 

γt (j) 
t=1 
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