JOURNAL OF KIgX CLASS FILES, VOL. 11, NO. 4, DECEMBER 2012

Speaker-Adaptive Acoustic-Articulatory Inversion
using Cascaded Gaussian Mixture Regression
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Abstract—This article addresses the adaptation of an acoustic-
articulatory model of a reference speaker to the voice of another
speaker, using a limited amount of audio-only data. In the context
of pronunciation training, a virtual talking head displaying the
internal speech articulators (e.g. the tongue) could be automati-
cally animated by means of such a model using only the speaker’s
voice. In this study, the articulatory-acoustic relationship of
the reference speaker is modeled by a gaussian mixture model
(GMM). To address the speaker adaptation problem, we propose
a new framework called cascaded Gaussian mixture regression (C-
GMR), and derive two implementations. The first one, referred
to as Split-C-GMR, is a straightforward chaining of two distinct
GMRs: one mapping the acoustic features of the source speaker
into the acoustic space of the reference speaker, and the other
estimating the articulatory trajectories with the reference model.
In the second implementation, referred to as Integrated-C-GMR,
the two mapping steps are tied together in a single probabilistic
model. For this latter model, we present the full derivation of the
exact EM training algorithm, that explicitly exploits the missing
data methodology of machine learning. Other adaptation schemes
based on maximum-a-posteriori (MAP), maximum likelihood
linear regression (MLLR) and direct cross-speaker acoustic-to-
articulatory GMR are also investigated. Experiments conducted
on two speakers for different amount of adaptation data show
the interest of the proposed C-GMR techniques.

Index Terms—acoustic-articulatory inversion, speech produc-
tion, Gaussian Mixture Regression, EM algorithm, speaker adap-
tation, talking head, pronunciation training.

I. INTRODUCTION

COUSTIC-ARTICULATORY inversion consists in the

estimation of the movements of the speech articulators
(e.g. tongue, lips, jaw, velum) from the speech audio sig-
nal. The underlying articulatory structure of speech can be
exploited in different areas of speech technology, such as au-
tomatic speech recognition [1], low bit-rate speech coding [2],
and speech synthesis [3]. Acoustic-to-articulatory inversion
can also be used to animate a virtual talking head displaying
the internal speech articulators using augmented reality [4].
Such a tool provides a complete and intuitive visual feedback
that is useful for speech therapy [5], [6] and second language
learning [7]. This is the applicative context of the present
study.

Thomas Hueber (PhD) is a CNRS research fellow affiliated to GIPSA-lab
(France). E-mail: thomas.hueber@gipsa-lab.grenoble—inp.fr

Laurent Girin (PhD) is a Professor at Grenoble-INP affiliated to
GIPSA-lab and to INRIA Grenoble Rhone-Alpes (France). E-mail:
laurent.girin@gipsa-lab.grenoble—inp. fr

Xavier Alameda-Pineda (PhD) is a post-doctoral fellow affiliated to Univer-
sity of Trento (Italy) and to INRIA Grenoble Rhone-Alpes (France). E-mail:
xavier.alamedapineda@unitn.it

Gérard Bailly (PhD) is a CNRS research director affiliated to GIPSA-lab
(France). E-mail: gerard.bailly@gipsa-lab.grenoble—inp.fr

Acoustic-to-articulatory inversion has been addressed in
many studies using different techniques: codebook-based ap-
proaches [8]-[10], artificial neural networks [11], [12], sup-
port vector machines (SVM) [13], Gaussian mixture models
(GMM) [14], [15], or hidden Markov models (HMM) [16],
[17].

In most studies, acoustic-articulatory models are trained
in a speaker-dependent way, using simultaneous recordings
of audio and electromagnetic articulography (EMA) data. To
design a pronunciation training system based on a virtual
talking head, a speaker adaptation framework is required for
two reasons. First, the user, referred here to as the source
speaker, is generally different from the reference speaker for
whom the model was trained. Because of the inter-speaker
variability, feeding the acoustic-articulatory model of the ref-
erence speaker with data from the source speaker, is expected
to yield poor articulatory trajectories (as confirmed by our
experiments). Second, a practical usage scenario excludes the
use of invasive devices (such as EMA) on the source speaker.
Hence no articulatory data of the source speaker is assumed
to be available for adaptation. Consequently, the research
question addressed in this study is: How to adapt an acoustic-
articulatory model of a reference speaker to a different speaker,
using acoustic data only?

To the best of our knowledge, only a few studies addressed
the problem of recovering articulatory movements from speech
signals produced by a new (source) speaker, using a model
trained for another (reference) speaker. In [18], Dusan and
Deng proposed a vocal tract length normalization procedure
to compensate the morphological differences between the two
speakers. In [19], Hiroya et al. proposed to adapt an HMM-
based acoustic-to-articulatory model [16]. However, this adap-
tation technique aims at adjusting not only the acoustic-
articulatory relationships of the reference model to the source
speaker, but also the geometry of the reference speaker’s vocal
tract. Given the targeted application, the goal of the present
study is slightly different. We do not aim at representing the
estimated articulatory gestures in the articulatory space of the
source speaker, but rather in the articulatory space of the
reference speaker (in other words, we do not want to modify
the geometry of a talking head associated to this model).

In the present study, the acoustic-articulatory inversion is
addressed in the GMM framework and its associated regres-
sion technique called Gaussian mixture regression (GMR).
Different strategies are investigated to adapt an acoustic-
articulatory GMM trained on a reference speaker to a source
speaker, using a limited amount of audio-only data. First,
we investigate the use of standard techniques such as the



JOURNAL OF KIgX CLASS FILES, VOL. 11, NO. 4, DECEMBER 2012

maximum-a-posteriori (MAP) method [20] and the maximum
likelihood linear regression (MLLR) [21] to adapt the acoustic
part of the acoustic-articulatory GMM. We also consider a
direct cross-speaker model, i.e. a model trained on source
speaker’s audio data aligned with the reference speaker’s
articulatory data. Finally, we introduce another approach called
cascaded Gaussian mixture regression (C-GMR).

Two versions of the C-GMR are proposed, motivated and
evaluated. The first one, referred to as split cascaded GMR
(SC-GMR) is a straightforward chaining of two distinct
GMRs. The main principle is here to map the acoustic
features of the source speaker into the acoustic space of the
reference speaker, similarly to a voice conversion system, be-
fore estimating the articulatory trajectories with the reference
model. In the second version, referred to as the integrated
cascaded GMR (IC-GMR), acoustic conversion and acoustic-
to-articulatory inversion are completely fied and integrated
in a single probabilistic model. For this model, we derive
the exact expectation-maximization (EM) [22] algorithm that
jointly optimizes the complete set of model parameters during
adaptation (i.e. the model parameters related to the acoustic
data of source and reference speakers and to the articulatory
data of the reference speaker). Importantly, this algorithm
is intended to deal with small adaptation datasets using the
missing data methodology of machine learning [23], [24].
As for the inference, we use both “frame-by-frame” estima-
tion based on the mean squared error (MSE) criterion and
“utterance-by-utterance” estimation based on the maximum
likelihood parameter generation (MLPG) algorithm. This latter
algorithm was proposed by Tokuda et al. for HMM-based
speech synthesis [25] and adapted to GMR by Toda et al.
[26]. Note that a preliminary version of the IC-GMR technique
was initially proposed in [27] but with incomplete theoretical
foundations and no training algorithm.

