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1.4 Speech Recognition and Hidden Markov Modeling
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1.4.1 Hidden Markov Modeling of Speech
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1.5 MCE Classifier Design Using Discriminant Functions

1.5.1 MCE Classifier Design Strategy
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1.5.2 Optimization Methods
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Property 1 Suppose the following conditions are satisfied:
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1.5.3 Other Optimization Methods
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1.5.4 HMM as a Discriminant Function
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1.5.5 Relation between MCE and MMI
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FIGURE 1.1
A plot of the value of the derivative of the sigmoid function.
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1.5.6 Discussions and Comments
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1.6 Embedded String Model Based MCE Training
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FIGURE 1.2
A structure diagram of a context dependent head-body-tail digit model in
speech recognition.

1.6.1 String Model Based MCE Approach
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FIGURE 1.3
A diagram of the embedded string model based MCE training process.
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1.6.2 Combined String Model Based MCE Approach
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1.6.2.2 Discriminative Language Model Estimation
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1.6.3 Discriminative Feature Extraction
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1.7 Verification and Identification
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FIGURE 1.4
Block diagram of a speaker verification system

1.7.1 Speaker Verification and Identification
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FIGURE 2.1
An example lattice. The time marks correspond to the node times and the
word ending times. The numbers on the edges are logarithms of conditional
joint probabilities as described in the text. The partial path log-probability of
a partial hypothesis is the log of the probability of its path; the partial path
�� � (‘HELLO’,‘0.6’) in this lattice has value ����. The lattice backward
log-probability of a partial hypothesis �� is the log of the sum of probabili-
ties of all lattice paths from end node of �� to the lattice end node; for the
partial path �� � (‘HELLO’,‘0.6’) in this lattice these paths are indicated by
dotted lines and the lattice backward log-probability of this �� is �����. The
lattice total probability of a partial path is the exponentiated sum of its partial
path log-probability and lattice backward log-probability; its value is ����� for
�� � (‘HELLO’, ‘0.6’) in the lattice above.
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2.2.3.3 Single Stack Search Under Levenshtein Loss Function
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FIGURE 2.2
An example word transition network.
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FIGURE 2.3
Joining two correspondence sets.
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2.4 Experimental Results
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FIGURE 2.4
Top panel shows the ratio of total number of e-ROVER correspondence sets to
that of ROVER correspondence sets, as a function of the pinching threshold.
Bottom panel shows the WER performance of e-ROVER for these thresholds.
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FIGURE 3.1
Communication Theoretic View of ASR: Noisy Channel for Speech Generation
and Signal Capturing (adapted from [68]).
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3.3.1 Plug-in Bayes’ Decision Rules with Maximum-likelihood Density
Estimate

3.3.1.1 What are Plug-in Bayes’ Decision Rules?

plug-in
decision rules � �� �� �� ������ ��

�� �� �� ����� �� � plug-in
decision rule � � ������

� �� �� �� ������ ��
�� �� �� ����� ��

������ � �	
 ��

�������

�
����

��������� �� �� ����

�� �� ��� �
������ � �� �� ��
�

������ � �� �� �
	

����� ��� � ��

�� � �	
���
�

�� �� ��� � �	
���
�

������ � � �� �� �

plug-in MAP decision rule
������

plug-in risk �
������

�
������ �
�

����

�� �� �

�
����

��������������� ����

density plug-in estimator � �� �� ��
������ ��

������ � �	
 ��

������

�
������ 	

�
� �������



3.3.1.2 Why Could Plug-in Bayes’ Decision Rules Work?
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3.3.1.3 Implications on Parametric Models and Parameter Estimation
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3.3.2 Maximum-Discriminant Decision Rules Minimizing the Empiri-
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3.3.3 Discussion
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3.4 Violations of Modeling Assumptions in ASR

3.4.1 Types of Distortions
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3.4.2 Towards Adaptive and Robust ASR



3.5 Improving Adaptive Decision Rules via Decision Parameter
Adaptation

3.5.1 Decision Parameter Adaptation for Stationary Operating Condi-
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3.5.1.1 Adaptation for Plug-in Decision Rules

Remark 1:
regularization

imposing constraints

maximum penalized likelihood

Remark 2:

3.5.1.2 Adaptation for Maximum-Discriminant Decision Rules

w.r.t.



