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Arti cial Intelligence: Natural Language

written
script recognition
fonts for display
spoken

Automatic Speech RecognitiomASR)
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What is ASR?

Conccpt: a sequence of symbols
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Fig. 1.1 Message Encoding/Decoding

source: HTK book
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Applications of ASR
Dictation machine
Command and Control
Speech interface to computer
Electronic gadgets: phone, TV, VCR etc.
Eyes and hands busy situations: Car driver, Pilot in a cotkpi
Aids to handicapped: voice operated wheel chair
Keyword spotting
spoken-document-summarization
Information retrieval: bank, travel, Telco
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ipizza : multi-modal interface

"Id like to order a pizza with mushrooms and ham"
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imod : movie on demand

"Action movies with Bruce Willis"
Demo'd on September 15, 2008
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Speak4it - multimodal local business search
Show me the nearest Bank of America o ces

N N

speak4it
weims L S

Fush to talk
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Types of ASR

Types of speech
Isolated Word Recognitionl(VR)
Connected Word RecognitionrCWR)
Continuous Speech Recognitio€ER
Spontaneous speech
KeyWord Spotting KWS)
Speaker dependence
speaker dependent/adaptive/independent
multi-speaker
Vocabulary
Small < 100 words), Medium (hundreds), Large (thousands)
Very large (tens of thousands), Out of vocabalaf@QV)
Bandwidth
Wideband/desktop
Narrowband
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Speech Recognition is Sequential Pattern Recognition

Goal recognise the sequence of words from time waveform of
speech.

Model
Generation

Input Signal
—_— = i
Processing

Pattern Output
Matching

Two phases in the development of an ASR system
(1) Training (learning)
(2) Testing (recognition)
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Short-time signal processing

Speech WavefornTiruva[na]nth[a]puram
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Production of voiced sounds

W W

AN A WA W

vowel
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Source-Filter model of speech production

Source Filter Output

glottal vibration vocal tract speech wave

Uniform tube model

= c= =340004 17 =500Hz

Resonances are calléebrmants.
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Illustration in spectral domain
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source: http://www.haskins.yale.edu/haskins/HEADS/MM  SP/acoustic.html
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Instantaneous power spectrum of an vowel /a/

EREEII Y
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FFT points: 512 —~|Window: Hamming —';
Analysis: FFT ~|0rder:|_'!T
Reference: -110.0 dB Range:(110.0 dBfs
Lock Print... | Export... |

!Frequency: 0 Hz, amplitude: -6.2 dB Close
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Smoothed spectrum of an vowel /a/
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Time waveform Power spectra

power
AVAVAVAVAVAVAVAVAVAV.
I
|
time frequency
— FFT ——= log ——= IFFT ——=

Waveform  Power spectrum  Log spectru@epstrum
cep(q) = IFFTflog(jS(k)j  2)g q=0;1::N -1
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Cepstrally smoothed spectrum

Captures not only resonances but also anti-resonances.

Di erent vowels (speech sounds)
== > di erent dimensions of resonance chamber
== > di erent formant frequencies

Samudravijaya K CEBS colloquium: 15-SEP-09 Making Computers Listen to You



Hint from Biology

Mammalian Cochlea

Basilar Membrane
{changes
impedance)

Secala Vestibuli
{Perilymph)

Stria Vascularis

a |l.1l1g Scrll:ll I;\-ﬂedlin
spiral) (Enclolymph)
Organ of Corti
Basilar
Apex Seala Tympani
{Low Frequency (Parilymph)
20 Hz)
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x[n] XKl Ul log(IF[11) Cep(a)
—=| FFT E'\-"e' | Log | IFFT —
Waveform Power spectrum Mel filter output log of Mel MFCC

filter output

Non-linearities along amplitude and frequency
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Short-time signal processing (instantaneous spectrum)

Speech WavefornTiruva[na]nth[a]puram

= labeller: tiruva.wav - tiruva.lah

Hle Edit Audio Tools Options Window
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Spectrogram

Hle Edit Audio Tools Options Window Help
FEH&E 2R & FHES[H &
13042

[Pray mark

Formants: frequencies of resonances: F1, F2, F3, ...
Slope and curvature of trajectory

