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4.1

Introduction

The real-world processes generally produce observable outputs which can be characterised as signals. The
signals can be discrete in nature (e.g., characters from a finite alphabet, quantized vectors from a code book,
etc.), or continuous in nature (e.g., speech signals, temperature measurements, music, etc.). The signal
source can be stationary, i.e.,its statistical properties do not change with time, or non-stationary, where
signals properties vary with tine. A signal source can be pure (i.e., coming from a signal source) or can be
corrupted when coming from many sources (e.g., noise), or it may be distorted in transmission. The problem
with such real-world signals is to characterise them in terms of signal models.
The signal models are classified as deterministic models and statistical models. In the first are sine-wave,
or sum of exponentials, and in the second are Gaussian Processes, Poison processes, Markov Processes, and
Hidden Markov processes, in addition to others. The assumption in statistical models is that the underlying
model can be characterized as a parametric random random process, and parameters of the stochastic
processes can be determined/estimated in precise and well-defined manner. The hidden Markov models are
referred to as Markov sources probabilistic functions of Markov chains in the communication literature.
Modern architectures for automatic speech recognition (ASR) are mostly software architectures which generate a sequence of word hypotheses from an acoustic signal. Most popular algorithms implemented in these
architectures are based on statistical methods
The dominant speech recognition paradigm is known as hidden Markov models (HMM). An HMM is a doubly
stochastic model, in which the generation of phoneme string for the input sound and the frame-by-frame
surface acoustic realizations, are both represented probabilistically as Markov processes. An important
feature of frame-based HMM system is that speech segments identified during the search process, rather
than explicitly. An alternate approach is to first identify speech segments, then classify the segments and
use the segment scores to recognize the words.
We assume that input text words are separated by small pauses. We will introduce the modern speech
recognizer components: the Hidden Markov Model (HMMs), the idea of spectral features, and some new
algorithms [4].

4.2

Markov Chains

A direct generalization of the scheme of independent trials (in probability theory) is scheme, called Markov
chains, which were studied systematically for the first time by the Russian mathematician A. A. Markov.
Imagine that we have a sequence of trials in each of which one and only one of k mutually exclusive events
(s)
(s)
(s)
A1 , A2 , ...,Ak occur, where subscript denotes the number of trial. We say this sequence of trials form a
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Markov chain, or more precisely, simple Markov chain, provided that the conditional probability that event
(s+1)
(i = 1, 2, ..., k) will occur in the s + 1st trial (s = 1, 2, ....), after a known event has occurred in the
Ai
sth trial. The later solely depends solely on the event that occurred on the sth trial, and it is not modified
by supplementary information about the events that occurred in earlier trials [3].
A different terminology is frequently employed in stating the theory of Markov chains, as per that, a physical
system S, which at each instant of time, can be in one of the states A1 , A2 , ..., Ak , and alters its states only
at times, t1 , t2 , ..., tn , .... For Markov chains, the probability of passing to some state Ai (i = 1, 2, ...., k) at
time τ (ts < τ < ts+1 ) depends only on the state the system was in at time t(ts−1 < t < ts ) and does not
change if we learn what its states were at earlier times. Let let us consider the following example.
Example 4.1 Imagine that a particle located on a straight line moves along the line via random impacts
occurring at times t1 , t2 , t3 , .... The particle can be at points with integral coordinates a, a + 1, a + 2, ..., b.
At points a and b, there are reflecting barriers. Each impact displaces the particle to the right with probability
p and to the left with probability q = 1 − p so long as the particle is not located at a barrier. If the particle
is at a barrier, any impact will transfer it one unit inside the gap between the barriers. We see that this
instance of a particle walk is a typical Markov chain.


