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1 Background

1.1 Traditional maximum likelihood eigen-decomposition
Let M (s) denote the mean supervector for a speaker s formulating as:

M(s) = My + Tw, (1)
and the likelihood function written as:

HmT%XPHMM(}/s|MO +Tw, R). (2)

The optimization proceeds by iterating the following two steps:

1. For each training speaker s, use the current estimates of T' and R to find
the w which maximizes the HMM likelihood given the speaker’s training
data Ys:

w(s) = arg max Puvm (Ys| Mo + Tw, R) (3)

2. Update T' and R by maximizing:
11 Pavina (Ya| Mo + T (s), R) (4)

1.2 What’s new in Kenny’s paper?

In Kenny’s paper [3], they treat w(i) as a random vector with a standard normal
distribution. So the estimation of T' and R becomes to maximize the marginal
likelihood function

H/ P(Y,|My + Tw, R)N (w0, I')dw, (5)

where the product extends over all speakers in the training set.

Calculating the posterior distribution of w(7) in the E-step rather than the
maximum likelihood estimate is the key to avoiding the degeneracy problem
that arises when Eq. (2) is used to estimate the eigenvoices in situations where
speaker-dependent training is not feasible (e.g., when training data is sparse)
or the number of eigenvoices is large compared with the number of training
speakers.

The algorithm can be briefly break-down into the following steps:

1. For each training speaker s, use the current alignment of the speaker’s
training data and the current estimates T' and R to carry out MAP speaker
adaptation. Use the speaker adapted model to realign the speaker’s train-
ing data.

2. The E-step: For each speaker s, calculate the posterior distribution of
w(7) using the current alignment of the speaker’s training data, the current
estimates of T and R and the prior N (w|0, I).

3. The M-step: Update T and R by a linear regression in which the w(i)’s
play the role of the explanatory variables.



2 The i-vector based approach to data cluster-
ing

We are considering in this memo to use i-vector based approach for more generic
data clustering problems in speech recognition. Possible applications include
training data clustering for multiple acoustic model training [7] and acoustic
sniffing in IVN-based training [5]. So hereafter, we will change the subscript
s representing the speaker to subscript ¢ representing each individual acoustic
unit that to be clustered. The granularity of the acoustic units can be one single
utterance, several utterances (e.g., one conversational side in Switchboard), or
even more utterances from a pre-defined source (speaker, environment, channel,
etc.)

2.1 Data model

Suppose we are given a set of training data denoted as Y = {Y?|i = 1,2,...,I},
where Y' = (yi,y,...,y}) is a sequence of D-dimensional feature vectors
extracted from the i-th acoustic unit (e.g., utterance). From ), a Gaussian
Mixture Model (GMM) can be trained using a Maximum Likelihood (ML)
criterion to serve as a Universal Background Model (UBM). Let’s use Q =
{cg,my, Rg|k = 1,..., K} to denote the set of UBM-GMM parameters where
cx’s are mixture component weights, my; and Ry are D-dimensional mean and
D x D diagonal covariance matrix for the k" mixture component.

Given the data model €, the probability of each acoustic unit Y can be
written as:

T; K
p(Y'19Q) = [[ D2 exN (wi; mu, Ry). (6)
t=1k=1

And we denote 29 hereafter the initial model parameters of the UBM.

2.2 Frontend i-vector extraction
2.2.1 The i-vector solution

Let Mj denote the (D - K)-dimensional supervector by concatenating the my’s.
Given an utterance Y, let’s use another (D - K)-dimensional random super-
vector M (i) to characterize it independent of its linguistic content. In i-vector
based approach, M (i) is correlated with My as:

M(i) = My + Tw(i), (7)

where T is a fixed but unknown (D - K) x F rectangular matrix of low rank
(i.e., F < (D-K)), and w(7) is an F-dimensional random vector having a prior
distribution of A/(-;0,I). A graphical model representation is shown in Fig. 1.
In [2], T is called the total variability matriz and w(i) the i-vector. They are
also comparable with the loading matriz and factors in factor analysis.



Figure 1: A graphical model representation of i-vector approach.