This paper is organized as follows. Section II recalls the
basics of GMR techniques. Section III formalizes MAP and
MLLR-based adaptation schemes, as well as the direct cross-
speaker GMR. Section IV presents the SC-GMR. Section V
presents the IC-GMR. The associated EM algorithm is de-
rived in Section VI. Experiments conducted to assess the
performance of the proposed techniques are reported and
discussed in Section VII. Section VIII provides conclusions
and perspectives.

II. GAUSSIAN MIXTURE REGRESSION

In this section, we first recall the theoretical aspects and set
the notations of the GMR which is the foundation for both
SC-GMR and IC-GMR techniques.

A. Gaussian mixture model

Let us consider X and Y two random (column) vectors,
of dimension Dx and Dy respectively. Let us denote by
J the concatenation of X and Y into a column vector,
ie. J = [XT,YT]T, where T denotes the transpose oper-
ator. Let p(x|®x)' denote the probability density function

Ip(x|®x) is an abuse of notation, meaning p(X = x|®x ). Upper-case
letters X denote random vectors, and lower-case letters x, realizations.

(PDF) of X, parametrized by the set of parameters @x. Let
N (x|px, Exx) denote the Gaussian distribution on X with
mean vector px and covariance matrix ¥xx. Let 3xy denote
the cross-covariance matrix between X and Y. A GMM on
(X, Y) consists of a weighted sum of Gaussian PDFs:

PRy

where M is the number of components of the mixture. For
each component m, m,, = p(m) is the prior probability
satisfying an{:l Tm = 1, fl3m = [M)T(,mu;m]T is the mean
vector and Xj3 ,,, is the covariance matrix given by:

‘6-] ‘MJ,W7EJJ,W)> (1)

YXX,m

3Yxy,m
R 2
Z:YX,m ( )

X33m = Sov
,m

All these parameters are estimated using the classical EM
algorithm for GMM [28] (ch. 9).

It is well-known that if J follows a Gaussian distribution, the
marginal distribution of X and the conditional distribution of
Y given x are also Gaussian. These results extend to Gaussian
mixtures and we have:

M
p(y|x, GJ) :Zp(m‘x7®X)N(Y|,uY|x7m7 z:YY\XJn)v (3
m=1
with
MY |x,m = Y ,m + EYX,mzié(,m(X - MX,m)7 (4)
Yvvixm = 2YY,m — EYX,mE)_(;()mEXY,ma )

(X|px m s XX ,m)
Zi]\il TN (x| px i, Bxx.i)

The conditional distribution (3) can be rewritten as a mixture
of linear-Gaussian forms:

3

. -1
with wy, = p(m|x,Ox m), AL, = Evx,mExx.ms P =
By m — A px,m, and Uy, = Xyvy|x,m, (this choice of
notation will become clear in Section V-B).

TN

p(mlx,Ox) =

(6)

y|X ®J y|‘A>'< X+ b;knaUrn)a (7)

B. GMR-MSE

The conditional GMM (3) (or (7)) can be used to map x
into an estimated value ¥ of y. When the mapping is done
to minimize the mean squared error (MSE) independently for
each observation vector x;, we obtain the well-known result:

M

- E[Yt|xt7 G)J] = Z p(m|xta GX)uYt\xt,m
1

m

wm(A* X + bm) (8)

e

3
’[

This mapping is referred to as a gaussian mixture regressor
[29] (of x; into y;) based on MSE criterion (GMR-MSE).
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C. GMR-MLPG

Alternatively, [26] proposed a joint estimator for a sequence
of T vectors [y1,...,¥t,-..,yr| given an input vector se-

quence [X1,...,X¢,...,X7]. This estimator has the following
expression:

~ _ -1 _

Vseq = (W'D'W) W'D 'E, 9)
where Yoq = [¥1,---, ¥/ +---,¥7) is a DyT column

vector’, W is a matrix encoding the linear dependencies
between static features and their derivatives, E is built from
the MSE estimation for each input vector computed with (8)
and D is a block-diagonal matrix built from the conditional
covariance matrices (5) and posteriors (6), for the whole
considered sequence. The reader is referred to [26] for more
details. This approach will be referred to as GMR-MLPG
since it is an adaptation of the maximum likelihood parameter
generation algorithm (MLPG) proposed in [25] for HMM-
based synthesis, to the GMM-based mapping. By imposing
a consistent relationship between static and dynamic features,
this mapping generates smooth trajectories.

III. GMR ADAPTATION: PRINCIPLES AND BASELINE
METHODS

A. Principles

Let first define the following three random vectors: X and Y
which are respectively acoustic and articulatory feature vectors
of the reference speaker, and Z which is a corresponding
acoustic vector from the source speaker. In practice, X and
Z are composed of MFCC and AMFCC coefficients, and Y
are EMA articulatory vectors (see Section VII). As illustrated
in Fig. 1, let us assume that we have an extensive set of N joint
observations {(x,, y»)}\_, = {x1.5,y1.n} for the training
of the reference speaker GMM (using the EM algorithm for
GMM). In the adaptation stage, the source speaker is asked
to pronounce a subset of the above dataset (typically a few
minutes of speech). We note Ny the number of acoustic
features vectors in the adaptation dataset which is noted here
{zn}fyil = z;,n, with indeed Ny < N (in practice we can
have Ny < N).

B. MAP and MLLR

Maximum-a-posteriori (MAP) [20] and maximum likeli-
hood linear regression (MLLR) [21] are two state-of-the-art
techniques used in automatic speech and speaker recognition
to adapt a GMM (or HMM) using a new set of observations. In
the present study, the goal is to adapt the acoustic-articulatory
(i.e. X-to-Y) GMR of the reference speaker using acoustic-
only (i.e. Z) observations of the source speaker. Therefore, we
propose to apply the MAP and MLLR methodology to adapt
the “acoustic part” of the X-Y GMM, i.e. px » and Xxx m
for each component m.

The basic principle of the MAP adaptation is to find the
model parameter set ©®%, ,, that maximizes the posterior
probability p(©%, ,|z) considering ©x as prior knowledge

2Notice that refers to the MLPG estimator and ~ refers to the MSE

estimator.

Reference speaker
Source J
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Fig. 1. Schematic representation of the key variables in the C-GMR
framework with missing data.

over model parameters. The parameter set ©% ,, is deter-
mined using an EM algorithm with the following re-estimation
equation (to be concise, we recall only the equation for the
mean vectors; see [20] for the update equations of priors and
covariance matrices):

yaP _ THXm + Xply pmlzn, ©z)2,
Mx,m - No )
T+ Zn:l p(m|zn, GZ)
where 7 is a heuristic hyperparameter shared accross all
GMM components, controlling the balance between the prior
knowledge and the adaptation data.

In MLLR, the model parameters are adapted using an
affine transform: pfLlR = Gux ., + q and TYELE =
HExxymHT. The adaptation data likelihood is maximized
with respect to the transform parameters (G, q, H) using
an EM algorithm. In our implementation, these transform
parameters are shared across all GMM components. There-
fore, MLLR imposes the same affine transformation to all
GMM components, whereas MAP updates each component
separately.