Homogeneous Markov chains A Homogeneous Markov chains is one in which conditional probability of
(s)
(s+1)
in the (s + 1)th trial, provided that in the sth trial the event Ai occurred,
the occurrence of an event Ai
does not depend on the number of the trial. We call this probability as transition probability and denote it by
aij , where first subscript always denotes the result of the previous trial, and the second subscript indicates
the state into which the system passes in subsequent instant of time.
The total probabilistic picture of possible changes that occur during a transition from one trial to immediately
following one is given by a matrix,


a11
 a21
π=
 ...
ak1

a12
a22
...
ak2


... a1k
... a2k 

... ... 
... akk

(4.1)

which is compiled of transition probabilities, we will call this matrix as transition matrix, i.e., matrix of
transition probabilities.
Let us point out what conditions have to be satisfied by the elements of the transition matrix. First of all,
being probabilities, they must be nonnegative numbers, i.e., for all i and j,
0 ≤ aij ≤ 1.
(s)

Also, from the fact that in the transition from state Ai prior to the (s+1)st trial, the system must definitely
(s+1)
after the (s + 1) trial, there follows the equation,
pass to one and only one of the states Aj
k
X

aij = 1, (i = 1, 2, ..., k)

j=1

Thus, the sum of the elements of each row of the transition matrix is equal to unity.

(4.2)
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Example 4.2 The Figure 4.1 shows an example of Markov chain. A chain is a sequence; in this figure a
chain is, for example, “What is next end”, with probability of 0.25, for being it a line; for same being a
message the probability is 0.15, and has probability of 0.6 for being its sentence. Similarity, “Which person”,
“Which is next end”, “Who is next word”, “Who that person at end”, “Who that person”, are shown with
probability for being line, message, and sentence. They are all in between marked with probabilities p, which
is variable and will have different probabilities.
p
p
What

p

is

p

p

p
p

that

p

Line
0.15
Message

at
0.1

p
p

0.25
0.2

end

word

p

p

p

p

p

Which

Who

next

1

person
0.7

0.6
Sentence

Figure 4.1: Markov Chain.
In other words, we are modelling the sentences, messages, and lines, given a set of vocabulary, in the form of
probabilistic models. Hence, a Markov Model is a stochastic model which models temporal or sequential data,
i.e., data that are ordered. It provides a way to model dependencies of current information with previous
information. It is composed of states, transition schemes between states, and emission of outputs, which may
be discrete or continuous.

There are several goals, which can be accomplished by using Markov models:
• Learn statistics of sequential data
• Do production or estimation
• Recognize patterns.

4.3

Theory of discrete Markov Processes

Consider a system which may be described at any time as being in one of the N distinct states, S1 , ..., SN as
shown in Fig. 4.2, with N = 5. At regularly spaced discrete times, the system undergoes a change of states,
and may even come back to the same state. This change takes place with certain probabilities associated
with each state. Consider that there are time instates t = 1, 2, 3... associated with states. We denote actual
state at time t as qt . A full probabilistic description of this system, in general will require specification of
the current state at time t, as well as all the predecessor state [5].
For a special case of a discrete, first order Markov chain, this probabilistic description is truncated to just
the current and the predecessor state, i.e.,

P [qt = Sj |qt−1 = Si , qt−2 = Sk , ...]
= P [qt = Sj |qt−1 = Si].

(4.3)
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Figure 4.2: Markov Chain with 5-states, S1 ...S5
Further, we consider only those processes in which the right-hand side of (4.3) is independent of time, thus
leading to the set of state transition probabilities aij of the form,
aij = P [qt = Sj |qt−1 = Si ],

1 ≤ i, j ≤ N

(4.4)

With the state transition coefficients having the properties,
aij ≥ 0

N
X

aij = 1

(4.5)

(4.6)

j=1

because they obey the standard stochastic constraints.
The above stochastic process could be called as observable Markov model since the output of the process is
the set of states at each instant of time, where each state corresponds to a physical (observable) event.
Example 4.3 Weather modelling using Markov chain.
To set the ideas, consider a simple 3-state Markov model of the weather. We assume that once a day, (e.g.,
at noon), the weather is observed as being one of the following:
State 1: rain
State 2: cloudy
State 3: sunny
We postulate that the weather on day t is characterized by a single one of the three states above, and that
the matrix A of state transition probabilities is,
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0.4
A = {aij } = 0.2
0.1