Given Y, M (i), and R}’s, the i-vector is the MAP solution of the following
problem:

(i) = argmaxp(w(i)|Y")
v . . (8)
= argr(n)axp(Y |w(i))p(w(i)),
where
T; K
Y’|w HZCkN yt,Mk ) Rk) (9)
t=1k=1

in which M (¢) is the k-th D-dimensional subvector of M (7).

2.2.2 Smoothed data model

Eq. (9) is intractable because of the summation term. So Viterbi approximation
was imposed in [3] so that

p(Y'|w(i) HmaxN yis M (i), Ry,). (10)

One can also define a “smoothed” version of p(Y *w(i)):

T, K ‘
YrZ w N y ,Mk Rk k‘yz’Q(O)), 11
t

t=1k=1

where ‘ 0
cxN (yi;mi, RY)

S aN (yhmy, Rl(o))

is the Baum-Welch occupancy probability of the k" component given y;. Note
that the production terms in Eq. (11) are not strictly probability densities
because they do not integrate to 1. Using Eq. (11) will lead to the same i-
vector solution as in [2], although in that paper, the form of p(Y*|w(i)) was
never explicitly given.

p(kly;, Q) = (12)

2.2.3 Solving i-vector

Given the smoothed data model in Eq. (11), the closed-form solution of the
problem in Eq. (8) gives the i-vector extraction formula as follows:

w(i) =11 ()T R™ITy, (i), (13)

where
I(i)=I+T'THR'T, (14)



R is the (D - K) x (D - K) block-diagonal matrix with Ry as its k" block
component, I'(7) is a (D - K) x (D - K) block-diagonal matrix with vx(¢)Ipxp
as its k'™ block component; T'y (i) is a (D - K)-dimensional supervector with
Ty (i) as its k0 D- dlmenmonal subvector. The statistics (i) and I'y, 1 (i) are
calculated as follows:

T
Z k|yt Q(O))

(i) =
T (15)
Tyr(i) = > plkly,, Q) (y; — my).
t=1
ProOF: First,
T, K
logp(Y'|w(i)) =Y > p(kly;, @) log N (y}; Mi(i), Ry)
K t=1 k=1 .
=3 p(kly;, Q) [log — 55173
=1 k=1 (27T)D/2|Rk|1/2
—3 y; —my, — Trw(i)) ' R (y) — my, — Trw(i))]
T;

al 1 1
()) s
>_p(kly;, @ )[log( m)DR|R,[12 T 2

=1

()T}, Ry (yi — my,) — %w ()T, R;lTkw(i)]

(yi — my) "Ry (y) — my)

=

t
“+w

1

_‘

(16)
Only the last two terms are related with w(i), and we can define:

0= 303 plklyd 2O [T VT Ry (v - my) — 2w ()T R Tiao(i)]
t=1 k=1
=w' () TR Ty (i) — %wT(i)TTI‘(z’)R_lTw(i).
(17)
So
p(w(i)|[Y") o< p(Y'w(i))p(w(i)) .

wT(i)TTr(i)RflTw(i)) . exp ( - §wT(z’)w(i))
w T ()TTTH)R T + I]w(z’))

—

1) (w(i) — l—l(i)TTR—lry(z))).

(18)
Therefore, the “posterior” distribution of w(i) is Gaussian of mean 1 =1(i)T T R~'T',, (i)
and covariance 171 (3).



2.3 Hyperparameter estimation

Given the training data ), the hyperparameters T' and R can be estimated by
maximizing the following log-likelihood function:

I .
F(T,R) = 10gH / pr.r(Y, w(i))dw(i)
_ Zlog/p:r r(Y? w(i))dw(i)
_ og pr,r(Y", w(i)) " "
Zl /pT([J),R(O)(Yl w(i)) PT ro (Y w(i))dw(i)

il ,
- N 1Io pr.R(Y", w(i) pr© go (w(i)|Y)dw(i) + Cy,
; g/ (Z)) ( ),R< )

(19)

pro), go (Y,

where T(©) and R(“) are hyperparameters from last iteration, C is a constant
independent of T' and R (we will use C;’s hereafter for those constants). By
Jensen’s inequality, we have:

pr,r(Y’, w(i)) ; ,

F(T,R) > Z/ (pT(0> o (Y1, w(i ))>pT<0) ro (w@)|Y")dw(i)

= Z/long,R(Yi7w(i))pwm,mo) (w(@)|Y")dw(i) + Cs (20)
I

=3 [0 n(¥ @)z o (0¥ (i) + Cs.