(10)

C. Cross-speaker acoustic-articulatory GMR

Another straight-forward way to address the considered
problem is to directly model the statistical relationships be-
tween the source speaker’s acoustics Z and the reference
speaker’s articulation Y with a Z-Y GMM (and directly
derive the corresponding Z-to-Y GMR). This approach is
referred to as the “direct” cross-speaker acoustic-articulatory
GMR (D-GMR). Importantly, training this model requires to
associate the z;.,, adaptation data with “corresponding” y 1.,
articulatory data. This is done by time-aligning each adap-
tation sentence pronounced by the source speaker, with the
same sentence pronounced by the reference speaker, using a
dynamic time warping (DTW) algorithm. After this procedure,
the adaptation data z;.n, are assumed to be aligned with
observations xi.pn,, and thus with corresponding articulatory
data yi.n, (reordering of the vectors is arbitrary). The EM
algorithm for GMM is then applied to the set {z1.n,,¥Y1:N, }-

IV. SPLIT CASCADED GAUSSIAN MIXTURE REGRESSION
A. Motivation

One problem with the MAP and MLLR approaches is
that the adaptation of the acoustic parameters of the X-to-Y
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Fig. 2. Graphical representation of SC-GMR.

GMR is done independently of the joint acoustic-articulatory
and articulatory parameters, leading to a potential mismatch.
As for the (cross-speaker) D-GMR, the estimated acoustic-
articulatory model relies on a limited number Ny of artic-
ulatory observations of the reference speaker (among the N
available observations). Because of the complexity of acoustic-
articulation relationships, this may lead to poor inversion
performances, especially when considering small adaptation
datasets.

These two limitations motivated the development of the pro-
posed Cascaded-GMR framework for the considered speaker
adaptation problem. Indeed, the first core motivation of this
framework is to develop an adaptation technique which ben-
efits from all the available articulatory data of the reference
speaker. In other words, the reference model should remain
at the center of the adaptation process, while exploiting the
acoustic adaptation data. In addition to that, the C-GMR aims
at avoiding potential mismatch between adapted and original
model parameters. This can be achieved in two ways:

o cither by keeping the complete X-to-Y reference GMR
intact and making the acoustic observation z compatible
with this model. This is the general idea of the split
cascaded GMR (SC-GMR) that we define in the next
subsection.

o or by jointly modeling the statistical relationships of
the three vectors Z, X and Y. This is the spirit of
the integrated cascaded GMR (IC-GMR), that will be
described in Section V.

B. Definition

The split cascaded GMR (SC-GMR) consists of chaining
two separate GMRs: a Z-to-X spectral conversion mod-
ule (similarly to [30]) followed by a X-to-Y acoustic-to-
articulatory inversion module. As illustrated by Fig. 2, those
two GMRs are separated in the sense that the two successive
mappings are independent: the output of the first one is calcu-
lated before being injected as input of the second one. In other
words, we have §y = E[Y|%, @3] with x = E[X|z, O] (being
I=[Z",XT]T"), where both expectations follow (8) with their
respective parameters. Note that the two GMRs may have a
different number of mixture components. The X-to-Y GMR
parameters are estimated with the EM algorithm for GMM
applied on the complete {(x,,,yn)}2_; reference dataset, “as
usual”. The Z-to-X GMR parameters are estimated with the
EM algorithm for GMM applied on the aligned adaptation
dataset {(z,,x,)}°, (see Section III-C).

K} % mapping s

: - :acoustic-to-articulatory =
» spectral conversion = . ) :
: K . mapping .

‘0

. ., .t
....................... S T T R R

Fig. 3. Graphical representation of IC-GMR.

Compared to the D-GMR, one key-point of the SC-GMR
is that the reference acoustic-articulatory model is trained
from all the IV available acoustic-articulatory observations
of the reference speaker. The limited amount of Ny data is
used to model the statistical relationships between source and
reference acoustic spaces. This spectral mapping is assumed
to be simpler, or say, “better-posed”, than acoustic-articulatory
mapping, and may therefore require less training data.

V. INTEGRATED CASCADED GMR

We now present the integrated cascaded GMR (IC-GMR)
model, that we propose to address the present speaker adap-
tation problem. Then, we discuss the specific way the EM
algorithm is to be used in this context. The technical derivation
of this algorithm is given in the next section.

A. Definition of the mixture model

The core idea of the IC-GMR model is to combine spectral
conversion and acoustic-articulatory inversion into a single
GMR-based mapping process. Very importantly, this is made
at the component level of the GMR, i.e. within the mixture, as
opposed to the SC-GMR of Section IV. In other words, the
plugged “conversion + inversion” components share the same
component assignment variable m, as illustrated by the graph-
ical model shown in Fig. 3. The goal is to benefit from the
partitioning of the acoustic-articulatory space of the reference
speaker (i.e. X-Y) which is assumed to be well estimated,
when proceeding to the source speaker adaptation. Contrary to
the SC-GMR, the structure of the Z-to-X conversion process
is thus here constrained by the structure of the X-to-Y GMR.

The statistical dependencies between X, Y and Z are here
defined as:

M
p(X7 Y, Z|®) = Z p(m)p(y|m7 ®Y,m)p(X|Ya m, ®X\Y,m)

m=1
x p(zlx,m, Ozx m), (11)
with
p(m) =, (12)
p(yIm, Oy m) =N (ylewn, Ri) (13)
p(xly,m, Oxjym) =N (x|Any + b, Uy),  (14)
p(z|x,m, Ozx m) =N (2|Crx + din, Vi) . (15)

For each component, 7, still represents the prior distribution,
e, and R,, are respectively the mean vector and covariance
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matrix of the marginal Gaussian distribution of Y, A,,, b,
and U, are respectively the transition matrix, constant vector
and covariance matrix of the linear-Gaussian conditional pdf
model in (X,Y), and the same for C,,, d,, and V,, with
(Z,X).

B. Inference equation

Similarly to Section II, the minimum MSE estimation y of
y given z is given by its posterior mean’:

y =E[Y|z] = / yp(y|z)dy, (16)
RPY
with
p(ylz) = / > p(x,y, mz)dx. (17)
RPx m=1
In the IC-GMR case we have:
p(x,y,m|z) = p(m|z)p(y|x,z, m)p(x|z, m)

= p(m|z)p(y|x, m)p(x|z, m), (18)

since Y is independent of Z conditionally on X and m [28]-
(Section 8.2). Therefore, we have:

M
p(ylz) =

m=

pmla) [ | plylxmipxlzmyix. (19)
1 X

At this point, we can insert (19) into (16). But to go further,
we face a problem: the model is expressed in terms of the
distributions p(y|m), p(x|y,m), p(z|x, m) and not the “in-
verse” distributions p(z|m), p(x|z, m), p(y|x, m) as required
in (19)*. Fortunately, a linear-Gaussian model is “invertible”:
knowing the Gaussian PDFs p(y) and p(x|y), the PDFs p(x)
and p(y|x) are derived easily and form a linear-Gaussian
model [28] (p. 93). In the present case, we can chain the
inversion across Y, X and Z to obtain:

p(y[x,m, Oyx.m) =N (y|[ALx + by, UL),  (20)
p(x[m, Oxm) = N (xle;,, R},), 21
p(x|z, m, Oxz.m) =N (x|C} z+d;,, V), (22)
p(z|m, @z ,,) = N (zlf;,, P},), (23)

with

U, = (R, + A, U A,
AL =UrA UL b =UnL (R e, — AU, 'by),

m m m

R, =U,+A,R,A}, e, =A,e,+b,,

Vi =R+ CLVIC) T

Ci, = VL,CLV,!, d, = Vi, (R, el — CLV, d,),

P =V, +C,R:C! f: =C,e +d,.

m m?

