Chapter 1

Hidden Markov Models

1.1 Introduction

A hidden Markov model (HMM) is a statistical model for ordered data. The
observed data is assumed to have been generated by a unobservable statistical
process of a particular form. This process is such that each observation is
coincident with the system being in a particular state. Furthermore it is a
first order Markov process: the next state is dependent only the current state.
The model is completely described by the initial state probabilities, the first
order Markov chain state-to-state transition probabilities, and the probability
distributions of observable outputs associated with each state.
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Partially observed Markov chain.

Figure 1.1: A representation of the hidden Markov model, with hidden nodes
in underlying system states ¢, and observable variables O.

1.2 Notation

Our notation is similar to that employed by Rabiner [11] and is as follows: a hid-
den Markov model A with N states is composed of initial state probabilities m =
(m1,...7N), state-to-state transition probabilities A = (ai1,...,a:j,...,annN),
and the observable output probability distributions B = (b1,...,bn). The ob-
servable outputs can be either discrete or continuous. In the discrete case, the
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output probability distributions are denoted by b;(m), where m is one of M
discrete output symbols. In the continuous case, the output probability dis-
tributions are denoted by b;(y,0:1,-..,0:j,-..,0;nm) where y is the real-valued
observable output (scalar or vector) and the 6;;s are the parameters describ-
ing the output probability distribution. For the normal distribution we have

bi(y, pis Xi).

1.3 Model optimization problem

For the series of observations O = 0105 - - - O, we consider the possible model
state sequences () = q1¢o -+ - qr to which this series of observations could be
assigned. For a given fixed state sequence @, the probability of the observation
sequence O is given by

T
P(01Q,)) = [ P(Oila:, ) (1.1)
t=1

Assuming statistical independence of observations,
P(O|Q,A) = bq, (01)bg,(02) - - - by (Or). (1.2)
The probability of the given state sequence @ is
P(Q|X) = Tq,0q192Cq2q5 ** * Cgr_1qr- (1.3)
The joint probability of O and @ is the product of the above, so that
P(O,QIN) = P(O[Q, ) P(Q|N), (1.4)

and the probability of O given the model is obtained by summing this joint
probability over all possible state sequences Q:

P(O|)‘) = Z Tq, b‘h (Ol)athqzbfh (02) U G‘QT—l‘ITbQT (OT) (15)

all Q=q1q2--qT

Although other optimization criteria are possible, most commonly we wish
to optimize the model parameters so as to maximize this likelihood P(O|X). We
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can pose this as non-convex, non-linear optimization problem:
Maximize : P(OJN)

Subject to : Zm =1

bi(m)>0,i=1,...,N, m=1,..., M. (1.6)

Note that the above is for the discrete output case. In the case of continuous
outputs, the last two constraints are replaced by

/b i=1,..,N

) >0, 1,...,N,yeY. (1.7)

This problem is often presented in terms of equivalent problem of maximizing
the log likelihood log P(O|)).

1.4 Expectation-Maximization

The most common optimization technique employed to solve this problem is
the Expectation-Maximization (EM) algorithm [7,10]. We can pose the EM
algorithm generally as follows: we wish to maximize a likelihood P(\) where A
is a set of model parameters. Given p(z, \), a positive real-valued function on
x X A measurable in x for fixed A with measure p, we define

P(\) = Elp(x, )|\ = /X P, Ndp(z) (18)

and
QO X) = Ellogp(z, X)|A] = /X p(, N logp(e, N)du(z).  (L9)

Here x is the so-called hidden variable, while p(x, \) is often referred to as the
complete data likelihood. The function @ is often referred to as the Q-function.
Note that the function p may be a function of the observable outputs y as well
as the parameters of the model A, so p = p(z,y, ). In this case, the integrals
are over X — Y (X).
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Assume Q(A,X) > Q(\, A). Then P(X) > P()). Proof:
log POV/P() = o | ol Nidu(a)/ PN
08 [ [p(e \)di(a)/PO)lp(a ) /p(z. )

> /X[p(xak)du(w)/l’(k)] log[p(z, A)/p(x, \)]
= (PO)TRQMN) = QA N)] > 0.

From this we can show that for a transformation F that if F()) is a critical
point of Q(A, \') as a function of X', then the fixed points of F are critical points
of P. This gives us the EM algorithm:

1. Start with k = 0 and pick a starting A(%).

2. Calculate Q(A*), \) (expectation step).

3. Maximize Q(A*), \) over A (maximization step). This gives us the trans-
formation F.

4. Set A*+D) = F(AE) If QAFHD X)) —Q(A*), \) is below some threshold,
stop. Otherwise, go to step 2.

Note that this method is inherently sensitive to the initial conditions A\(9), and
only guarantees eventual convergence to a local maxima of the objective func-
tion, not the global maximum. Nevertheless, it is widely used in practice and
often achieves good results.