Samudravijaya K CEBS colloquium: 15-SEP-09 Making Computers Listen to You



Static Pattern Recognition

Model
Generation

Input Signal
— = i
Processing

Pattern Output
Matching

Signal Processiny) Sequence of feature vectorsxy; xo;::: Xt
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Static Pattern Recognition

Input Signal
— = i
Processing

Model
Generation

Pattern
Matching

Output

Signal Processiny) Sequence of feature vectorsxy; xo;::: Xt

Pattern Recognition

Illustration: Vowel recognition with the rst 2 Formant frequencies

as features
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Formant space of vowels
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Classi cation criterion
Euclidean Distance

x2G if(x 2 (x )7 8

Weighted Euclidean distance
d= X2
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Classi cation criterion
Euclidean Distance

x2G if(x 2 (x )7 8

Weighted Euclidean distance

d= X & ?
Extension to multiple features
a=", n 7
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Two class problem
Normal Distribution N( ; )

(

(x) = 1ex 1
p —pﬁp >

X

Maximum Likelihood classi cation criterion:
X2 C ifp(XjN( «k; «)) P(XIN( 5 j)) 8
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Classi cation of Temporal patterns

IsolatedWord Recognition:
Example: name dialling

Reasons foN 6 M
I End-point detection errors
| speaking rate variations
I Within word variations
Linear vs Non-linear Time-warping
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From: Fundamentals of Speech Recoanition. L.Rabiner and Bd.Juang
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From: Holmes book
Bigger the dark blob, greater the similarity (lesser dista).

\eight" versus \eight": A path along diagonal exists

Samudravijaya K CEBS colloquium: 15-SEP-09 Making Computers Listen to You



\eight" versus \three": A path along diagonatioes notexist.

Naive, exhaustive search method is computationally expens
(Dynamic Time Warping): a simpler, recursive method.
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Why speech recognition is di cult?

Sources of variabilities

I Speaker speci ¢ physiological, emotional, cultural

I Continuous signalno well de ned boundaries between
linguistic units

I Ambience noise, Lombard e ect, room acoustics

I Channel additive/convolutional noise, compression

I Transducer omni/uni-directional, carbon/electret mic

I Phonetic context
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Spectra of the vowel i in word \pin" spoken by male and fermapeakers
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No well de ned boundaries between linguistic units
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Diversity of transduction characteristics of microphones
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Spectrogram otthiruvananthapuram
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Formant trajectories (piecewise stationary)
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hidden Markov model (HMM)
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What is hidden in hidden Markov model?
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3 problems in HMM

I How to compute the likelihood of a trained model generating
a test observation sequence?

I How to nd the optimal state sequence?
I How to estimate the parameters of the model:= (A;B; )?

How a spoken sentence is recognized?
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Model
Generation

Input Signal t
Processing
Pattern Output
Matching
l/ Signal
Feature
Extraction

Tray \Testing

Acoustic | _| Matching
Model (acoustic domain

Symbol sequence

Language Matching
Model ] (symbolic domairn)

¢

Sentence Hypothesis
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Knowledge sources

Phone sequence/phone hypothesis lattice
== > Sentence hypothesis
Lexicon
man
nam
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Lexical knowledge

Pronunciation dictionary
kalam vs kamal
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Lexical knowledge

Pronunciation dictionary
kalam vs kamal
karnaa, Bharat vs Bhaartiy, pahale
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Alternative pronuciations

- @0 (B @ ( t(%

eclkkaclttls eclkclttls
eclkkaclttis eclkclttis

* "probabilities” of pronunciations can be estimated
* many pronunciations higher word confusions
I performance degradation
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Knowledge sources

Phone sequence/phone hypothesis lattice

== > Sentence hypothesis
Lexicon

man

mna
Syntax

A man brought the apple.

| ate anred apple Vs Ireada book
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Knowledge sources

Phone sequence/phone hypothesis lattice
== > Sentence hypothesis

Lexicon

man

mna
Syntax

A man brought the apple.

| ate anred apple Vs Ireada book
Semantics

Time ies like an arrow
Fruit ies like banana
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Knowledge sources

Phone sequence/phone hypothesis lattice
== > Sentence hypothesis

Lexicon

man

mna
Syntax

A man brought the apple.

| ate anred apple Vs Ireada book
Semantics

Time ies like an arrow
Fruit ies like banana
Pragmatics
Turn left for the nearest chemist.
Because the closest one (on the right) is closed today.
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Combining Acoustic and Language Evidences