3In this subsection we omit the parameter set in PDF notation for clarity
of presentation.
“p(m|z) can be deduced from p(z|m) using Bayes formula (6).

Now we can calculate (16) as:

5= > i) [ ([, yotsix.may ) pxa mox

m=1 RPX
M
= Z p(m|z)/ (A7, x+ b} )p(x|z, m)dx
m=1 RPxX
M
= plm|z)(A;,(Clz +d;,) + b)), (24)
m=1
and finally:

M
y=Y p(mlz)(A;,Crz+ALd;, +b}). (25
m=1

Similarly to (7), it can be shown that C}, = EXZ,mzié’m,
d;, = px,m — C;, bz m. Therefore, (25) is equivalent to :

M
7= p(mlz) (y.m

+ EYX,mE)_(%QmEXZ,mEZ%’m(Z — pz,m)).  (26)

The component weights p(m|z) are obtained by applying the
classical formula (6) with distribution (23).

Equation (26) was initially proposed in [27], but without
theoretical support. It exhibits the chaining of Z-to-X and
X-to-Y linear regressions at the mixture component level.
This results into a Z-to-Y GMR with a specific form of the
covariance matrix Xvyz., = EYXME;(;( m2XZ,m- Note
that these parameters depend on the joinf distribution of
(X,Y,Z), and in practice they are estimated from all available
(x,y,z) data (as we will see below). Even if their inference
equation has the same general form, this makes the IC-GMR
quite different from the D-GMR of Section III-C: Remind that
this latter was obtained from a limited set of Ny (z,y) data
only.

Similarly to Section II-C, we can derive the MLPG form
for the IC-GMR. The mean matrix E is here constructed from
(25), and the covariance matrix D is constructed from the
conditional covariance matrices:

3yvYi|zm = XYY,m — EYZ,mzié’mEZYﬂTm 27
which can be shown to be equal to
Z:YY|z,m = Rm - A:nC:nCmAmRm- (28)

The sequence ygq is then estimated from sequence z by
applying (9) with the constructed E and D matrices.

C. IC-GMR and EM for speaker adaptation

In order to infer the articulatory trajectory y from the
acoustic features of the source speaker z by means of (25), the
parameters of the joint model (11) need to be estimated from
the data. Since (11) is a mixture model, this naturally leads to
an EM algorithm [22], [28], whose derivation is given in the
next section. In general, the initialization of EM algorithms is
known to be a crucial phase. In the present study, we propose
the following strategy:
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e First, the reference GMR is obtained from an extensive
set of (x,y) data, using the EM algorithm for GMMs
just as in Section I'V-B.

e Second, we note that the joint marginal distribution of
(X,Y) obtained by integrating (11) over z is given by:

M
- Z me(y|m» ®Y,m)p(x|ya m, ®X\Y,m)'

m=1

p(j|©3) (29)

Since for each m, both the marginal distribution of Y
and the conditional distribution of X|y are Gaussian,
(29) is equivalent to the standard GMM on (X,Y)
given in (1). Therefore, the parameters of (29), i.e
{7y €m, Ry A, by, Uy YM_ | are computed from the
parameters of the reference GMR?.

e Third, {C,,,d,n, V. }M_,, i.e., the parameters involving
Z, are initialized using the N aligned (z,x) data.

o Finally, after the initialization is done, both the N
aligned (z,x,y) data and the remaining N — Ny (x,y)
data are used to train the IC-GMR. Most importantly, all
data are used to jointly update all IC-GMR parameters, as
opposed to the SC-GMR adaptation, where the reference
model remains unchanged, i.e. its parameters are not
influenced by the adaptation data zi.y,.

VI. EM ALGORITHM FOR IC-GMR

In this section, we derive the exact EM algorithm associated
to the IC-GMR model presented in the previous section.
The aim of the EM algorithm is to maximize the expected
complete-data log-likelihood, denoted by Q. At each iteration,
the E-step computes ) and the M-step maximizes ) with
respect to the parameters ®. The EM algorithm alternates
between the E and M steps until convergence.

A. E-step

At iteration i + 1, Q(®, @) is defined as the expected
value of the complete data log-likelihood with parameter set
©. The expectation is taken accordingly to the posterior
distribution of latent variables given the observed data and
the parameter set at the previous iteration, © (). In order to
derive the @) function we follow the general methodology
given in, e.g., [28]—(Section 9.4) and [23]. This leads to (30),
where all pdfs are defined in Section V-A, j, = [x,y,]"
o, = [x)ylz!]T (see the details in Appendix A). For

€ [1, NoJ,

>

_ plon,ml©) 31)

(i+1)
Tm (On) p(0n|®(z))

are the so-called responsibilities (of component m explaining
observation o,,) [28]. Note that (30) is valid for any trivariate
mixture model on (X,Y,Z) (or any bivariate mixture model
on (J, Z)) with partially missing z data and i.i.d. observations.

5The one-to-one correspondence between the parameters of the “compact”
GMM formulation (1) and the parameters of the “developed” formulation (29)
is similar to the one given with (7).

If we now extend the definition of responsibilities for n €
[No + 1, N] with:
(.]?’L7m|®J 'rn)
p(ja1©5)

and we use the IC-GMR definition (11)—(15), (30) becomes
(see Appendix A for details):

(+1) (jn) -

Tm ) (32)

00.00) = L 3% 5™ 6510, (2log s — o |
n=1m=1
- log |Um| - IOg ‘Vm| - HYn - em| i{m
2 2

- Hxn - AmYn - bm”Um - Hzn - men - deVm)

1 N M

= Z Z 70 (5, (21og T — log [Rop| — log [U,y,|

n=No+1m=1
2 2

—log V| = [lyn — emHRm —lxn — Amyn — bmHUm

) . 2 )
- Hcg,z)xn +dY — Cpx, — dm‘ ~ TV V@),

(33)

where HXH; = xR~ !x denotes the Mahalanobis distance of
x with matrix R and Tr stands for the trace operator. The sum
in the range [1, Np| is a direct match of [28]-(9.40), i.e. the
classical EM for GMM, while the sum in [Ny + 1, N] results
from the expectation over the missing data z,,.

For n € [Ny + 1,N], let us denote the expected value
of Z, given x, for the m-th model component by z, . =
cl )xn +d$,) = (lef(l)m. This amounts to replace the missing
data with their cond;tlonal mean given X, and the current
model parameters. For convenience, let us extend the notation
z,., to the interval n € [1,Ny| with z/,, = 2z, (which
does not depend on m here). If, in addition, we denote
o =75 (0,) for n € [1,No] and 7 = A% (3n)
for n € [Ny + 1, N], then Q(©, ©®*)) can be rewritten as:

Q©,01) = Z Z D (210g T — 1og R
n=1m=1
—llyn — em”f{m —1og [Up| — [[x — Armyn — bm”%m
2
,10g|Vm|f|| wm — CmXpn —dmlly )
M
S o
m=1 \n=Np+1
B. M-step

In this subsection, we provide the M-step updates for the
IC-GMR parameters. The details of the derivations are given
in Appendix B. Three important properties of the update
rules appear. First, they are all closed-form expressions, thus
yielding to an intrisically efficient EM algorithm. Second,
the dependencies between the update rules do not form a
loop. In other words, we first update the parameters that are
independent, to later on estimate the rest of them. Third,
several auxiliary quantities are shared between different up-
dates, so that calculating these quantities once for all saves
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n=1m=1 n=No+1m=

n)log p(o,, m|©,,) + Z Z

(on,m|(-)£,?) log p(0,, m|®,,)dz,, (30)
1p

(Jnl@ ) /RDZP

computational power. Additionally, this allows to present the
update rules more clearly, as follows.