empirical
minimum

expected classification error

���� �
�
����

�
����

������������������ �

����������
� ����

������ stochastic
approximation

���� �
��� ������ � � �� �� � � � � ������

���� � �� � �������
�� ������ 	

�����
�� ������ ��

����������

�

3.5.2 Decision Parameter Adaptation for Slowly Changing Operating
Conditions

�� �

�
���

�
�

��



forgetting mechanisms

3.5.3 Decision Parameter Adaptation for Switching Operating Condi-
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3.5.4 Discussion
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3.6.3 Bayesian Predictive Classification Rule
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FIGURE 4.1
Architecture of shift-tolerant LVQ classifier [20].

4.3.2.3 LVQ/HMM Hybrid Classifier



FIGURE 4.2
Block diagram of LVQ/HMM hybrid classifier.
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FIGURE 4.3
Block diagram of HMM/LVQ hybrid classifier.
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FIGURE 4.4
Architecture of time-delay neural network [27].

4.3.3.2 Time-delay Neural Network



c c c

c c c

FIGURE 4.5
Schematic description of distance classifier as a single intermediate layer net-
work (2-dimensional input, 3 references/class, 3 classes).

4.3.3.3 Multi-state Time-delay Neural Network



4.3.4 Cross Entropy Minimization

4.3.4.1 Training Using the Cross Entropy Loss

�
�

�
� � �

�

� � �

��

���

��

���

�� ��������� �	�

� �
��

���

��
��������� �	��

��� ������ �	

� �

��
���

�
��
�
��������� �	

�
� ��

�
��
���

������ �	

��
�

�� ����� ��������� �	 	�
	
����� ��������� �	

��������� �	��
��

��� ������ �	�



��������� �� � � ��
�
��������� ��

�
� ��

�
��
���

������ ��

�
�

�

� �

��
���

��������� ���

4.3.4.2 Unidirectional Network Classifier
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4.3.4.3 Bidirectional Network Classifier



                                                 
            

W

V

ut
yt

st s(t+1)

Time delay
ut : Input vector

st : State vector

yt : Output vector

FIGURE 4.6
Architecture of unidirectional network [23].

4.4 Fusion of Multiple Classification Decisions

4.4.1 Principles



FIGURE 4.7
Architecture of bi-directional network [25].



FIGURE 4.8
Typical classifier design schemes of averaging-based decision fusion.



4.4.2 Examples of Embodiment

4.4.2.1 Multi-codebook Classifier Designed with GPD



FIGURE 4.9
Relation between recognition accuracy and the number of prototypes per class
and codebook [3].

4.4.2.2 Multi-class Classification Based on Support Vector Machine



4.4.2.3 Decision Fusion Using Different Classifiers



FIGURE 4.10
Typical block diagrams of the MSTDNN-based audio-visual speech recognition
[7].

4.4.2.4 Decision Fusion Using Multi-modal Classifiers



FIGURE 4.11
Block diagram of the twofold-HMM-based audio-visual speech recognition [21].



4.5 Concluding Remarks
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4.6 Appendix: Maximizing Mutual Information
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5.2 Overview
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FIGURE 5.1
LVCSR speech generation model: The word sequence � produced by the lan-
guage model is successively transformed by the pronunciation model (� �� �� �)
and the acoustic model (��� ���� �), resulting in the speech signal � .

5.3 Language Modeling

n

n
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FIGURE 5.2
System diagram of a generic speech recognizer based on statistical models, in-
cluding training and decoding processes and the main knowledge sources.
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5.3.1 Text Preparation
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FIGURE 5.3
Some example transformation rules applied during text normalization with as-
sociated probabilities.
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5.3.4 LM Adaptation
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5.4 Pronunciation Modeling
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FIGURE 5.4
Set of 45 phone symbols for English with illustrative words, with the portion
corresponding to the phone sound underlined.

excuse,
record, moderate anti-, bi-, multi-, -ization
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FIGURE 5.5
Some example lexical entries and their pronunciations along with estimate
probabilities. For the compound words, the original concatenated pronunci-
ation is given in the 1st line and the reduced forms are given in the 2nd line.

interest conference
company

don’t know
did you going to

gonna, dunno



5.5 Acoustic Modeling

5.5.1 Acoustic Front-end
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FIGURE 5.6
A simple 3-state left-to-right HMM topology commonly used for allophone mod-
eling in LVCSR. The model generates at least 3 speech frames per allophone, re-
sulting in a minimal phone segment duration of 30ms for frame rate of 100Hz.