Let X (X1;X2; X3; ;%1 ): Acoustic feature sequence
W (wi;wo;ws;  ;w): Word sequence (sentence)

W = argmax RW;X)
W
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Combining Acoustic and Language Evidences

Let X (X1;X2; X3; ;%1 ): Acoustic feature sequence
W (wi;wo;ws;  ;w): Word sequence (sentence)

W = argmax RW;X)
W
Joint and conditional probabilities

P(W:;X) = P(WjX)P(X) = P(XjW)P(W)

P(XjW)P(W)

PWIX) = =g
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Combining Acoustic and Language Evidences

Let X (X1;X2; X3; ;%1 ): Acoustic feature sequence
W (wi;wo;ws;  ;w): Word sequence (sentence)

W = argmax RW;X)
W
Joint and conditional probabilities

P(W:;X) = P(WjX)P(X) = P(XjW)P(W)

P(XjW)P(W)

PWIX) = =g

W = argmax RXjW)P(W)
W

CSR Acoustic model, Language model and Hypothesis search
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Likelihoods of phones at various time instants
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Likelihoods of phones at various time instants

p(sil)
sil ah
—_——
W n
—H —H
ax oh
—  —H
one
—_—
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Lattice of phone hypothesés lattice of word hypothese:
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Word hypotheses at various time instants

Take Fidelity's case as an example

Source: "E cient algorithms for Speech Recognition”, M.K. Ravishankar, PhD thesis: CMU-CS-96-143
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Word Lattice as a Directed Acyclic Graph

Samudravijaya K CEBS colloquium: 15-SEP-09 Making Computers Listen to You



Incorporation of syntax

Backus-Naur Form (BNF) grammar is useful for ASR in a specic
task domain.

Integration of syntax, semantics and domain knowledge
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Statistical model: n-grams

Probability of a word sequence

Let W denote the word sequencs;; wo; TWi.
P(W) = p(w1) p(wojwi) p(wajwy; wp) P(Wi Wi ;Wi 2; ;W)

Not practical due to "unlimited history':
too many parameters for even a shoff

Markovian assumption

I Disregard “too old' history

I remember only 'n-1' previous wordst-gram model
bigram
C(Wn 1;Wn)
w C(Wn 1Wn)

P(Wnjwn 1) = P
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Modeling Spoken Dialogue

System Good morning. This is the Indian Railway Information
System. How can | help you?

Caller I want to go to Mumbai tomorrow afternoon.

System By which classdo you want to gofrom New Delhito Mumbai
on Monday, the April 3rd?
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Modeling Spoken Dialogue

System Good morning. This is the Indian Railway Information
System. How can | help you?

Caller | want to go to Mumbai tomorrow afternoon.

System By which classdo you want to gofrom New Delhito Mumbai
on Monday, the April 3rd?

Caller By 2AC. Also, can | get a lower berth?
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Modeling Spoken Dialogue

System Good morning. This is the Indian Railway Information
System. How can | help you?

Caller I want to go to Mumbai tomorrow afternoon.

System By which classdo you want to gofrom New Delhito Mumbai
on Monday, the April 3rd?

Caller By 2AC. Also, can | get a lower berth?

System One lower berth in 2AC class is available on Mumbai Rajdhani
Expre ...

Caller No, ng Umm ..., | want to start a little later
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Modeling Spoken Dialogue

System Good morning. This is the Indian Railway Information
System. How can | help you?

Caller I want to go to Mumbai tomorrow afternoon.

System By which classdo you want to gofrom New Delhito Mumbai
on Monday, the April 3rd?

Caller By 2AC. Also, can | get a lower berth?
System One lower berth in 2AC class is available on Mumbai Rajdhani
Expre ...
Caller No, ng Umm ..., | want to start a little later
System One lower berth in 2nd AC class is available on August Kranti
Rajdhani Express tomorrow. The train will staftom Hazrat
Nizamuddinstation at 16:55 hours. Do you need any other
information?
Caller No.
System Indian Railway wishes you a pleasant journey. Good bye.
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GUI for Wizard of Oz expt at TIFR
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Conclusions

I Multi-modal interfaces are an imperative in India.

I Need for Speech input/output systems

I There are many research challenges in the area of signal
processing, robust acoustic and language models, speech
understanding, dialogue models
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