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SPEECH GENERATION SPEECH RECOGNITION

MACHINE COUNTERPARTS MACHINE COUNTERPARTS
PRINTED TEXT __ I\~ ——— MEANING (SEMANTICS]
-(50 BFS) MESSAGE FORMULATION PHONEMES, WORDS,
PHONEME SEQUENCES, - — —SENTENCES,
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o= — ~ . (DISCRETE
_{DISCRETE) -7\ .. l NEURO-MUSCULAR {DISCRETE
(CONTINUOUS) )~ AGTIONS < o LT,
e “~FEATURE EXTRACTION,
ARTICULATORY. RE-CODING

MOTION (2,000 BPS)

.,
“S.ACOUSTIC SPECTRUM

ANALYSIS
J
Eﬁ CORDS5]

. Schematic diagram of speech-production/speech-perception process (after Flanagan [unpublished]).
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PHARYNX MOUTH

CAVITY CAVITY
TONGUE
HUMP MOUTH
[~ OUTPUT
LARYNX
vocaL__ /-] TuBE
CORDS
| _TRACHEA AND
BRONCHI
LUNG
VOLUME
MUSCLE
FORCE

Schematic representation of the complete physiolugicz;l mechenism of
speech production (after Flanagan [3]). )
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The formants for the vowe! /IY/ for a male and female speaker.. -
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* We observe a series of cdin tosses generated in the following way:
* A person has two ¢oins. .
* Coin 1: probability of Head p
-+ Coin 2: probability of Head g
* The person first decides which coins to choose: -
The probability of Coint is o
« Then it tosses it 3 times




Example

* We observe a series of coin tosses generated in the following way:
* A person has two coins.
* Coin 1: probability of Head p
* Coin 2: probability of Head q
* The person first decides which coins to choose:
The probability of Coin1 is ¢
* Then it tosses it 3 times

« Wesee (1HHT),(1HTT), (OTHT)
* We'would like to find ai,p,q.

*How to model the problem ?

* In this case, It is easy to estimate p and q (and o ) from the data.

» Recall that the “simple” estimation is the ML estimation:
= Assume that you toss a (p,1-p) coin m times
and get k Heads m-k Tails,




Example

* In this case, it is easy to estimate p and q (and o ) from the data.
* Recall that the “simple” estimation is the ML estimation:
* Assume that you toss a (p,1-p) coin m times
and get k Heads m-k Tails.
log(L(D | p)) = log(B(D | p)) = log p* (1 -p)™™* =
=k log p +(m - k) log(1- p)

Examole ]

* In this case, it is easy to estimate p and q (and o ) from the data.
* Recall that the “simple” estimation is the ML estimation:
* Assume that you toss a (p,1-p) coin m times
and get k Heads m-k Tails.
log(L(D| p)) = log(P(D|p)) = log p* (1 -p)"* =
=k log p+ (m-Kk)log(1-p)

* To maximize, set the derivative w.rit. p equal to O:
dLE|p) _k m-k_,
dp p 1-p

* Solving this for p, gives:  p=k/m




Example

* Now, imagine we are back to the same coin problem,
* A person has two coins.
*  Coin 1: probability of Head p
«  Coin 2: probability of Head q
* The person first decides which coins to choose
The probability of Coint is o
* Then it tosses it 3 times

* but now we do not know which coin did she chooses
*Wesee(HHT), (HTT), (THT)

*How can we estimate p, q this time ?

* If we knew which of the data points (HHT), (HTT), (THT)
came from Coin1 and which from Coin2, there was no problem,




Example

* If we knew which of the data points (HHT), (HTT), (THT)
came from Coin1 and which from Coin2, there was no problem.

* There is no known analytical solution to this problem.
* That is, it is not known how to compute the values of the
parameters so as to maximize the likelihood of the data.

Estimation Problems

1. Knowing that there are two coins with P(H)=p and P(H)=q,
Observing HHHTHT -
Which coin is more likely to produce this sequence ?




Estlmatln Problems

1. Knowing that there are two coins with P(H)=p and P(H)=gq,
Observing HHHTHT

Which coin is more likely to produce this sequencé ?

2. Observing the sequence OHHHT, 1HTHT, OHHHT, OHTTH
produced by CoinO and Coini
Estimate most likely values for p, q (the probability of H in each coin)
and the probability to use each of the coins (cx)

Estimation Problems

1. Knowing that there are two coins with P(H)=p and P(H)=q,
Observing HHHTHT

Which coin is more likely to produce this sequence ?

2. Observing the sequence OHHHT, 1HTHT, OHHHT, OHTTH
produced by Coin0 and Coin1

Estimate most likely values for p, q (the probability of H in each coin)
and the probability to use each of the coins

3. Pbserving the sequence HHHT, HTHT, HHHT, HTTH

produced by CoinQ and Coin1

Estimate most likely values for p, q (the probability of H in each coin)
and the probability to use each of the coins)




Key Intuition

* If we kiew which of the data paints (HHT), (HTT), (THT)
came from Coin1 and which from Coin2, there was no problem.

 Instead, we use an iterative approach for estimating the parameters:

Given the probability that a given data point came from Coiri1 or Coin 2,
we generate fictional labels, weighted according to this probabiliy.

* Now, we compute the most likely value of the parameters, as before.
« We can aiso compute the likelihood of the data given this madel.