1.5 Optimization procedure for the HMM

We now present a procedure for calculating the optimal HMM parameters, based
on that first suggested by Baum and colleagues [1-5]. For the hidden Markov
model, we have

p(Qa Ov /\) =Tq bfh (Ol)atJ1q2b<I2 (02) o 'GQT—I‘ITb‘IT (OT)v (1'10)
with P(A) = E[p(q, 0, \)|)] defined as in (1.5). If we let z be a set of state-
indicator indicator vectors z = (z1,...,27) such that z;; = 1if ¢ = 4, z;4 = 0

otherwise, then we can represent the complete data log likelihood as

N N T-1

Z zi1 log mm; + Z Z Z ZitZj1+1 log az; + Z Z zitlog b; (Oy). (1.11)

=1 j=1 t=1 i=1 t=1

From this we can calculate

N N T-1
ZTZI logm—i—zzz Tijt logaw—&—ZZT” log b;(Oy)
i=1 j=1 t=1 i=1 t=1

(1.12)



1.5. OPTIMIZATION PROCEDURE FOR THE HMM 13

where

Tijt = P(th :1’Zj,t+1 :1|O,>\) t= 1,...,T*1, (113)
Tit — P(ZZtZI‘O,A) t:1,...,T, (114)
and Z is a probabilistic component indicator variable analogous to z.

We wish to maximize Q(X, A(*)) over A\. We can view Q as the sum of three
separable components, Q = Q1 + Q2 + Q3:

N

Q:(AAW) = N7 logm, (1.15)
=1
N N T-1

Q20 W) = 333 70 0gay, (1.16)
i=1j=1 t=1
N T

Qs(AAP) = 357 P logbi(0y). (1.17)
=1 t=1

Maximization of each component may be pursued separately. However, a direct
solution by calculation of the critical points of the first two components is not
possible. For instance,

0Q1 _ o3, Tz‘(lk) logmi _ ﬁ =0 (1.18)

07@ Bm- Yy

is clearly not useful, and derivatives of ()5 fare similarly.
Instead we will solve the general convex optimization problem

N
Minimize : flx)=- Z cilogx;
i=1
N
Subject to : Zwl =1, (1.19)
i=1
with constants ¢; > 0. First, we calculate the Lagrangian

N N
L(z,v) = — Zci log z; + I/(Z z; — 1), (1.20)
i=1 i=1

which has a maximum in the z;s at x; = ¢;/v. The dual problem is then

N N

Maximize : g(v) = — Zci log(c;/v) + Z Ci — V. (1.21)

i=1 i=1

The maximum of the dual problem can be found by setting the derivative equal
to zero and solving. We find that v* = vazl ¢; is the maximum, with g(v*) =
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- va:l cilog(c;/ Zi\il ¢i). Since f(x) = g(v*) is feasible with xz; = ¢;/ va:l ¢,
this is the minimizing solution to the primal problem.

Since 7;; is dependent only on the first observation, we can calculate using
Bayes’ Theorem:

:10: (O
T = ©) (1.22)
> =176 (01)
Our solution to (1.19) gives us the values 7; which maximize Q1:
(k) (k) (k)
oo T 0 _ bi (01) (1.23)
i N k Ti N k) : ‘
Zj:l Ti(l) E; 17 ( )b( (01)

Similarly, we can use the solution to (1.19) to give us the values a;; which

maximize Qs:
(k)

t=1 zyt
Qi = PE (124)
Z] 12 ’L(_]t
Noting that 7;; = Z;\le Tij¢ for t =1,...,T — 1, we have
i
t= %,
i = T () (1.25)
t=1 Tit

If the outputs of the model are discrete, we can apply our solution to (1.19)
once more by noting that

N T M

Q3 = ZZ Z k)é —m)logb;(m), (1.26)

i=1 t=1 m=1

and so therefore the output probability distributions that maximize Q)3 are

)
bu(m) — 2= T 0O =) (1.27)

T (k)
t=1Tit

where m is a possible output symbol. If the outputs of the model are con-
tinuous, then there is no general explicit formula for the maximum value of
the output distribution parameters. However, for certain special forms of the
output distribution, the maximizing values can be calculated analytically. For
example, in the case of multivariate Gaussian output distributions (b;(y) =
n(det(3;)) "2 exp(—(y — pi) TS (y — pi)/2), where n is a normalizing factor),
we have:

N T 1
ZZ (k) (logn — —logdet(%;) — §(Ot T R M (O ,ul)>
2 1

=Y Z (10’8;” = 5 logdet(X;) — 5 (m; — pi) "2 (my — ) (1.28)
i=1 t=1

- %(Ot —my) 50 - mi)>,
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where m; = 32, Ti(tk)Ot/ S Tl-(tk). Let
T (k) T
_ 21 T (O —my)(Op — my)
S; = —® (1.29)
t=1"Tit