Auxiliary variables are weighted sums of the observations
and their outer-products:

S+ Z NGt

Z oy L+1)

The definition of the variables Syftrll), SZZ,J;:L), S;J{vl,)n, Sg;;l,)n,

Sgrxom

z+1)

Z7<Z+1)Xn>

and  Syx') = (35)

and S(Zz,';,?m follows the same principle.

Priors: Maximization of Q(®, ®(?)) with respect to the priors
is trivial, since it is identical to the GMM case [28] (with
of course the responsibilities being calculated from the IC-
GMR’s PDF). For m € [1, M], we have:

. 1 .
=S (36)
Constant vectors and transition matrices: For m € [1, M],

we have:

) 1 i
e1('rlz+1) = S(H—l) gﬁ:’rnll)’ (37)

and A,,, b,,,, C,,, and d,,, are updated with (38) and (39).
Note that AS}L;H) and bgf{H) have the form of the standard
weighted-MSE estimates of A,, and b,, given the (x, y)
dataset and using the responsibilities as weights. C%‘H) and
d%frl) have a similar form but take into account partially

missing z data.

Covariance matrices: For m € [1, M|, we have:

( g;y _S(z+1 %H))
R{Y = efite(F0T+ S , (40)

U1(71"L+1) (1+1)b(1+1 +

(1+1)

S

S ALT=(S V= AGTISEED )bl ) @)

YY,m

i+ C'E};L—i_l) S;;IMC(H_UT

VD = g gl T, s<‘+1> (S(Z%/;})

£ O (G- clrsE D) afi)
+ V(L) Zn N +1 7%27;51)7

where P+ Q = PQT + QP denotes the symmetrized outer
product of P and Q. Interestingly, (37), (40), (38) and (41)
correspond to the classical two-variable GMM, whereas (39)
and (42) encode the effect of the missing data. Indeed, all
statistics related to Z are computed using the actually observed
z,, for n € [1, Ny] and the expected value 'U’(Z|x )m for n €
[No+ 1, N].

(i+1)
_SZ’X m

(42)

C. Complete EM algorithm

The main steps of the initialization of the EM algorithm
have been given in Section V-C. We complete this descrip-
tion here by formalizing the initialization of the subset of
parameters related to Z, i.e. {C,,,dn, Vi 2, . Basically,
this is done by evaluating (39) with the auxiliary variables
involving Z being calculated using observed z data only, i.e.
Z1.N,, corresponding x data, i.e. Xi.n,, and responsibilities
for n € [1, No| given by (31). The complete EM algorithm for
the IC-GMR, including the initialization step, is schematized
in Algorithm 1. The E-step boils down to the calculation of
the responsibilities (31) and (32). The M-step computes the
auxiliary quantities defined in (35) that speed up the update
of the parameters (36)—(42).

VII. EXPERIMENTS

In this section, we describe the experiments we conducted
to evaluate and compare the five adaptation techniques consid-
ered in this study (MAP-based and MLLR-based adaptation,
D-GMR, SC-GMR and IC-GMR), and we discuss the results.

A. Data

The articulatory data of the reference speaker were recorded
synchronously with the audio signal using the Carstens 2D
EMA system (AG200). Six coils were glued on the tongue
tip, blade, and dorsum, and on the upper lip, the lower lip
and the jaw (the position of the velum was not recorded). 2D
positions of the 6 coils were concatenated in 12-dimensional
feature vectors. The sequences of articulatory feature vectors
y were recorded at 200Hz and downsampled to 100Hz. The
recorded database consists of two repetitions of 224 VCVs
(Vowel-Consonant-Vowel sequences such as [apa], [ata], etc.),
two repetitions of 109 pairs of CVC real French words (such
“balle”, "pomme”, etc.), and 88 sentences. Silence and long

(S)(g(ly)n + A%ﬂ) glit1) A(z+1)T pauses were removed from the data set, which finally contains

16 minutes of speech.

In order to evaluate and compare the five adaptation tech-
niques considered in this study, a second database of audio
data only was recorded by two other speakers: one male
(M1) and one female (F1). Both were asked to pronounce
the same corpus as the one recorded by the reference speaker.
All audio speech signals (from the reference speaker and the
two source speakers) were sampled at 16kHz. Audio feature
vectors (x and z data) consisted of 13 MFCC coefficients
extracted from 25ms-frames (weighted with the Hamming
window) every 10ms (therefore, audio and articulatory vectors
are synchronized at 100Hz). To capture the dynamics of speech
articulation, both acoustic and articulatory feature vectors
were completed by their first derivative. This resulted in 26-
dimensional acoustic vectors and 24-dimensional articulatory
vectors).
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Algorithm 1: EM algorithm for integrated cascaded-GMR

(IC-GMR) with partially missing data Z.

Initialization

Use EM for GMM over {x,,y,}5,_; to compute ©:
- . o M
{W;%,G%,R%,A%,b%,Um }m=1'

m
for n:=1: Ny do
| 2., = Zn, Vm.
end
for m:=1: M do
for n:=1: Ny do
| Set 4 using (32) with ©.
end
gin _ ZNU in _/
Z''m — n:NI TnmZnm
in _ 0 in / T
SZ’X,m - Zr}\le YrnmZnmXn
in _ 0 in / / T
SZ’Z/,m - anl 7n7n,znm,(znm)
end

Use (39), (42) with the previous auxiliary variables to

compute {Cl,,din, Vin }

Set

m=1"

©0) = @M and ; = 1.

while Not convergence do

end

for n:=1: Ny do

for m:=1: M do
(i) _ plon,m|©)
‘ Tnm = Tplo, @) -
end
end

for n:= Ny +1:N do

for m:=1: M do
(i) _ plnm|®F) )

nm —

p(jn|©5)
7z, = C%)xn + dﬁ,").
end
end

for m :=1: M compute
Auxiliary variables using (35)
77,(,2“) and eg,ifl) using (36) and (37)
A%H) and bgffl) using (38)
Csffl) and dg,i,,ﬂ) using (39)
RO, U and Vi Yusing (40), (41) and
(42)

end

1++

p(0,]00) =M p(0,,m|©)), using (11).

p(3a1©D) = M p(j,m|©F) ), using (29).

B. Evaluation protocol

A 5-fold cross-validation technique was employed for eval-
uation. For each source speaker (M1 and F1), the acoustic-
articulatory database was divided into 5 subsets of approximate
equal size, each one representing about 3 min of speech.
At each trial, 4 subsets were used for training the reference
speaker model (i.e. the x-to-y inversion), and the remaining
subset was used for test. Also at each trial, 10 experiments
were conducted by varying the amount of adaptation data. De-
pending on the experiment, an adaptation subset was extracted
randomly from the training set, with a size equal to k/20 of the
size of the training set with k € [1,10], i.e approximately 0.7,
1.4,2.1,2.8, 3.4, 3.9, 4.5,4.9, 5.3 and 6 min of speech signals.
For all adaptation schemes, no significant improvement was
observed for larger datasets. Therefore, we report here only
the results obtained when using less than 6 min of adaptation
data, out of the 16 min available for each source speaker. This
results in 50 experiments, for each of the two source speakers
M1 and F1 (i.e. 100 experiments in total).