0.3
0.6
0.1


0.3
0.2
0.8

(4.7)

Given that the weather on day 1 (t=1) is sunny (state), we can ask the question: What is the probability
(accordingly to this model) that the weather for next 7 days will be ”sun-sun-rain-rain-sun-cloudy-sun...”?
Stated formally, we define the observation sequence O as O = {S3 , S3 , S3 , S1 , S1 , S3 , S2 , S3 } corresponding
to t = 1, 2, ..., 8, and we wish to determine the probability of O, given the model. This probability can be
expressed (and evaluated) as,

P (O|M odel) =P [S3 , S3 , S3 , S1 , S1 , S3 , S2 , S3 |M odel]
=P [S3 ].P [S3 |S3 ].P [S3 |S3 ].P [S1 |S3 ].P [S1 |S1 ].P [S3 |S1 ].P [S2 |S3 ].P [S3 |S2 ]
=π3 .a33 .a33 .a31 .a11 .a13 .a32 .a23
=1.(0.8)(0.8)(0.1)(0.4)(0.3)(0.1)(0.2)
=1.536 × 104
where we use the notation,
πi = P [q1 = Si ],

1≤i≤N

(4.8)

to denote the initial state probabilities.
The other question we can ask is : Given that the model is in a known state, what is the probability that it
stays in that state for exactly d days? This can be evaluated as the probability of the observation sequence,
O = {Si(1) , Si(2) , Si(3) , .., Si(d) , Sj(d+1) 6= Si },

(4.9)

Given the model, above is stated as,
P (O|M odel, q1 = Si ) = (aii )d−1 (1 − ajj ) = pi (d)

(4.10)

The quantity pi (d) is the (discrete) probability density function of duration d in state i. This exponential
duration density is characteristic of the state duration in a Markov chain. Based on pi (d), we can readily
calculate the expected number of observations (duration) in a state, conditioned on starting in that state as,

di =
=

∞
X
d=1
∞
X

dpi (d)
d(aii )d−1 (1 − aii )

d=1

=

1
1 − aii

(4.11)

Thus the expected number of consecutive days of sunny weather, according to the model, is 1/(0.2) = 5; for
cloudy it is 2.5; for rain it is 1.67.
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Hidden Markov Model

So far we have considered Markov models in which each state corresponds to an observable (physical) event.
This model is too restrictive to be applicable to many problems of interest. In the following discussions, we
extend the concept of Markov models to include the case where the observation is probabilistic function of
the state – i.e., the resulting model, called, Hidden Markov Model (HMM) is a doubly embedded stochastic
process with an underlying process that is not observable (it is hidden), but can only be observed through
another set of stochastic processes that produce the sequence of observations.
A HMM is characterized by following:
1) N , the number of states in the model. Although the states are hidden, for many practical applications
there is often some physical significance attached to the states or to sets of states of the model. Generally,
the states are interconnected in such a way that any state can be reached from any other state. However, other possible interconnections of the states are often of interest. We denote the individual states as
S = {S1 , S2 , ..., SN }, and the state at time t as qt .
2) M , the number of distinct observation symbols per state, i.e., the discrete alphabet size. The observation
symbols correspond to the physical output of the system being modelled. For example, for a coin toss experiments the observation symbols are simply the head and tail. We denote that the individual symbols are
V = {V1 , V2 , ..., VM }.
3) The transition probability distribution A = {aij }, where,
aij = P [qt+1 = Sj |qt = Si ], 1 ≤ i, j ≤ N.

(4.12)

For the special case where any state can reach any other in a single step, we have aij ≥ 0 for all i, j. For
other types of HMMs, we would have aij = 0, for one or more (i, j) pairs.
4) The observation symbol probability distribution B = {bj (k)}, in state j, where
bj (k) = P [Vk at t|qt = Sj ], 1 ≤ j ≤ N, 1 ≤ k ≤ M.