Then

T N
1 _
Qs = Z Zri(tk) <logn +t3 log det(X; 1)

t=1 i=1

N =

1
— *(mi — ul)TEfl(ml - /«Lz) - 5 Tr EilSZ) . (130)
Since ¥; is positive definite, we see that Q3 is maximized in the p;s when

= ZZﬂzl Ti(tk)ot
T k)
D=1 Ti(t )

Given a maximizing solution for pu;, we can solve for 3; directly by taking the
derivative. For a D-by-D matrix A, let the matrix B be such that

Then we have

AB = det(A)I
B = det(4)A7!
{B}ij = det(A){Ail}ij, (133)

and therefore

D
éﬁjﬁ?=aé;ﬁZ?AhdeA%=w%UU=ﬂﬂﬁ=d%MHA*bs
(1.34)
and
Ologdet(A) 4,
oAy, ~ A Vi (1.35)

Using these relations, we calculate the derivative of @3 with respect to each
element of the 3, 1g (neglecting constant factors) and set the result equal to

7Z€ero:
0Q3
My a

From this we see that Q3 has a critical point in the ¥;s at

= {Zi}ba — {Si}ba = 0. (1.36)

1 it (O = i T (01 = )T

N, =8 = &=t=Lit (1.37)
’ ! T k
Zt:l Ti(t )
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Since @3 is concave this is a global maximum.

How do we calculate the probabilities 7;; and 7;;:? To do so, we make use of
the lattice structure of the HMM to perform an iterative calculation, known as
the forward-backward procedure. Consider the forward variable ay(7) defined as

This is the probability of observing the partial sequence O; ---O; and that
the system is in state ¢ at time ¢, given the model A. We can solve for a;(7)
inductively as follows:

1. Initialization:
O[l(i) :Wibi(Ol), Z=1,7N (139)

2. Induction:

N
at"rl(j) = [Zat(i)aij bj(Ot-‘rl)) t= la"'aT_lv
=1

j=1,...,N. (1.40)
This is an O(N?T) computation. Note that it also gives us an efficient way to
calculate the value of the objective function, since

N

P(O[N) =) ar(i). (1.41)

i=1

As the second part of the forward-backward procedure, we consider the
backward variable §;(i) defined as

Be(i) = P(Ogq1 -+ Orp|Ziy = 1, N). (1.42)

This is the probability of observing the partial sequence Oy, 1 - - - O, given that
the system is in state ¢ at time ¢ and the model A. Once again we can solve for
B¢(4) inductively:

1. Initialization:
Or(i)=1,i=1,...,N. (1.43)

2. Induction:
N
Bi()) = aybi(Oy)Bin(7),  t=T—1,...,1,
j=1
i=1,....N. (1.44)

This is also an O(N?T) computation.
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Now we can calculate the probabilities 7 using the forward and backwards
variables.

e = P(Zy=1]0,)\)
P(Z;; = 1|10, \)P(O|X)
P(O[N)
P(Zix = 1|))
P(O[N)
P(Oy -0y, Zir = YN P(Ossr -+ Op|Zst = 1, \)
PO

e (4) B (4)

P(O]N)

__a@B@) (1.45)

Ly i) Bu(i)

is the probability of being in state ¢ at time t, given the observation sequence
and the model. Note that we can use 7;; to solve for the individually most likely
state q; at time ¢, as

¢t = argmax(7¢), t=1,...,T. (1.46)
1<i<N

We can also calculate 755, the probability of being in state 4 in time ¢ and
state j at time ¢t + 1, given the model and the observation sequence. Using our
definitions of the forward-backward variables, we can write

Tijt = P(th = 1, Zj,t+1 = 1|O7>\)
_ P(th == 1, Zj,t+1 == 1,0|>\)
P(O|N)
_ P(O] A Otazit == 1|)\)P<Ot+1 .t 'OT,Zj,t+1 == 1|Zit = 17)\)
P(O|N)

_ (1) P(Opq1, Zjp41 = 1| Zig = 1L,A)P(Opy2- - O7|Zj 441 = 1, N)
P(O|N)

_ a@)P(Zj1 = UZi, NVP(Ora|Zin = 1, Zj1 = 1, M) Bi41(J)
P(O|N)

_ a¢(1)a;jb;(Or11)Bes1(d) (1.47)

S S a(i)aibi(Or1)Braa (7).