C. Metrics

In a practical context, the articulatory movements estimated
from the source speaker’s acoustics occur in the vocal tract
space of the reference speaker (displayed via a virtual talk-
ing head). For each test sequence, the original articulatory
movements recorded on the reference speaker were therefore
considered as the rarget.

Two metrics were used to evaluate the accuracy of the
estimated articulatory trajectories. The first one is the Root
Mean Squared Error (RMSE) between the articulatory feature
vectors of the reference speaker and those estimated from
the source speaker’s acoustics. A paired t-test was used to
estimate a 95%-confidence interval for each RMSE measure.
For each experiment (i.e. for each size of adaptation dataset),
paired t-test were also used to determine if the performances
given by two adaptation techniques were significantly different
from each other. Before calculating the RMSE, a DTW-based
procedure was used to align the signals of reference and
source speakers. In contrast to the training step, we here
warped the audio signals produced by the reference speaker
onto the audio signals produced by the source speaker, and
then we warped the articulatory movements of the reference
speaker accordingly. This way, the articulatory movements of
the reference speaker matched the speech rate of the source
speaker. This enables the generation of audiovisual sequences
of the talking head displaying the estimated articulatory tra-
jectories synchronously with the voice of the source speaker.
Such sequences are provided with this paper as supplementary
material.

The second metric used for evaluation was derived from
the so-called articulatory recognition paradigm [7], [31], [32].
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This metric aims at evaluating the estimated trajectory at the
phonetic level and can be summarized as follows. First, a
HMM-based phonetic decoder was trained on the articulatory
data of the reference speaker. A standard training procedure
based on triphone modeling was used (with a 3-state left-to-
right HMM, and a tree-based state-tying strategy, using the
HTK toolkit [33]). For each test utterance, the Viterbi algo-
rithm was then used to decode at phonetic level the articulatory
trajectories estimated from the source speaker’s acoustics. In
order to alleviate the problem of insertion/deletion errors due
to the absence of a language model, this evaluation procedure
was used only on VCV and CVC sequences (the decoder being
forced to recognize VCV and CVC only). The phone error
rate (PER) was used as a measure of the accuracy of the
estimated articulatory trajectories. It is here defined as PER =
100%((N,—S,)/N,), where N,, is the total number of phones
in the test set, and S, is the number of substitution errors. The
95%-confidence interval of each PER measure was defined
as the Wilson score interval. For each experiment, statistical
significance between two adaptation methods in term of PER
was assessed using the non-parametric Wilcoxon test (which
was preferred to paired t-test because of the non-Gaussian
form of errors distribution).

D. Implementation details

The number of mixture components of the different models
were optimized at each trial of the 5-fold cross-validation,
using a subset of the training set. As for the reference acoustic-
articulatory GMR, we tested M € {16,32,64,128,256}. In
most experiments, the optimal number was found to be 64 or
128. Since the performance obtained with these two values
were very close, we selected M = 64 to limit the number of
parameters for the different models (we recall that all GMR
and C-GMR models involve full covariance matrices). As for
the first stage of the SC-GMR (i.e. the spectral conversion
GMR) and the D-GMR, and for each size of the adaptation
dataset, a cross-validation procedure was used to determine
the best number of mixture components K among 8,16, 32
and 64. For D-GMR, SC-GMR and IC-GMR, the number
of EM iteration was fixed empirically to 50. In practice, we
observed no significant evolution of model parameters with
more iterations. As for the MLLR-based adaptation scheme,
we adopted the formulation of [34]. Best performance was
obtained when adapting jix ., and keeping the original value
of ¥xx m, and prior 7,,, for each component m. As for the
MAP-based adaptation scheme, both px ,, and ¥xx ,, were
adapted, but best performance was obtained when keeping the
original value of m,,.

E. Results

First, we report the performance of the acoustic-to-
articulatory inversion by the reference X-Y GMR, using
reference speaker speech signals as inputs. This provides an
upper bound for the five adaptation schemes considered in this
study (i.e. the best possible result). In terms of RMSE, we
obtained an error of 1.8 mm using GMR-MSE, and 1.5 mm
using GMR-MLPG. These results are consistent with the

literature on acoustic-articulatory mapping, e.g. [12], [15]. In
terms of PER, we obtained 6% for the GMR-MSE, and 3.1%
for the GMR-MLPG.

On the other extreme side, we report the performance
obtained by the reference speaker X-Y GMR (in MLPG
implementation) when processing speech inputs z from source
speakers F1 and M1, with no adaptation. This provides a lower
bound for the five adaptation schemes (i.e. the worst possible
results). As expected, the performance decreased drastically
compared with the upper bound, with RMSE = 3.8 mm
/ PER = 67% for speaker M1, and RMSE = 4.4 mm /
PER = 80% for speaker F1 (we recall that speaker M1 and
reference speaker are male, whereas speaker F1 is a female).
These results confirm the strong need to adapt the reference
speaker model.

Let us now present the results obtained for the source
speakers M1 and F1, for all adaptation schemes (MLLR, MAP,
D-GMR, SC-GMR and IC-GMR). Fig. 4 and 5 show the
RMSE and PER obtained for speakers M1 and F1 respectively,
as a function of the amount of adaptation data, and for
both MSE and MLPG implementations. These results can be
discussed from different perspectives.

First of all, the adaptation of the reference model to the
source speaker’s acoustics drastically reduces both RMSE and
PER. As an example, let us consider the IC-GMR technique
in MSE implementation when considering 2 min of adaptation
data. Compared to the lower bound, the relative improvement
for speaker M1 is 29% for RMSE and 50% for PER (with
2.7 mm RMSE and 32% PER). For speaker F1, it is 34%
for RMSE and 57% for PER (with 2.9 mm RMSE and 34%
PER). This shows the global efficiency of the proposed C-
GMR framework.

As expected, the MLPG implementation of each adaptation
scheme systematically outperforms the corresponding MSE
implementation (solid vs. dashed curves), for both source
speakers, and all sizes of adaptation dataset. As mentioned
in [15], the statistical smoothing of MLPG is of particular
interest for the acoustic-to-articulatory inversion given the
slow-varying nature of the EMA data. Using MLPG, the
mapping is achieved utterance-by-utterance and not frame-
by-frame as in MSE implementation. All acoustic feature
vectors of an input sequence z contribute to the estimation
of each output vector y;. As a consequence, the mapping can
benefit from contextual information, which is also important
to tackle the ill-posed nature of acoustic-articulatory inversion.
However, in its standard implementation, MLPG estimation
can not be done in real-time, which remains an important issue
for the present system.