(4.13)

5) The initial state distribution π = {πi } where,
πi = P [q1 = Si ], 1 ≤ i ≤ N.

4.4.1

(4.14)

Algorithm

Given the appropriate values of N, M, A, B, and π, the HMM can be used as a generator to give an observation
sequence,
O = O1 O2 ... OT

(4.15)

where Ot is one of the symbols in V , and T is number of observations in sequence. The steps are as follows:
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1. Choose initial state q1 = Si according to the initial state distribution π.
2. Set t = 1.
3. Choose Ot = Vk according to the symbol probability distribution in state Si , i.e., bi (k).
4. Transit to a new state qt+1 = Sj according to the state transition probability distribution for state Si ,
i.e., aij .
5. Set t = t + 1; return to step 3, if t < T ; otherwise terminate the procedure.
The above procedure can be used as both generator of observations, and as a model for how a given observation sequence was generated by an appropriate HMM.
Note from the above discussions that a complete specification of a HMM requires the specification of two
model parameters (N and M ), specification of observation symbols, and the specification of three probability
symbols A, B, and π. For convenience, we use the compact notation,
λ = (A, B, π)

(4.16)

to indicate the complete parameter set of the model.

4.4.2

Basic Problems for HMM

Given the form of HMM, there are three basic problems of interest that must be solved for the model to be
useful in real-world applications. Following are these problems.
Problem 1: Given the observation sequence O = O1 O2 ...OT , and model λ = (A, B, π), how to compute
efficiently P (O|λ), the probability of the observation sequence, given the model?
This problem is the evaluation problem, namely given a model and a sequence of observations, how do
we compute the probability that the observed sequence was produced by the model. We can also view
the problem as one of scoring how well a given model matches a given observation sequence. The latter
viewpoint is extremely useful. For example, if we consider the case in which we are trying to choose among
several competing models, the solution to problem allows us to choose the model which best matches the
observation.
The straightforward way of doing this is through enumerating every possible state sequence of length T (the
number of observations). Consider one such fixed state sequence,
Q = q1 q2 ...qT

(4.17)

where q1 is the initial state. The probability of observation sequence O for the state sequence (4.17) is,

P (O|Q, λ) =

T
Y

P (Ot |qt , λ)

t=1

In the above we have assumed the statistical independence of observation. Thus we get,

(4.18)
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P (O|Q, λ) = bq1 (O1 ).bq2 (O2 )...bqT (OT ).

(4.19)

The probability of such a state sequence Q can be written as,
P (Q|λ) = πq1 aq1 q2 aq2 q3 ...aqT −1 qT .

(4.20)

Problem 2: Given the observation sequence O = O1 O2 ...OT , and model λ = (A, B, π), how to choose a
corresponding state sequence Q = q1 q2 ...qT which is optimal in some meaningful sense (i.e., best “explains”
the observation)?
This problem is the one in which we attempt to uncover the hidden part of the model, i.e., to find the “correct” state sequence. It should be clear that for all but the case of degenerate models, there is no “correct”
state sequence to be found. Hence, for practical situations, we usually use an optimality criterion to solve
this problem as best possible. Unfortunately, there are several reasonable criteria that can be imposed, and
hence the choice of criterion is a strong function of the intended use for the uncovered state sequence. Typical
use might be to learn about the structure of the model, to find optimal state sequences for continuous speech
recognition, or to get average statistics of individual states, etc.
Viterbi Algorithm: To find the single best state sequence, Q = {q1 , q2 , ..., qT }, for the given observation
sequence O = {O1 O2 ...OT }, we need to define the quantity,
δt (i) = argmaxq1 ,q2 ,...,qt−1 P [q1 q2 ...qt = i, O1 O2 ...Ot |λ]

