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1 Hidden Markov Models

A hidden Markov model (HMM) defines a joint probability distribution of a series of obser-
vations x; and hidden states z; for t = 1,...,T. We use z1.7 and z;.7 to refer to the full
sequence of observations and states respectively. In a HMM the prior on the state sequence
is assumed to satisfy the Markov property, which is to say that the probability of each state
z; depends only on the previous state z;_;. In the broadest definition of a HMM, the states
2 can be either discrete or continuous valued. Here we will discuss the more commonly
considered case where z; takes on a discrete values z; € [K] where [K] := {1,...,K}. We
will use a matrix A € RE*K and a vector 7 € R¥ to define the transition probabilities and
the probability for the first state z; respectively

plze =1z =k, A) = Ap, (1)
p(z1 = k|7) = m. (2)

The rows A of the transition matrix and entries of m sum to one
 Au=1 VkelK], > me=1 (3)
! k

The prior probability for the state sequence z;.7 can be expressed as a product over conditional
probabilities

T

plzrrlm, A) = p(za|m) [ [ p(zelzi-1, A). (4)

t=2

The observations in an HMM are assumed to be independent conditioned on the sequence of
states, which is to say

T

parrlzir ) = [ [ plailz, ). (5)

t=1

Here n = n1.x is a set of for the density f(x:;nx) associated with each state k € [K],

p(re | ze = k,m) = f(xemn). (6)

The observations x; can be either discrete or continuous valued. We will here assume that
f(z¢;mp) is an exponential family distribution, which we will describe in more detail below.



1.1 Expectation Maximization
We will use 8 = {n, A, 7} to refer to the parameters of the HMM. We would like to find the
set of parameters that maximizes the complete data likelihood,

0" = argmax p(wir | 0) = argmax > plair, 2| 0) (7)

Zl;TE[K]T

Expectation maximization (EM) methods define a lower bound on the log likelihood a
variational distribution ¢(z1.7)

p('rl:Tu 21T ‘ 9):|
L(q(z1:7),0) == Eqiory |1 , 8
(q(z1.7),0) 4(er.r) {Og e (8)
r1.7, 217 | 0
= Y ) log 2O AT o), (9)
zleG[K]T Q(21:T>

When the variational distribution on the state sequence is equal to the posterior, that is
q*<21:T) = p(ZI:T | Z1.T, 0)7 (1())

the the lower bound is tight (i.e. the lower bound is equal to the log likelihood)

L1:75 1 0
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T p(zur | 217, 0)
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The EM algorithm iterates between two steps:

1. The expectation step: Optimize the lower bound with respect to ¢(z1.1)

71—

qi(zlzT> = al"gmaXE(Q(leT)a 0 1) = p(ZI:T‘$1:T7 02’71)' (14>

q

2. The maximization step: Optimize the lower bound with respect to 6

0" = argmax L(q"(z1.7), 0). (15)
0

At a first glance it is not obvious whether EM for hidden Markov models is computationally
tractable. Calculation of the lower bound via direct summation over z;.r requires O(K T)
computation. Fortunately it turns out that we can exploit the Markov property of the state
sequence to perform this summation in O(K?*T') time.

To see how we can reduce the complexity of the estimation problem we will introduce
some new notation. We will define to z; := I[z: = k] to be the one-hot vector representation
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of the state at time t, which is sometimes also know as an indicator vector. Given this
representation we can re-express the probabilities for states and observations as

9€t ‘ 2ty 1 Hf l’ta??k (16)
Zt|Zt 1’ HAZt 1kztl (17)
p(a|m) = | [ m" (18)

k

Using this representation, we can now express the lower bound as

L(q(z1:7),0) = Eyiz,.p) log p(z1:7] 217, 0) + log p(21:7(0)] — Ey(z.r) [log q(21:7)] (19)
q(m)[zzzzeklogf Tt M +Zzlk10g7"k (20)
t=1 k=1
T
‘I‘Z Z Zt—1,k%t, logAkl} (21)
t=2 k=1,l=1
— Eoerr) [log C](leT)] (22)

In this expression we see a number of terms that are a product of a term that depends
on z and a term that does not. If we pull all terms that are independent of z out of the
expectation, then we obtain

T K
£ ZlT ZZEq (z1.1) Ztk] 10gf<xtunk +ZE q(z1.1) [Zlk] logﬂ-k (23>
t=1 k=1 k
T K
Y0 Y Eyennlzernzllog Ay — By, ) [log CI(ZLT)] (24)
t=2 k=1,/=1

We can now derive the maximization step of the EM algorithm by differentiating the lower
bound and solving for zero. For example, for the parameters 7, we need to solve the identity

T

Vnkﬁ(q(zliT)v ‘9) = Z EQ(Zl:T)[Zt,k]M

2 o) (25)