Let us now describe in more details the RMSE results
for the five adaptation schemes (Fig. 4). In all experiments,
MAP-based adaptation significantly outperforms MLLR. As
a possible explanation, let us recall that MLLR imposes the
same transformation to all GMM components, whereas MAP
updates each component separately, leading potentially to
better flexibility and accuracy. Experimental results show very
distinct error patterns between MAP and MLLR on the one
hand, and D-GMR, SC-GMR and IC-GMR on the other hand.
Surprisingly, the performance of MAP and MLLR are quite
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Fig. 4. Performance obtained with MLLR, MAP, D-GMR, SC-GMR and
IC-GMR (for both MSE and MLPG implementations) as a function of the
amount of adaptation data, in terms of RMSE, for speaker M1 (top) and F1
(bottom). Error bars represent 95% confidence intervals of RMSE.

stable with the size of the adaptation dataset. Best performance
is almost already obtained with less than 1 min of adaptation
data (training with a smaller size was not feasible). As already
mentioned in Section IV-A, this may be explained by a
potential mismatch between the adapted acoustic parameters
and the original acoustic-articulatory parameters of the X-Y
reference GMR. In contrast, performances of D-GMR, SC-
GMR and IC-GMR increase with the size of the adaptation
dataset (for both MSE and MLPG implementations).

Now we detail the differences between D-GMR, SC-GMR
and IC-GMR. In MSE implementation, SC-GMR and IC-
GMR significantly outperform D-GMR for less than 2.1 min of
adaptation data for speaker M1 and 2.7 min for speaker F1. For
larger adaptation datasets, D-GMR, SC-GMR and IC-GMR
give similar performances. As already mentioned in Section
IV-A, D-GMR exploits only the reference speaker’s articula-
tory data that can be associated with the source speaker’s audio
data. Hence, training the D-GMR on a limited dataset leads to
low performances. This result tends to validate the proposed
C-GMR models (SC-GMR and IC-GMR). We recall that these
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Fig. 5. Performance obtained with MLLR, MAP, D-GMR, SC-GMR and
IC-GMR (for both MSE and MLPG implementations) as a function of the
amount of adaptation data, in terms of phone error rate, for speaker M1 (top)
and F1 (bottom). Error bars represent 95% confidence intervals of PER.

techniques exploit all available data from the reference speaker
when training the acoustic-articulatory model. Regarding the
MLPG implementations, the differences between D-GMR on
the one hand and SC-GMR/IC-GMR on the other hand are
smaller compared to the MSE implementation (for both source
speakers). The smoothing effect of MLPG seems to alleviate
the impact of errors on the estimated articulatory targets.

We now compare the performance of SC-GMR and IC-
GMR. As shown in Fig. 4, IC-GMR outperforms slightly
SC-GMR for MSE implementation in RMSE terms (i.e. the
solid red curve is most often slightly below the solid blue
curve). In order to test if the difference between the two
techniques was statistically significant over all experiments (i.e
not for a specific size of adaptation dataset), we conducted
a 3-way ANOVA test based on a mixed model (using the
Ime package of the R software). The variable to explain was
the RM SFE whereas the explicative variables were: a 2-level
categorical factor method (SC-GMR/IC-GMR), another 2-
level categorical factor speaker (M1/F1), a 10-level categorical
factor for the size of the adaptation corpus, and a random
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effect of the fest sentence to account for data pairing. For
both MSE and MLPG implementations, the factor method did
not interact significantly with any of the two other factors. For
MSE implementation, its effect was significant on the RMSE
measure which is lower for IC-GMR compared to SC-GMR,
by 0.008 with F'(1,21976) = 221 and p < 0.001. Therefore,
IC-GMR outperforms slightly, but significantly, SC-GMR for
MSE implementation. An opposite tendency was observed for
MLPG implementation. Here, SC-GMR outperforms slightly
IC-GMR by 0.002, but this main effect is weakly significant
(F(1,21976) = 10 and p = 0.0016). Therefore, performances
of SC-GMR and IC-GMR in MLPG implementation should
be considered as equivalent.

Similar general trends are observed for the PER (Fig. 5).
As expected, the curves are less regular than for RMSE since
a difference in terms of RMSE does not necessarily lead to a
phonetic decoding error (in other words, PER metric is less
fine-grained than RMSE). For MSE implementation, SC-GMR
and IC-GMR outperform D-GMR almost always significantly.
Similarly to RMSE results, IC-GMR outperforms slightly SC-
GMR. However, the difference is here almost never significant.
Again, the MLPG implementations of D-GMR, SC-GMR and
IC-GMR (dashed curves) lead to similar performances (with
20% PER in average).

F. Discussion

To summarize the previous results, the proposed C-GMR
framework most often outperforms the other adaptation tech-
niques when considering the conventional MSE estimator.
This is true for both RMSE and PER metrics, for both
source speakers M1 and F1, and more importantly for small
adaptation datasets. A good trade-off between the amount of
adaptation data and the performance can be found between 1.5
and 2.5 min, depending on the speaker and on the implemen-
tation (MSE or MLPG). The performance for small datasets
validates the benefit of introducing an intermediate spectral
conversion stage (i.e. Z-to-X) in the acoustic-articulatory
inversion process. This allows the model to rely on a well-
estimated acoustic-articulatory model of the reference speaker.

For both SC-GMR and IC-GMR, the performances decrease
significantly for very small datasets (say, less that 1 min).
For both techniques, we can conjecture different explanations
for this result. As concern the SC-GMR, one characteristic
of this model is its flexibility, in the sense that the number
of components of the Z-to-X GMR can be set independently
from the X-to-Y GMR. Consequently, the Z-to-X model can
adapt to the structure of the adaptation set. This is suitable
when dealing with a dense adaptation set. However, it can
be problematic for a very small and potentially too sparse
dataset. Indeed, some regions of source and reference speaker’s
acoustic space which are not represented in the adaption
dataset may not be correctly covered by the model.

This problem is theoretically tackled by the IC-GMR. As
an example, let us consider a component of the X-to-Y
GMR for which no corresponding z observation is available
in the adaptation dataset. Thanks to the integrated structure of
the IC-GMR, this component should be preserved and even

slightly adapted using the estimated missing data (as detailed
in Section VI). Therefore, the accuracy of the mapping in this
area of the acoustic space will depend only on the distance of
the z observation to the mean of the considered component.

Therefore, the IC-GMR should achieve better generalization
than the SC-GMR. However, our experiments did not confirm
such property for the smallest adaptation datasets. Among the
possible limitations of the IC-GMR, we can conjecture two.
For very small adaptation datasets (i.e. Ny < N), the amount
of data available to correctly bootstrap the proposed IC-GMR
training algorithm may not be sufficient: in the initialization
stage, the statistics Sy, ., Sgx ,, and Si., . are calculated
from available adaptation data zi.n, and X;.n,. This may
deliver poorly reliable estimations of parameters C", di" and
Vit and thus poorly estimated missing data z’ and so forth in
the following EM iterations. In other words, there may exist
a limit on the amount of adaptation data above which the
proposed EM algorithm and associated initialization work as
a virtuous circle. A second limitation could be related to the
ratios between data amount and number of model parameters.
The number of free parameters that have to be estimated in
any of the considered training processes is significantly lower
for the SC-GMR than for the IC-GMR. Indeed, the SC-GMR
is a chain of two independent 2-vector GMRs, whereas the
IC-GMR is basically a 3-vector GMR. When the amount
of training/adaptation data gets too limited, models with a
larger number of parameters are generally penalized. This is
a remaining issue of the proposed IC-GMR framework which
should be addressed in future work.