(4.21)

where δt (i) is the best score (highest probability) along a single path, at time t, which accounts for the first
t observations and ends in state Si [8], [2].
Problem 3: How do we adjust the model parameters λ = (A, B, π) to maximize P (O|λ)?
In the Problem 3, we attempt to optimize the model parameters so as to best describe how a given observation
sequence comes about. The observation sequence used to adjust the model parameters is called a training
sequence, since it is used to “train” the HMM. The training problem is crucial one for most applications of
HMMs, since it allows us to optimally adapt modern parameters to observed training data – i.e., to create
best models for real phenomena.
There is no standard method to analytically solve for the model which maximizes the probability of the
observation sequence. In fact, given any finite observation sequence as training data, there is no optimal way
of estimating the model parameters. We can however, choose the λ = (A, B, π) such that P (O|λ) is locally
maximized using an iterative procedure such as Baum-Welch method or EM (expectation-modification)
method [1], or using gradient techniques [6].

4.5

Speech recognition using HMM

Each node in the HMM models spectral characteristics of a quasi-stationary segment of speech. At every time
instance (frame of speech), the system either continuous to stay in a state or makes a transition to another
state in a probabilistic manner. The (ij)th element of the transition matrix aij , denotes the probability of
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transition from ith state to j th state. The expected duration of state i is 1/(1 − aii ) (see equation (4.11),
page no. 4-5). Hence, if probability of loop aii is zero, the expected duration is 1.
The HMM is doubly stochastic model, such that probability distribution P (x) associated with a state gives
the likelihood of a feature vector x belonging to that state [7].
The popularity of HMM is due to the existence of efficient algorithms for estimation of parameters of
the model, i.e., M, N, A, B, π (see page no. 4-6), from the training data, and due to efficient algorithm of
recognition.
The HMMs function as probabilistic finite state machines. The model consists of a set of states, and its
topology specifies the allowed transitions between them. At every time frame, an HMM makes a probabilistic
transition from one state to another and emits a feature vector with each transition [7].
p(y|1)
p1

p(y|2)
p2

1 − p1

p(y|3)
p3

1 − p2

1 − p3

Figure 4.3: Hidden Markov model for a phoneme.
Fig. 4.3 shows an HMM for a phoneme. A set of state transition probabilities–p1 , p2 , and p3 governs
the possible transitions between states. They specify the probability of going from one state at time t to
another state at time t + 1. The feature vectors emitted while making a particular transition, represent the
spectral characteristics of the speech at that point, which vary corresponding to different pronunciations of
the phoneme. A probability distribution or probability density function models this variation. The functions
P (y|1), P (y|2), and P (y|3) – could be different for different transitions. Typically, these distributions are
modelled as parametric distributions–a mixture of multidimensional Gaussian.
The HMM shown in Fig. 4.3 consists of three states. The phoneme’s pronunciation corresponds to starting
from the first state and making a sequence of transitions to eventually arrive at the third state. The duration
of the phoneme equals the number of time frames required to complete the transition sequence. The three
transition probabilities implicitly specify a probability distribution that governs this duration. If any of these
transitions exhibits high self-loop probabilities, the model spends more time in the same state, consequently
taking longer to go from the first to the third state. The probability density functions associated with the
three transitions govern the sequence of output feature vectors.

A fundamental operation is the computation of the likelihood that an HMM produces a given sequence
of acoustic feature vectors. For example, assume that the system extracted T feature vectors from speech
corresponding to the pronunciation of a single phoneme, and that the system seeks to infer which phoneme
from a set of 50 was spoken. The procedure for inferring the phoneme assumes that the ith phoneme was
spoken and finds the likelihood that the HMM for this phoneme produced the observed feature vectors. The
system then hypothesizes that the spoken phoneme model is the one with the highest likelihood of matching
the observed sequence of feature vectors.
If we know the sequence of HMM states, we can easily compute the probability of a sequence of feature
vectors. In this case, the system computes the likelihood of the t-th feature vector, yt , using the probability
density function for the HMM state at time t. The likelihood of the complete set of T feature vectors is the
product of all these individual likelihoods. However, because we generally do not know the actual sequence
of transitions, the likelihood computation process sums all possible state sequences. Given that all HMM
dependencies are local, we can derive efficient formulas for performing these calculations recursively.
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Noisy channel model for speech recognition