5.5.2 Modeling Allophones
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s(*,�s) �(s,st) s(s�,t�) t(�s,�) �(st,*)

FIGURE 5.7
Examples of allophonic transcriptions in terms of intra-word triphones and
quinphones. Each contextual unit is defined by the central phone followed by its
phone context shown in parentheses (left-context, right-context). * is a wildcard
signifying any context.
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Position:
General classes:

Vowel classes:

Consonant classes:
Individual phones:

FIGURE 5.8
Example questions used for decision tree clustering.

senones genones PELs tied-
states

5.5.3 HMM Parameter Estimation
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Question Log likelihood gain Question Log likelihood gain

FIGURE 5.9
The most frequently used decision tree questions for an American English
broadcast news transcription system [40]. The [+1] and [-1] indicate that the
question has been applied to the right or left context respectively, and [0] to the
phone itself.
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5.5.4 HMM Adaptation
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5.6 Decoding
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5.6.1 Speech/Non-speech Detection



5.6.2 Decoding Strategies
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FIGURE 5.10
Example word lattice generated by a speech recognizer using a bigram language
model for a 2.1s utterance. Each graph edge corresponds to a word hypothesis
and a time interval (as specified by the time information on the nodes). In this
example the word transcription with the highest likelihood is “sil IT WAS A
GOOD PROGRAM sil” which happens to be what was said. (The acoustic and
language model likelihoods are not given on the figure.)

5.6.3 Efficiency
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5.6.4 Confidence Measures
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5.7 Indicative Performance Levels



substitutions
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5.7.1 Dictation
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5.7.2 Speech Recognition for Dialog Systems
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5.7.3 Transcription for Audio Indexation
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5.8 Portability and Language Dependencies
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FIGURE 6.1
Progress of spoken language technology along the dimensions of vocabulary size
and speaking styles.



6.2 Four Categories of Speech Recognition Tasks



TABLE 6.1



6.3 Spontaneous Speech Recognition and Understanding - Re-
view

6.3.1 Category I (human-to-human dialogue)



6.3.2 Category II (human-to-human monologue)
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FIGURE 6.2
The SCANMail architecture [12].



6.3.3 Category III (human-to-machine dialogue)



FIGURE 6.3
AT&T Communicator architecture [15].



6.4 Japanese National Project on Spontaneous Speech Corpus
and Processing Technology

6.4.1 Project Overview
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FIGURE 6.4
Overview of the Japanese national project on spontaneous speech corpus and
processing technology.

6.4.2 Corpus



FIGURE 6.5
Overall design of the Corpus of Spontaneous Japanese.

6.5 Automatic Transcription of Spontaneous Presentation
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6.5.2 Language and Acoustic Modeling
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FIGURE 6.6
Test-set perplexity and OOV rate for the two language models.
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FIGURE 6.7
Word accuracy for each combination of models.
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6.5.4 Analysis on Individual Differences



FIGURE 6.8
Results of unsupervised adaptation.
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FIGURE 6.9
Speaking rate vs. word accuracy.
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6.5.4.4 Selection of Major Attributes
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FIGURE 6.10
Summary of correlation between various attributes.
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6.5.5 Discussion





6.6 Automatic Speech Summarization and Evaluation
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FIGURE 6.11
An example of dependency structure.

6.6.1.2 Linguistic Score
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FIGURE 6.12
A phrase structure tree based on a dependency structure.
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6.6.2 Summarization of Multiple Utterances
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6.6.3 Evaluation

6.6.3.1 Word Network of Manual Summarization Results for Evaluation



6.6.3.2 Evaluation Data

6.6.3.3 Training Data for Summarization Models
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FIGURE 6.13
Each utterance summarizations at 70% summarization ratio.
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FIGURE 6.14
Article summarizations at 30% summarization ratio.