1.6 Finite mixture models and HMMs

A finite mixture model [15] A ¢y, With R components is composed of the mixture
parameters w = (wq,...,wr) and the observation probability density functions
associated with each mixture component, b.(m) for discrete output symbols,
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or b.(y,0,1,...,0,) for continuous outputs. In general, we wish to solve the
following problem:

T
Maximize : H P(O A tram)
t=1

R
Subject to : Zwr =1

wr >0, r=1,...,R

M
Zbr(m)zl, r=1,...,R
=1

(m) >0, r=1,....,R, m=1,..., M. (1.48)

&3

We can express the objective function in terms of the model parameters as

follows:
T

T R
[T 2O i) = TT D webn(00). (1.49)

t=1 t=1r=1

In the case of continuous outputs, the last constraint is replaced by

/ b-(y)dy=1, r=1,... R
Y

b(y) >0, r=1,...,Ry €Y. (1.50)
Once again we use the EM method to solve this optimization problem [12].

We can represent the complete data log likelihood for the finite mixture model
as

R T
>z logweb, (Oy) (1.51)
r=1t=1

where z = (21, ..., 2r) is a set of component indicator vectors such that z,; = 1
if the observation is drawn from the rth mixture component, z,; = 0 otherwise.
From this we can calculate

R

Q()\f’m.ﬂh fmm ZZTT(’k) log wr Of) (152)
r=1t=1
where
Trt:P(Z,,«t:”Ot,)\fmm)t:].,...,T (153)

and Z is a probabilistic component indicator variable analogous to z. We can

(k)

calculate 7, via Bayes’ Rule:

w0 (1.54)
SE L w®M (0y)

Trt
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We choose updates of w, and b, that maximize (). We can find the update for
w, using our solution to (1.19):

g L )
w, = =T == E Ty (1.55)
T T R k rt
Yeyr Y T

To find the update rule for b, we find the maximum directly via the derivative,

solving
T

OLp K O
= ;Tfﬁaem 10g by (Oy, O ) = 0, (1.56)
which has no general analytical solution. As in the HMM case, for certain forms
of the output distribution an analytic solution is available.

The hidden Markov model can be seen as a special case of finite mixture
model, one in which there is a single observation O and N7 mixture components,
each corresponding to a different state sequence (). In this view we have

WQ = Tg10q192%g2q3 """ Aqr_1q7> (1'57)
bQ (O) bth (Ol)bQ2 (02> e thT (OT) (158)
We can also construct a hidden Markov model whose state outputs are

themselves finite mixture models. For example, if each finite state of the
model has R mixture components, then the model is A = (7w, A, w, B) where

w = (wi1,...,wNR), B = (b11,...,byg) and m and A retain their original
meanings. Let W = (w1y,,...,Wnry) be some choice of mixture components
for each model state. Then for this model we have
PO[N) = Z Mg, Wqyrg, bqqul (Ol)aqlqzqurqz bq27'q2 (Og)---
all W,Q
e G‘QTfququTqT bQTTqT (OT) (159)

Calculation of the forward and backward parameters proceeds as follows:

1. Initialization:

2
&
—
~.
=

Il

R

T Y Wirbip(01), i=1,...,N. (1.60)
r=1

Br(i) = 1,i=1,...,N. (1.61)

2. Induction:

N R
atJrl(j) = [Z at(i)aij] ijT‘bjT(OtJrl)v t= 1, e ,T — 1,
i=1 r=1

N R
ﬁt(l) = Zai]‘ (Z wjrbjr(0t+l)> ﬁtJrl (]), t=1T— 1, ey 1,
j=1 r=1
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Derivation of this procedure follows that of the forward-backward procedure for
the standard hidden Markov model. Once the forward and backward variables
have been calculated, we can derive 7;; and 75, according to (1.45) and (1.47),
with the difference that

o (7)ag; (Zfil wjrbjr(OtJrl)) Bi41(5)
SN SN e (0)aib(0r41) B ()

This allows us to re-estimate at 7 and A at each iteration using (1.23) and
(1.24). Now we have

(1.64)

Tijt =

Tirt = P(Zirt = 1|Oa>‘)
= P(Zirt =1Z;y = 1,0, \)P(Z|O, \)
GO (1.65)

Zle wirbi’r (Ot)

We can re-estimate the mixture weights according to:

T (k) T (k)
Wi = Zt:l TiTt _ t=1 Ti’r’t (1 66)
TSR T k) T T (k)" :
PRI P Ti(rt t=1Tit

Again there is no general form for the output distributions, but in the special
case of Gaussian outputs for each mixture model component we have,

ZTZ Ti(f)Ot
Hir = %176@)7 (1.67)

t=1 Tirt

T k k41 k+1
o _ T O = (0 — )T
r T k .

>oim1 Ti(rt)
It is worth noting that this model reduces to a simple finite mixture model
in the case that the hidden Markov model has but one state. Therefore, hidden

Markov models and finite mixture models can each be seen as special cases of
the other.

(1.68)