The speech recognition system treats the acoustic input as noisy channel, i.e, the sentence available is a noisy
version of original sentence. In order to “decode” this noisy sentence, we consider all possible sentences and
then find out the probability that it is the original sentence. For this, choose the one having maximum
probability of likelihood. This approach is shown in Fig. 4.4.
sourcel
sentence

noisy
channel

noisy
sentence

"Where is Ram."

decoder

Guess of
original sentence

Where has ran.
Were his Ram.
Where is Ram.
Where hes ran

"Where is Ram."

Figure 4.4: Noisy channel model.
The modern speech recognition works by searching huge space of potential “source” sentence, and choosing
the one which having the highest probability of generating the noisy sentence. This requires the solution of
two problems:
1. Complete metric for best match of noisy and original sentence. This is because these two sentences
can never match exactly. Hence, we make use of probabilistic method discussed above.
2. English has large number of sentences, hence use some search technique, which does not require to
search the entire space, but still can locate the current correct sentence.
We can treat the acoustic input (observation) O as a sequence of individual symbols (e.g. slices of inputs
(o1 , o2 , o3 , . . . ), say one symbol for every 10 milli-secs., and represent each slice by frequency or energy of
that slice. Let us assume,
O = o1 , o2 , . . . oT .

(4.22)

Let the corresponding sentence, which might have caused this sentence, is a string of words:
W = w1 , w2 , . . . , wn

(4.23)

The probabilistic implementation of the above mentioned intuition, i.e., the probability of occurrence of this
sentence, given that acoustic observation O is evidenced, is
Ŵ = argmaxw∈L P (W |O)

(4.24)

where, L is English Language.
Note that, argmaxx f (x) means, “the x such that f (x) is maximum.” The equation 4.24 is guaranteed to
give optimal sentence W . For a given sentence W and acoustic sequence O we need to compute P (W |O).
The equation (4.24) can be expressed as:
Ŵ = argmaxw∈L

P (O|W ) ∗ P (W )
.
P (O)

(4.25)
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The prior probability P (W ) is estimated by n-gram language model. We can ignore the probability P (O),
because it is a common denominator for all the sentences. Hence, what we need to compute, reduces to
simply:
Ŵ = argmaxw∈L P (O|W ) ∗ P (W )

(4.26)

where, W is most probable sentence, P (W ) is prior probability (it is called the language model), and P (O|W )
is observation likelihood.
We will compute the acoustic model P (O|W ) in two steps: first we make assumption that input sequence
is a sequence of phones in F rather than sequence of acoustic observations. We will show that probability
of these phone automata are special case of HMM, and we will show how to extend these models to give
probability of a phone sequence given the entire sentence.
There are two algorithms, that simultaneously compute the likelihood of an observation sequence given each
sentence, and give us the most likely sentence. These are Viterbi [8] and A* algorithms. Finally, we will
introduce the HMM approach. These steps are shown in Fig. 4.5.

Speech wave form

Feature extraction

Spectral vectors
Phone likelihood
(Gausian)
Phone likelihood
(P(o|q)

ay 0.70 ay 0.80 ay 0.80 n 0.50
aa 0.2 aa 0.12 aa 0.12 en 0.20
ax 0.03 eh 0.03 eh 0.03 em 0.11
ax 0.04 ax 0.04 ax 0.04 m 0.12
b

b

b

Decoding
Words

I

need

a
b

b

b

Figure 4.5: Schematic structure of a Speech Recognizer.