6.6.4 Discussion



6.7 Spontaneous Speech Recognition and Understanding Research
Issues

6.7.1 Language Models and Corpora
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FIGURE 6.15
A communication-theoretic view of speech generation and recognition.
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6.7.3 Statistical Approaches and Speech Science

-

6.7.4 Research on the Human Brain



6.7.5 Dynamic Spectral Features



FIGURE 6.16
Speech-generation and speech-perception processes.
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FIGURE 7.1
Speaker authentication approaches.
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FIGURE 7.2
A speaker verification system.
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7.1.2 Verbal Information Verification



FIGURE 7.3
An example of verbal information verification by asking sequential questions.
(Similar sequential tests can also be applied in speaker verification and other
biometric or multi-modality verification.)
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7.2.3 Stochastic Models for Non-Stationary Process



FIGURE 7.4
Left-to-right hidden Markov model.
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FIGURE 7.5
A fixed-phrase speaker verification system.
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TABLE 7.1
Experimental Results in Average Equal-Error Rates

7.4 Verbal Information Verification



FIGURE 7.6
Utterance verification in verbal information verification (VIV).
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7.4.4 Sequential Utterance Verification
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TABLE 7.2
Summary of the Experimental Results on Verbal Information Verification



FIGURE 7.7
An integrated voice authentication system combining verbal information verifi-
cation and speaker verification.

7.5 Speaker Authentication by Combining SV and VIV





TABLE 7.3
Experimental Results without Adaptation in Average Equal-Error Rates

TABLE 7.4
Experimental Results with Adaptation in Average Equal-Error Rates



7.6 Summary
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FIGURE 9.1
Improved Topic Separability in LSA Space.
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FIGURE 9.2
Word Cluster Example (After [2]).
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FIGURE 9.3
Document Cluster Example.
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FIGURE 9.4
An Example of Semantic Inference for Command and Control (� � �).
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“The fundamental problem of communication is that of reproducing at
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point. Frequently the messages have meaning, � � � These semantic as-
pects of communication are irrelevant to the engineering problem.”
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clarify

“Do you want to make a collect call?”
“Charge this call please”

“How do you want to charge this call, to a credit card or to a third num-
ber?”

“What is your home phone
number?”



Construct Algebra

dialog motivators

inheritance hierarchy

‘is a’
‘has a’

10.2 Call-Classification

‘press one if you want x, press two if you want y’



‘please say collect, calling card’ ‘press or
say one if you want x’

‘How may I help you?’

“I want to reverse the charges on this call.”
“Can you tell me what time it is in Tokyo?”
“I was trying to call my sister and dialed a wrong number.”
“I’ve been trying to dial this number all day and can’t get through.”

“How much money do I owe you?”
“I don’t recognize this phone call to Tallahassee on October 4.”
“What’s this charge for one dollar and fifty cents?”
“I have a question about my bill.”



FIGURE 10.1
Call classification and routing in HMIHY.

‘How may I help you?’

‘How may I help you?’



FIGURE 10.2
Inheritance hierarchy of task knowledge in operator services.

perplexity

� � � ���

� �

Evaluating Call Classification.



FIGURE 10.3
Histogram of utterance lengths.

false rejection

correct classification
true rejection rate

Remark:



“I want to know how
to pay my bill”

10.3 Language Modeling for Recognition and Understanding
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�� � �� ������ � � � �����

‘I want to make a’
‘collect call’ ‘card call’

� � � �

‘wrong’
‘wrong number’

‘dialed a wrong number’

‘dialed a wrong number’ ‘dialed the wrong number’



FIGURE 10.4
A salient grammar fragment.

salient grammar fragments

� User

� ��� yeah I’m not AT&T WIRELESS PHONE and when I got and she told
me that I would be switched to 7 CENTS A MINUTES FOR ALL my AT&T
long distance on that I was on 10 10 cents ONE RATE PLAN

� SLU



FIGURE 10.5
Natural spoken dialog in HMIHY.