So an auxiliary function A can be built as:

I
AT.R) = [ g pr (¥ w(@)pro, mo (@)Y )dw ()

I (21)
= E(logpr.r(Y'lw(i)))
i=1
and the log likelihood function is
1
log F(T, R) Z G(i) — f|l )+ 5 Blw(i )T TR, (4) (22)



2.3.1 Updating T

Referring to Eqs (16) and (17), for updating T, only the H function is involved.
So given the properties in Eq. (48), we have

A= ZE (i)TTR™'Ty (i) — %wT(i)TTI‘(i)R*ITw(i)}JrCZ;
= ZE DT RT, (i) — %tr(TTI‘(i)R’lTE[w(z‘)wT(i)]) +Cy

_ Ztr <R1<Fy(i)E[wT(i)] _ ;I‘(i)TE[w(i)wT(i)])TT) + Cy,

(23)
and

=Y R (T, ()BT ()] - POTEw(ipw ()]). (20

Setting Eq. (24) to 0, and taking use of the diagonal structure of I'(i), T can
be solved line-by-line according to:

Ty T7(i)Elw(w’ (i) =Y Ty i)Ew’ (i), (25)
in which T, I'"™ and I'j' are the m™ row of T, T' and Iy, respectively.

2.3.2 Updating R
Go back to Eq. (16) and set

i

;K
1 Lo —1(, i
Z (Klyt, @ logw*i(yt*mk)TRkl(yt*mk)]

IIMH

(i) log |R | — tr(Ry, 'Tyyr (1) + Cs,

I
N =
Mx

k=1
(26)
in which T‘
t=1
It is not difficult to see that:
A= "G(i)+ E[HM(3)]. (28)
Because «
0G(i 1 .
O > )R~ Ty (), (20)



and

opm@) O (B (DB ()] - 50O TEw(i)w” ()])T7)
OR-T OR-1 (30)
Note that Eq. (25)
DE[H() dtr (zi R (I‘y(z’)E[wT(i)} - %I‘(i)TE[w(i)wT(i)])TT)
— OR-T OR-1
fZ( TOITT + TE )Ty ()" (31)

Setting % to 0, we have

Ry = Z% (Zryyw ) (32)

%

where M), denotes the kth diagonal block of the matrix

fZ( TOITT + TEw()Ty ()" ). (33)
2.3.3 Summarizing the EM algorithm
e E-Step:
Flw@)] = OT RN ”
Efw(iyw’ ()] = Ew)]Ew ()] +17()
e M-Step

' (35)
i = Z % <Z Fny k )

(2

3 Implementation

3.1 Training T  and R
1. Train a GMM-UBM using all the training data.
2. Initialize R by borrowing Ry’s from the UBM, and T randomly as:
T € [~aR™™ aR™™], VYm=1,...,.DK;f=1,....F,  (36)

where T/ is the m'" line and f* column of T, which is similar for
R™™; « is typically set to 0.1.



3. For each acoustic unit , extract the Baum-Welch statistics vz (2), T'y,x(7)
and I'y, 7 1 (i) using the UBM as in Egs. (15) and (27).

4. The E-Step: Calculate the posterior expectation E[w(i)] and E[w(i)w ' (i)]
using the statistics and the current estimation of T' and R with Eq. (34).

5. Repeat Steps 3 and 4 for all i’s. Accumulate necessary statistics for solving
Eq. (35).

6. The M-Step: Updating T and R using Eq. (35).

7. If training converges, stop; otherwise go back to Step 4.

3.2 Extracting w(7)
Extracting w(4) is straightforward by using the above Steps 3 and 4 and setting;:
w(i) = Efw(i)]. (37)

The procedure is the same for both training and testing acoustic units.