4.7

Weighted Automata vs HMM

The weighted automata is also called Markov chains. Here, the automata consists of a sequence of states q =
(q0 q1 . . . qn ), each corresponding to a phone, and set of transition probabilities between states, a01 , a12 , a13 ,
encodes the probability of one phone following to other (see Fig. 4.6). To compute the transition probability
of a sequence of phones O = (o1 o2 . . . ot ), we make use of forward algorithm. The Fig. 4.6 shows the Markov
chain for the word “need”. The figure shows the transition probabilities and a sample observation sequence.
The probabilities are 1 unless otherwise specified.
The Fig. 4.6 shows the speech input as sequence of symbols. However, in real world, the speech is sliced,
ambiguous, real valued input, called features or spectral features. The second simplification in the Markov
chain model above is that, when we see the input symbols [b], we move into the state [b]. In HMM, we cannot
look at the input symbols and know which state to move into. In fact, the input symbols do not uniquely
determine the next state. For the weighted Automata or Markov chains (called simple Markov model), we
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use a set of observation likelihood B. The probability bi (ot ) is 1 if state i is matched to the observation (i.e.,
phone) ot and 0 if they did not match.
a24 = 0.11
Word model

start0

Observation sequence
(phone symbols)

a01

a12

n1

...

a23 = 0.89

iy2

n

end4

....

d

iy

o3

o2

o1

a34

d3

Figure 4.6: Weighted Automata or Markov chain.
An HMM formally differs from a Markov model by adding two more requirements. First, it has a separate
set of observable symbols O, which is not drawn from the same alphabet as the state set Q, second, the
observation likelihood function B is not limited to the values 1 and 0 (Fig. 4.6 shows n1 and iy2 both as 1).
In an HMM the probability bi (ot ) can take any value from 0 to 1.
The Fig. 4.7 shows the HMM for the word need and sample observation sequence. The observation sequences
are now vectors of spectral features representing the speech signals. Also, we have allowed one state to
generate the multiple copies of the same observation, by having a loop on that state. This loop allows HMM
to model the variable duration of phones; longer phones requires more loops through the HMM.
a22

a11

Word model

start0

a01

a12

n1

b1 (o1 )

iy2

b1 (o2 )
b2 (o3 )

a23

a24 = 0.11
a33
= 0.89
d3

b2 (o5 )

a34

end4

b3 (o6 )

Observation sequence ...
(Spectral features
vectors)
o1 o2

o3 o4 o5

o6

Figure 4.7: An HMM Pronunciation Network for the word need.
In summary, we have following parameters for the HMM:
• States: Q = q1 q2 . . . qN , each representing one or more phones,
• Transition probabilities: A = a01 a02 . . . an1 . . . ann . Each aij represents the probability of transitioning
from state i to state j. It is a matrix [aij ] (see equation (4.7), page no. 4-5).
• Observation likelihood: It is a set of observation likelihood B = bi (ot ), each expressing the probability
of an observation ot being generated from state i (see equation (4.13), page no. 4-6).

Review Questions
1. What is Markov Chain?
2. What is difference between Markov chain and Finite automaton?
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3. Does a Markov chain has final state?
4. What is difference between probabilistic FA and Markov chain?
5. What is homogeneous Markov chain?
6. How the probability matrix in Markov chain is different from probability matrix of graph like Bayesian
probability distribution?
7. What is discrete Markov Process?
8. Why a Markov chain is not sufficient for probability model, and there is need of Hidden Markov Model?
9. In the above, explain the parameters A, B, M, N, π, discussed above.

Exercises
1. What is noisy channel model for speech recognition? Discuss its characteristics.
2. How a weighted FA is useful for speech recognition? Explain its working for speech recognition.
3. What is Markov chains? Explain its working in general, and as a speech recognizer.
4. Why a Markov chain is not sufficient for general speech recognition? Discuss its limitations.
5. Why Markov chains is considered as superior model for speech recognition, in comparison to simple
Markov model? Justify.
6. Explain the working of Fig. 4.7 in detail.
7. Explain the working of Fig. 4.3 in detail.
8. Explain the Viterbi algorithm in your own word.
9. Explain the working of noisy channel for speech recognition.
10. What are the major differences between weighted automata and HMM?
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