The first thing to observe here is that the only dependence on z in this identity is through
the terms Ey(., ,[2¢]. Similarly, the gradients of £ with respect to 7 and A will depend on
Eq(zr.0yl21,6] and Eg., . [2e-1,12¢] respectively. These terms do not depend directly on the
parameters 6, so we can treat them as constants during the maximization step. We will from
now on use the following substitutions

Yk = IEq(zl:T) [zt,k]a (26)
Eint = Eqtarn) 2tk 2041,0) - (27)



If we can come up with a way of calculating v, and &;; in a manner that avoids direct
summation over all sequences z1.7, then we can perform EM on hidden Markov models. It
turns out that such a procedure does in fact exists and we will describe it in the section on
the forward-backward algorithm below.

2 Maximization of Exponential Family distributions

Before we turn to the computation of v and &, let us look at how to perform the maximization
step once v and & are known. We will start with maximization with respect to the parameters
.. In general, the objective in equation [25| could be minimized using any number of gradient-
based minimization methods (e.g. LBFGS). However, we can do better. We can obtain a
closed-form solution when the observation density f(z;nx) belongs to a so called exponential
family. Exponential family distributions can be either discrete or continuous valued. In both
cases, the mass or density function must be expressible in the following form

fla;n) = h(z) expln " T(x) — A(n)]. (28)

In this expression, h(z) is referred to as the base measure, 7 is a vector of parameters, which
are often referred to as the natural parameters, T'(z) is a vector of sufficient statistics and
A(n) is known as a log normalizer. It turns out that many distributions that we use most
commonly can be cast into this form, including the univariate and multivariate normal, the
discrete and multinomial, the Poisson, the gamma, and the Dirichlet.

As an example, the univariate normal distribution Normal(z; 4, o) can be cast in expo-
nential family form by defining

h(z) = — (29)

_(r L

T(@) = (2,22), (31)
U
A(n) = = + ~log(—2m,) = p*/20% +logo. (32)
47’]2 2
Similarly, for a discrete distribution Discrete(x; u) with support d € {1,..., D} we can define
h(z) =1, (33)
14 = 10g pta, (34)
Ty(z) = I = dJ, (35)
D D
A(n) =log ) expng =log»  puq. (36)
d=1 d=1

Exponential family distributions have a number of properties that turn out to be very
beneficial when performing expectation maximization. Because of its exponential form, the
gradient gradient of an exponential family density takes on a convenient form

Vo f(x;in) = [T(x) = VyA(n)]f (2;n). (37)



If we subsitute this form back into equation [25( then we obtain

Vo Alne) = M (38)

T
Zt:l ik

The term on the right has a clear interpretation: it is the empirical expectation of the
sufficient statistics T'(x) over the data points associated with state k. The term on the left
has a clear interpretation as well. To see this, we need to derive an identity that holds for all
exponential family distributions. We start by observing that, since f(z;7) is normalized, the
following must hold for all n

1= / da f (7). (39)

If we now take the gradient with respect to 17 on both sides of the equation we obtain

0= [ do V(i) (40)
- / dx f(z:n)[T(x) — Vo AQy)], (41)
= By [T(2)] — VA1), (42)

In other words the gradient V, A(n) is equal to the expected value of the sufficient statistics
Efa [T (x)]. If we substitute this relationship back into equation 38| then we obtain the
condition

_ 23:1 %kT(fEt)
E?:l ik

The interpretation of this condition is that we can perform the maximization step in the EM
algorithm by finding the value 7 for which the expected value of the sufficient statistics 7'(x)
is equal to the empirical expectation for the observations associated with state k. This type
of relationship is an example of a so called moment-matching condition.

As an example, if the observation distribution f(x;n) is a univariate normal, then the
sufficient statistics are T'(z) = (x, ). The maximization step updates then become

Ejamole] = e =Y vwae/ Y v, (44)
t t

Efamy 2] = 07 + i = Y 23/ Y e (45)
t t

Ef(am) [T(x)] . (43)

Suppose the observation distribution is discrete, with D possible values. If we use 24 = I[z =
d] to refer to the entries of the one-hot representation, then Ty(x) = I[z = d] = x4 and the
maximization-step updates become

B a] = Tha = Z%kwt,d/ Z%k- (46)
t t



Of course, now that we know know how to do the maximization step for any exponential
family, we can also make use of these relationships when in deriving the updates for 7 and
Ay. For these variables we now obtain the particularly simple relations

Tk = Yk, (47>
T-1  T-1 K

A= &m/ D D b (48)
=1 =1 I=1

3 The Forward-backward Algorithm

During the expectation step, we update ¢(z1.7) to the posterior
q(21:T) = p(2’1:T|9€1:T, 9)- (49)
For small values of T" we could in principle calculate this posterior via direct summation

p(x1r, 21.7(0)
o | 50
q(z17) > ety D@, 21r]0) (50)

However, this quickly becomes infeasible since there are K7 distinct sequences for an HMM
with K states. Luckily it turns out that the maximization step can be performed by calculating
two sets of expected values

Vtk = EP(ZLTP«“LT:@) [Ztvk]’ (51)
Etkl 1= Ep(zlzT|1'1:T76) [Ztﬁkzt"‘l’l]' (52)

As we will see below these two quantities can be calculated in O(K?T) time using a dynamic
programming method known as the forward-backward algorithm.

