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Viterbi Algorithm

+ Use an N x T trellis [v,]
« Just like in forward algorithm
v, or V()
= P(in state j after seeing t observations and passing through the
most likely state sequence so far)

=P(q1, G20 - ety Qi O1, Oz . O)
« Each cell = extension of most likely path from other cells
vi(j) = max; v, (i) a; b(0)
« V,4(i): Viterbi probability until (-7)
aj: transition probability of going from state / to j
+ bj(o,) : probability of emitting symbol o, in state j
« P = max; v{/)
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HMM Tagger — Initialization (v2)

word sequence: W = w;,...w,, fortime 1<t<n

total corpus size: N

input (word) vocabulary: v; € Vfor 1<i<k

output (tag) vocabulary: 7, € Tfor 1<j<m

Let b(v) = P(v;| 1)) = c(r;v))/c(T))

Leta; = P(r;| 1;) = [e(T, 1) +1)/c(7;)+m]

Let ag = (1) = P(1) = c(TyN

Let ap(0) = 1 and o(t) = max; [a(t - 1) * a,/] *b(w)
G(t) = argmax; [ay(t - 1) * a;]
(backtrace)
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Agenda

+ Homework
« HW1 — graded! (sending by email)
- HW2 — graded by next Tuesday (maybe Thursday)
+ HW3 — due next Thursday 10/13

+ Questions, comments, concerns?
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Viterbi Algorithm: Formal Definition

« Initialization
v1(j) = mbi(01);1<i< N
BTy(i) = 0
+ Recursion
w(@) = nlix[o(Daylbi0);l SiSN,2<t<T

BTy(i) = a.rgma.x[vt 1(2)ag;)
+ Termination
P o= r{lgfwr(j)

N o
ar = argmaxvr(j)

1)

'
Ve i)
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Viterbi Algorithm (version 2)

word sequence: W = w,...w,, size of tagset |T] = m
fort=1ton
forj=1tom
¢(t) < argmax; [a(t - 1) * a;]
at) — max; [a(t = 1) * a)] * b{w)
Go(n + 1) < argmax; (ay(n))
p(n+1) <0
fort=nto1
P(t) — Gopan(t + 1)
T(t) — 7o
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Viterbi Algorithm (version 3)

« pseudocode for the Viterbi algorithm is also
given in the textbook
- Just be sure to initialize as defined on slide 41 of lecture 9
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Forward Algorithm: Formal Definition

- Initialization
ai1(j) =m;bi(01),1<j< N

+ Recursion
N
a:(j) = Zat 1(8)asjbj(0:);1 < j < N,2<t<T
. Termlnatlon o
o 2
B
P(O|X) = ZaT © o .
o
N
1 t
9-1)0 o)
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Forward and Backward Probabilities
word sequence: W = wj ... wn, for time 1 <t < n

Forward probability:
(probability of seeing initial sequence w; . . . wy and having tag j at time ¢)
ap(0) =1 aj(t) = (X8 ai(t — 1)ag;) bj(we)

Backward probability:

(probability of seeing remaining sequence w; . . . wy, given tag ¢ at time t)

Bi(n) = a;p  Bi(t) = X711 Bi(t + 1)aijbj(witr)

P(wi...wn) = Bo(0) = Y% ay(n)asp
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Forward Algorithm

+ Use an N x T trellis or chart [a,]
- Forward probabilities: a;; or ay(j)
- = P(being in state j after seeing t observations)
+ = P(0y, 05, ... 0, G7))
- Each cell = Z extensions of all paths from other cells
al)) = ¥;a.4(i) a; bfo,)
« ap4(i): forward path probability until (¢-7)
ay: transition probability of going from state i to j
+ bj(o,): probability of emitting symbol o, in state j

P(OW) = 3, ax()
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Forward-Backward (Baum-Welsch) Algorithm

+ What if, instead of wanting to know:

« P(being in state j after seeing t observations)
(Forward Algorithm)