10.4 Dialog
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10.5 Conclusions

www.research.att.com/�algor/hmihy
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FIGURE 11.1
Architecture of the translation approach based on Bayes decision rule.
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FIGURE 11.2
Example of an alignment for a German-English sentence pair.
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� � � � ��

�� � �� � � ��

� �
�

�� ������� �����
�� �

�
� ��

�
�

�����
�
���
�
� �
�

��
�

�����
�
	 ��

�
���
�
�

‘hidden’
not

sequence ��	 �� � � � �

� � �
� � �

���� �
�
	 ��

�
���
�
�

�����
�
	 ��

�
���
�
� �

� ���
 ���
�
� � �����

�
	 ��

�
���
�
	 
�

� ���
 ���
�
� �

��
���

�
����� 	 �� ��

���
�

	 �
���
�

	 ��
�
	 
�
�

� ���
 ���
�
� �

��
���

�
����� ��

���
�

	 �
���
�

	 ��
�
	 
� � ����� ��

���
�

	 �
�
�
	 ��
�
	 
�
�

���
 ���
�
� ����� ��

���
�

	 �
���
�

	 ��
�
	 
�

����� ��
���
�

	 �
�
�
	 ��
�
	 
�

����� ��
���
�

	 �
���
�

	 ��
�
	 
�

� baseline HMM

� �

���� � ���
����

����� ��
���
�

	 �
���
�

	 ��
�
	 
� �� ���� �����	 �	 
�



�

�

����� ���
�� � � �� ���

����� ��
���
�

	 �
�
�
	 ��

�
	 �� �� 
��� ���� �

���� ���
� � �

�

���� ���
�
� �� 
�� ���

� homogeneous HMM


��� �����	 �	 �� ��� �
����� � � �� �� � ����

����� ��
���

�
	 �

���

�
	 ��

�
	 �� � 
��� �����	 �	 ��

��
���� � �����
��

���

���� �����

����

�� � �� �� � �����

� context dependent HMM

����� ��
���
�

	 �
���
�

	 ��
�
	 �� �� 
��� �����	 �	 � � �����

���� �
 � ��



����� ��
���
�

� �
�
�
� ��

�
� �� �� ���� ���� � ����� ������

� ��� �����

11.3.3 Models IBM 1–5

before

� models IBM-1 and IBM-2: zero-oder dependence.
first-order zero-order

absolute
	

����� ��
���
�

� �
���
�

� ��
�
� �� �� ���� �	� 
� ��

�����
�

���
�
� � ��� �
� �

�

��
�

��

���

����� �	� 
� �� � ���� ���� ��

� ���

� ��� �
� �

��

���

��

���

�����	� 
� �� � ���� �����

����	� 
� ��
���� ����

����	� 
� �� �
�




��
�

� �
�

�� � � 	 ��
�

��



� model IBM-3: fertility concept.

�

�

������

��
�

�� ��
� �� �� � �

�� ��
�
�

Æ��� � ��

�� �� � �

� models IBM-4 and IBM-5: inverted alignments with first-order depen-
dence.

�	���
�
� ��

�
���
�
�

�� � �� � � �� 


� �
��

� ��

��
�

��
�

� � �� 


� �

� �

� � � � 
�


�
�
�� 
�� 


� 
�� 


� 
�

�
�

��
���� ��� � ����

�

�� � � 
� ����



� � �

�

� ��� absolute
relative

�� � �� � ���� �

�

��� ����
��� ���

�������

�
�
�������� ������� �������

�

����
�

� � ��

�
�
����

���

�
� ������

�

� ���

�

	 �����

�
�

���� ��
����

��� ���

word context

11.3.4 Training



exact all
maximum approximation

11.3.5 Search

� �
�

� � �
�

� inverted
target source

� several
�

� � �� �� � ��� ���� �� ���� 	�



SENTENCE IN
SOURCE LANGUAGE

TRANSFORMATION

SENTENCE GENERATED
IN TARGET LANGUAGE

SENTENCE

KNOWLEDGE SOURCES
SEARCH: INTERACTION OF 

                            KNOWLEDGE SOURCES

WORD + POSITION

ALIGNMENT

LANGUAGE
MODEL

BILINGUAL
LEXICON

ALIGNMENT
MODEL

WORD RE-ORDERING

SYNTACTIC AND
SEMANTIC ANALYSIS

LEXICAL CHOICE

HYPOTHESES

HYPOTHESES

HYPOTHESES

TRANSFORMATION

FIGURE 11.3
Illustration of search in statistical translation.
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FIGURE 11.4
Illustration of bottom-to-top search.
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FIGURE 11.5
Example of alignment templates for a German-English sentence pair.
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FIGURE 11.6
Integrated architecture of speech translation approach based on Bayes decision
rule.
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