3.1 Forward and Backward Recursion

We will begin by expressing v as a product of two terms. The first is the joint probability
at = p(x14, 2 = k| 0) of all observations up to time ¢ and the current state z;. The second
is the probability of all future observations f; ;. := p(z11.7 | 2 = k,0) conditioned on z = k.
We can express v in terms of a and [ as

P(%:T; 2=k | 9) p($t+1;T|Zt, G)p(xlzty w=Fk | 9) Oét,kﬁt,k

M= e (x| 0) = plrir) (53)

We can similarly express & y; in terms of o and 3 as

p(rrr, 2ep1 = 1, 2 = K[0)

=p(z =k, z¢01 = l|x1.7,0) = 54

ét,kl p( t t+1 ’ 1:T ) p<I1T|9) ( )

_ P($t+2:T|Zt + 1=, 9)p($t+1|zt+1 =1, U)P(Ztﬂ :l|2t+1 =k, A)p(%:t, Zt:k?|9) (55)
p(x1.710)

_ Bt+1,lf<xt§ Ul)AkZOétk (56)

p(r1r | 0)



We will now derive a recursion relation for both a and S. For the first time point, we can
calculate a; j directly

a1 = p(xh 21 = /f) = f($1§ nk)ﬁk (57)

For all £ > 1 we can define a recursion relation that expresses ay; in terms of oy_1

app = p(x1y, 2 = 1|6), (58)
K

= pladz =Lnp(za = 1] 221 = k, A)p(re-1, 21 = k[6). (59)
T

= Z S m) Ao 1. (60)

e
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For B, we begin by defining the value at the final time point ¢ = 7'. At this point there are
no future observations, so we can set the probability of future observations to 1,

Bri =pD|zr = k,0) = 1. (61)

For all preceding t < T" we can express [, in terms of ;11

Bt,k = p($t+1:T|Zt =k, 9), (62)
K
= Z P( T2 T|Zt+1 =1, e)p($t+1|2t+1 =1, n)p(thrl =1 | =k, A)7 (63)
=1
K
Z t+1,1 f Ti41, T}z) Akl (64)

In short, we can calculate v by combining a forward recursion for o with a backward recursion
for 8. Note that each step in both recursion requires O(K?), since we the calculation of each
of the K entries requires a sum over K terms. This means the total computation required by
the forward-backward algorithm is O(K?T).

3.2 Normalized computation

In practice we use a slightly different recursion relation when implementing the forward-
backward algorithm. If we were to calculate a and 8 through the naive recursion relations
defined above, then we could calculate v by simple normalization

Oét,kﬂt,k . Oét,kﬁt,k

p(flzT | 9) B Zk/ at,kﬂt,k‘

At each step, the normalization term should then in principle be equal to the marginal
likelihood of the data

p(a1r|0) Zat kBt k- (66)

Yk = (65)



In practice p(z1.7|0) will be either a small (or sometimes a very large) number for large
values of T', which means naive computation of o and [ can lead to numerical underflow (or
overflow). A simple solution to this problem is to normalize ay during each step, by defining

K

Qg = Z S nl)Akla;§7t—1‘ (67)

Ct = Z Qi (68)
k

ay = ay /. (69)

The normalized values of aék now represent the partial posterior p(z; = k|xy.,0) instead of
the partial joint p(z1+, 2 = k|@), which means that the normalized values oy differ from the
original values by a factor

t

Qg $1t72’t’9)
T1.+0). 70
o= o= o= = o) (70)

=1

Since this relationship must hold for any ¢, this in particular implies that we can recover the
marginal likelihood from the normalizing constants

T

plarrlf) =[] e (71)

t=1

We can also normalize the values ;; on the backward pass. A particularly good choice is

K
B = L Z Briraf (@era;m) A (72)
G193
This choice of normalization implies that
B _ plerrlf) _ - kB
B = o) i]lcz-, g 1102 = p(z1.16), (73)

which in turn ensures that we will no longer have to perform any normalization upon
completion of the forward and backward recursion

Oétkﬁtk

p@ald) Qe B (74)

Y,k =

Similarly, the expression for &, in terms of o’ and 3’ becomes

1

it = — B f (@i m) Ancdy. (75)
+
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