« P(in state j after seeing t observations and passing through the
most likely state sequence so far)
(Viterbi Algorithm)
+ We want to know:
- P(being in state j at time t given the entire observation sequence)
- P(being in state j at time t and being in state k at time t+1 given the
entire observation sequence)
+ Our forward probability ajt) is insufficient to calculate
these conditional probabilities

+ Also need a backward probability
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New Parameters for Forward-Backward
Probability of having tag ¢ at time ¢ given wj ... wn

a;(t)Bi(t)

Wil = w850

Probability of having tag ¢ at time ¢ and tag j at time
t+1, given wy...wy,

Yi(t)a;jbj(wey1)B;(t +1)
Bi(t)

&ij(t) =
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Forward-Backward Algorithm

word sequence: W = wy ... wy, size of tagset |[T| =m  ap(0) «— 1
fort =1ton
forj=1tom
;(t) (S ailt — ay) by(w,)
fori=1tom
Bi(n) «— ai
fori=1tom
§ ai(n)g;(n
%) = s
fort=n—1to1
fori =1tom
Bit) « 7L Bi(t + 1)aijbj(wi+1)
fori =1tom
X o (£)8;(1)
() — sl 06®
forj=1tom
i(t)aijb;(wer1)8;(t+1)
&ig(t) — TEHRLEE
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Forward-Backward Algorithm: a

N
o(4) =D 1 (i)aijbi(o);1 <j < N,2<t<T
=1

R @
25,0
27,
20, 5
Bull  aeun °5%"

0.14x0.6x0.1=0.0084

a;(Bull)xagupur<bpui( 1)
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O 00O

=1 t=2 t=3

time s
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Forward-Backward Algorithm: Y’

o;(t)B;(t)
Static a‘(Slallc)

%0 = s e 8,®
Bear u‘(Bear)

PByStatic)
B(Bear)
Bull a.(Bun)
t=1 t=2

states

B(Bu

t=3
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COmpUting a, B: Y &

123456
Otltele

P(| |Bull) = 0.1 P(] |Static) = 0.3
P(e |Bull) = 0.2 P(e |Static) = 0.4

A

P(1|Bull) =0.7 } { P(1 |Static) = 0.3 ]

P(l |Bear) = 0.6

P(1 |Bear) = 0.1
[ P(e | Bear) = 03 }

stock
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Forward-Backward Algorithm: 3
Bi(t) = 371 Bi(t + 1)a;bj(wit1)

Static a1(SIaIvc) @ e

Bear a«(Eear) e B(Bear)

Bull a,(Bun)

B(Static)

states

BBul)
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T | 1
=1 t=2 t=
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Forward-Backward Algorithm: &
i(t)aijbj (wii1)B;(t+1)
§ij(t) = HRHDIZTN
Static a‘(smc) B (Static)
0
[}
'.a Bear u‘(Bear) B(Bear)
-
()
Bull a,(BuH) B(Bull)y
=1 t=2 t=3
time ®
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Forward-Backward Algorithm, E-step

word sequence: W = wy ... wy, size of tagset |[T| =m  ap(0) «— 1
fort =1ton

forj=1tom
;(t) (S ailt — ay) by(w,)
fori=1tom
Bi(n) «— ai
fori=1tom
) o;(m)By(n
Y(n) < S e
fort=n—1to1
fori =1tom
Bit) « 7L Bi(t + 1)aijbj(wi+1)
fori =1tom
) ()51
() — sl 06®
forj=1tom
i(t)aizby (we1)B;(t+1)
&ij(t) — TORRI
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Agenda: Summary

- Review Viterbi, Forward Algorithms
 Forward-Backward (Baum-Welsch) Algorithm
+ Midterm
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Forward-Backward, M-step

corpus of IV sentences, Wy = w5 ... wIsW.I’ size of tagset |T| = m
initialize a;j, aoj, @jo, and b;(v) to O for all 2, j, k
fori =1tom
. N W,
e(i) — L1 S ()
agi — 3 Xaly 7(1)
N
Q0 % Zs=1 ’Yf(lwsl)
forj=1tom
1 N W,|-1
A5 — @23:1 |t:1‘ fj(t)
fork =1to|V|
N W,
bi(vr) — gy Lot T4 Sugu i (8)
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