3.3 Computational complexity

In i-vector extraction, the most computational cost is the calculation of () in
Eq. (14). The right-hand-side of the equation can be implemented step-by-step
as:

R'STHR 'S T TR - T'THR'T, (38)

so the complexity is O(I x DK x F x F). In our implementation, the property
that T'(¢) is a block diagonal matrix can be used to make the computation more
efficient:

1. Compute all the K block matrices of TTR™'T"

H.,=T'R,T Vk=1,..., K. (39)

2. For each acoustic unit 1,

i) = > (i) Hy. (40)
k

By doing so, the complexity of evaluating Eq. (14) is dominated by O(I x K x
FxF+DKxFxF).



4 Clustering of i-vectors using LBG algorithm

As described above, given the training corpus, an i-vector can be extracted from
each acoustic unit. Given the training set i-vectors, we use a hierarchical divisive
clustering algorithm, namely LBG algorithm [4], to cluster them into multiple
clusters. To measure the similarity between two i-vectors w(i) and w(j), the
both Euclidean distance and cosine similarity measure can be used.

It is quite easy to use Euclidean distance in clustering. However when cosine
similarity is used, the calculation of the clustering centroid needs to be reviewed.
Given the cosine similarity defined as:

I w' (i)w(5)
N O] “

it can be proved that the corresponding clustering centroid, ¢® consisting of n

i-vectors w(1),w(2),...,w(n), can be calculated as:
c¥ = argmaxz sim(w(i), c)
¢ =1

D W@/l o
_) TS wome e e @Aw@n#0 .

0 otherwise

After the convergence of the LBG clustering algorithm, we obtain F clusters of
i-vectors with their centroids denoted as c}’,c¥’, ..., cH, respectively. We use
¢y’ to denote the centroid of all the training i-vectors.
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A The Matrix Codebook for this memo

A.1 Trace

tr(AB) = tr(BA)
otr(X) = tr(0X)

9 T
%tr(AXBXT) = AXB+A'XB'
9 -1 _ —T 4T -T
oy HAXTIB) = —X"TATBTX
9 -1y T
o [ ldet(X)] = (X7)

A.2 Variance of quadratic form
Assume that € ~ N (x|p, R) and A is positive semi-definite,
E(xx')=R+pup'
E(x" Az) = tr(AR) + pu' Ap

PrOOF:

A is positive semi-definite

A=C"C

E(C Tz 2C)=CT(R+ up")C

E(z"Az) = E() (Cx)}) = tx(CT(R+ pp")C) = tr(AE(zx "))
Note that

tr(App”) =Y aijpip;
i
= Z Apepsi

=p'Ap

(51)

and let g = E(w),R = E(ww') — E(w)E(w)",A = T'T()R™'T we get

Eq.[23)].
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A.3 Others

1 Proposition:

RI(i)=T(G)R (52)
where
R =diag{R,,...,Rc} (53)
I'(i) = diag{11,...,vcI} (54)
PROOF:

RF(Z) = diag{Rl, ceay Rc}diag{’yll, ‘e ,’)/C_[}
= diag{’)/lIRh e 7’YCIRC}
=T()R (55)

In Mark J.F. Gales’s paper, it assume that w is only a model parameter and
find the solution through “the alternative of the variables method” (there is no
closed-form maximum likelihood solution for w, T, R.

B From a graphic model view

B.1 Probabilistic PCA

Probabilistic PCA is a simple example of the linear-Gaussian framework, in
which all of the marginal and conditional distributions are Gaussian. We can
formulate probabilistic PCA by first introducing an explicit latent variable w
corresponding to the principal-component subspace. Next we define a Gaussian
prior distribution p(w) over the latent variable, together with a Gaussian condi-
tional distribution p(x|w) for the observed variable  conditioned on the value
of the latent variable. Specifically, the prior distribution over w is given by a
zero-mean unit-covariance Gaussian

p(w) = N(w|0,I) (56)
and the conditional distribution of the observed variable z
p(x|w) = N(2|Tw + p,o°I). (57)

We can view the probabilistic PCA model from a generative viewpoint in
which a sampled value of the observed variable is obtained by first choosing a
value for latent variable and then sampling the observed variable conditioned
on this latent value:

c=Tw+p+e (58)

where w is an Gaussian latent variable, and € is a zero-mean Gaussian-distributed
noise variable with covariance 02I. The generative process is illustrated in Fig-
ure 2.
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Figure 2: Probabilistic PCA

B.1.1 Maximum likelihood PCA
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