* Then we try to improve the initial parameter setting

This process can be iterated and can be shown to converge to a

local maximum of the likelihood function

Motivating EM: Expectation Maxi mization

= If we knew which of the data points HHHT, HTHT, HHHT, HTTH
came from Coin1 and which from Coin2, there was no problem.
(we would go back to problem 2 before)




Motivating EM

* If we knew which of the data points HHHT, HTHT, HHHT, HTTH
came from Coin{ and which from Coin2, there was no problem.
(we would go back to problem 2 before)

* Since we need to know- which coins it is, -
we could, as in problem 1, estimate the Coin (0/1)
and use it for the above mentioned step
But, we need to know p,q to estimate which coin it is

* We will assume (for a minute) that we know the parameters P, d,&
and use it to estimate which Coin it is (Problem 1)

* Then, we will use the estimation for the Coin, to estimate the
most likely parameters (problem 2) and so on...




JenSen’S Inequality ;
2. 8(Na; 2] e

J j

Provided Za:l and g(j),ajz() Vj

That is Arithmetic Mean is never smaller than Geometric Mean

The Gerleral EM Aldorithm

MAP Estimation f(0) = p(X,8)

X observed data, § parameters

In most applications the cost function can be broken
down as a mixture of simpler functions

f(0)=p(X.0)= [p(X,h0)
h

Where ‘%’ are the hidden variables.




The General EM Algorith

Given a guess for 8, we find a lower bound g(8,¢(6)),
parameterized by g(6).

q(h)
p(X,h,0) p(X,h,0)
h)= 2(0,q9(h)) = — e e
f()= j s q(h) = g(6,q(h)) 1‘[{ - ]

Provided Jq () =1
h

This implies g(h) is a valid distribution over A

The General EM Algerithm:

“ah = .;,‘_.‘_:"'

Taking the log of the bound (Neal and Hinton 1993)
G(6,9) =log g(6,9) = [q(h)log p(X,h,0)—q(h)logq(h)
h

And introducing the constraint on g we get

G(6,9) = A1- [q(h)+ [q(h)log p(X,h,0) - q(h)log (k)
h h

Now we choose g to minimize G(6,q), with the

constraint that g(6,q) should touch f{6) at the current
guess 6.




Thee Gereral EM Algorithm
B

7= J—1+log p(X,h,0)~logg(h) =0
dq(h) | o

p(X,h,0)
[p(x.1,0)

q(h) = =p(h|X,0)

The General EM Alqorl-téh;m |

To ensure that the bound indeed touches the cost
function at current 8 note that

‘ , .\ 2(h|X.0)
e (0.0)=T p(X,h,H)]
b L I;[[pmlx,@)

fan) .
= p(X,0)* = p(X,0)

Another interpretation from Buntine 1996

E Step: find g(h)




The General EM Alqo ithim

BN
e

M Step To get the next guess for & we maximize the bound
over 0. This step is problem dependent. The only term we
need to take into account is the first term since the second
term is independent of 4.

G(6,9) = [q(h)log p(X,h,60) = E,,[log p(X, h,6)]
h

Hypothesis H: number of coins K.

-~ 1K
Hidden Parameters: {0// ko P k } k=1
84 k prior probability of selecting coin k

~/

p k probability of head for coin k&




EM for the coin toss «u

E Step Probabxhty that the data pomt Xt [fheadsh'ahd (fn—f) taﬁé]

came from coin k

g(h')=p(H |x',6)

m—f
= q(ht - k) — ka (1 pk,.) m—f
Zak (A=p )™

EM for;the com tossie

M Step Smce we dte agam dealing W1th dlscrete H e can wnte
the expectation of the log likelihood as a: summation.

E,uy = q(h')log p(x',h',0) = gt log p(x', k' =k,6)
t k.t

=> g;loga, pf 1— p)"7
k.t




EM for the coin toss "e -ample

;.' B ;
Now taking der1vat1ves with respect to the 1nd1v1dua1
parameters we get the update equations

d ) m— Zq
gEq(h):Zle:..i_ ,.f:| 0=p, =
k

P P, l-p, ZQk

ZQk

0

aa,[ o (Za —1)} qu+/1 0= o, =

:‘3_!’____‘;.,folr’3’a mlxture mode:l

A finite mixture model p(X|6)= Z p(X |c,8) p(c [ 6’)

c=1

If the unknown density is Gaussian, then the mixture
model is called Gaussian Mixture Model (GMM).

K

PX|0)=2p(X |e.0O0p(c] 0)a 3= exp(—ﬂ—(x )

c=1 c=1

., M, ,0 _, are the weight, mean and covariance
of the ¢’th mixture component.




EM foriGMM

The hypothes1s htis the class to which partlcular data pomt x‘
belongs.

Estep:  g(h')=p(h'|x',0) ap(x' | I,0) p(H |6)
=q(h' =k) o (x = 14,)%)

>4 =1

M Step: 585 Iq(h)log p(X,h,0)=0
h .

T,
X exp(—

1
o7 20,

EM for/GMM |
Since £ is discrete we can write the M Step as a summation
d |
55 2.9 log p(X | ,0)p(h|6) =0
h

Writing the equation in terms of individual data points
indexed by ¢

(' = 14,)"1=0

0 1
—F log7z, ——logo
96« aezq"[ S Ty R T s




EN forlGMM

Now taking derivatives with respect to the individual
components of § we get the update equations

; lxt
J E - t(x _ﬂk)_0:> _Z%

O k = =
aluk t O'k E qk

(X' = )"

9 1 |, =) 2.4~
—E =D 4| ——+ k2 |=0= 0, =
3o, ZQk|: 20, 2o k

pWA
t

R

The update equation for the weights 7’s has to take
care of the fact that they sum upto 1

3 | qutc
a_|:Eq(h)+ﬂ(Z7Zk—1)jI: 3 +ﬂ :,0
ﬂ-k k

Tk

Z g, =—A7, Summing over k we get A=-N

:

> aq; Where N is the total number
m, = of data points.
N
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