VIII. CONCLUSION

This article addresses the problem of how to adapt an
acoustic-articulatory GMR trained on a reference speaker, to
another (source) speaker, using a limited amount of audio-
only speech data. First, we investigated standard adaptation
techniques for GMM such as MLLR and MAP, to modify
the acoustic component of the acoustic-articulatory GMR.
We tested also the performance of a standard GMR, which
models directly the statistical relationships between the source
speaker’s acoustics, and the reference speaker’s articulation
(referred to as D-GMR). Then, we introduced a new general
framework called cascaded Gaussian mixture regression. This
approach aims notably at exploiting all information available
about the acoustic-articulatory relationship of the reference
speaker. To that purpose, it decomposes the conversion process
in two steps, 1) a spectral mapping step which models the
statistical relationships between source and reference speaker’s
acoustics, and 2) an acoustic-articulatory inversion step. Two
versions of the C-GMR have been proposed. The first one is a
straightforward chaining of two GMRs (SC-GMR), achieving
respectively the spectral mapping and the acoustic-articulatory
inversion. The second one (IC-GMR) integrates the two
regressions in a single joint probabilistic model. The EM
algorithm associated to the IC-GMR has been derived within
the framework of missing data to deal with limited adaptation
datasets. In line with the existing literature on conventional
GMR, we derived two mapping procedures for the IC-GMR,
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based respectively on MSE estimator and MLPG algorithm
(the latter including an explicit smoothness constraint).

Experiments have shown that both SC-GMR and IC-GMR
outperform MAP, MLLR and D-GMR, and were able to
recover phonetically consistent articulatory trajectories, from
as few as 3 min of adaptation data. Besides, IC-GMR outper-
formed slightly (but significantly) SC-GMR in MSE imple-
mentation.

Further experiments should be conducted in order to validate
the proposed system in a realistic applicative context. To
that purpose, the performance of the C-GMR framework
when adapting to disordered or non-native speech should be
evaluated. In such cases, the pronunciation differences between
source and reference speakers can be notable. This may occur
when the reference speaker’s language contains a phoneme
which does not exist in the the source speaker’s language,
or when the source speaker’s production is altered by an
articulatory disorder. To address this challenge, the proposed
training algorithm of IC-GMR should be extended to the case
of non-parallel corpus as considered in [35]. Moreover, the use
of the C-GMR framework (and notably the IC-GMR approach)
could be envisioned in other speech processing areas, such
as silent speech interfaces [36] which are devices converting
speech-related biosignals (e.g. articulatory movements, elec-
trical activity of face muscles, etc.) into audible speech. The
C-GMR techniques could be used to adapt an articulatory-to-
acoustic GMR trained with vocalized data but used with silent
speech and possible altered articulation [37].

SUPPLEMENTARY MATERIAL

A video showing the articulatory talking head animated
automatically from the speech audio signal of speakers F1/M1,
for different VCV sequences, using SC-GMR and IC-GMR
techniques is provided as supplementary material. The MAT-
LAB source code of IC-GMR training and mapping algorithms
is available at http://www.gipsa-lab.fr/~thomas.hueber/cgmt/.
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APPENDIX A
DERIVATION OF @ (©,©)

Q@ is classically computed by taking the expectation of
the complete-data log-likelihood with respect to the posterior
distribution of the hidden variables given the observations (and
the parameters at previous iteration):

(@ eu ) 20: Zp (m|on,®( )logp(on,m|®m)+

n=1m=1

>3 [

n=No+1m=1

zn, m|jn, @(0) log p(0y,, m|®,,)dz,,.

With definition (31) and multiplying and dividing the terms
of the second double sum by p(j,, @), (30) follows imme-
diately. Injecting (11)—(15) into the first double sum of (30)

leads to the first double sum of (33). As for the second double
sum, we remark that:

/ P <0n,m|®£fl)) log p(0y,, m|©,,)dz,
RPz
=p (jn,m|®5,?) [logp(jmml@m) +
/ p (zn,mljm@ﬁf;)) logp(zmmljm@m)dzn] :
RPz

Factor p(j,|©®) together with p(j,, m|®%)) form the re-
sponsibilities (32), and the integral term 1s responsible for the
term — HC %+ d% — Cpxn — de TV V) of
(33), that is equivalent in the case of m1ssmg data to the term

— ||z, — Cruxp, — mva present in the first double sum of
(33).

APPENDIX B
MAXIMIZATION OF @ (©,©)

In this appendix we present the derivations for the M-step.
All formulas start by taking the derivative of () as expressed
in (34).

Constant vectors and transition matrices: For m € [1, M],
we have:

0Q(,00

Oe,,

—1 Z ,Y(H-l

Setting this expression to zero leads to:

N i+1
o — Zn:l 77(17—5 )Yn
mo N i+1)
Zn:l 77(”1; )
from which we obtain (37). This expression is very similar
to the classical GMM case (see [28]), except for the specific
definition of the responsibilities for n € [Ny + 1, N]. In the

same line, taking the derivative of Q(®, ® (")) with respect to
b,, and setting the result to zero leads to:

ij 1 W£2$1)(Xn - Amyn)

n—€mn)

(43)

by, = 7 (44
ZnN:1 77(”#)
Besides, for m € [1, M|, we have:
0Q(©,01) —1 - (i+1) T
oA = U, ;'ynm (X0 — ApYn — bm)y, -

Setting this expression to zero leads to:

1
N
(Z Vaim ) (%n — b )ﬂ)(Z ’Yfzznfl)ynyn> :

45)
With the notation introduced in (35), Equ. (44) and (45) write:
1 +1 i1
bm = S(i+1) (Séé m) AmS(Yq',m)) (46)
and
i+1) i+1) i+1) —1
A = (S50, - busEEVT) SEN @
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Replacing (46) into (47) we can deduce the final result for
A,, and b,, given by (38)°. The optimal expression for C,,
and d,,, in (39) are obtained in the same manner.

Covariance matrices: For m € [1, M], we have:

Z z+1)

9Q(©,00

6R7_7L1 R, — (yn— em)(Yn_ em)T) .

Setting this expression to zero leads to:

z+1) Z Tnm H_l)

TYnm ~ p=1

R =
m N
Zn 1
1 (i+1)

= w (SYY,m -

We recall that P+xQ = PQ" + QP denotes the symmetrized

outer product of P and Q. From these equations the result

in (40) follows immediately. In the same line, taking the

derivative of Q(®,©®®)) with respect to U, and setting the
result to zero leads to:

'L+1)
O = iy S

which drives us to (41). These expressions are of course empir-
ical covariance matrices weighted by specific responsibilities.
As for the maximization of Q(©,©")) with respect to V,,,
we have the additional contribution of the Trace term due to
the missing data. Setting the corresponding derivative to zero
yields:

m)(}’n_em)—r

(i+1)

-
Y.m *em + emem) .

N

1 . )
§ 1+1 v
m n=Nop+1

ZV(PA nm_men dm)(zlnm_

V=

Cnxn _dm)T

The second term on the right side is an empirical covariance
matrix and, again, it is similar to the classical GMM case [28§]
except for the specific definition of observation vectors and
responsibilities for n € [Ny + 1, N]. The first term accounts
for the missing data, i.e. z, for n € [Ny + 1, N]. From this
last equation (42) follows easily.

REFERENCES

[11 K. Livescu, “Feature-based pronunciation modeling for automatic speech
recognition,” PhD, Massachusetts Institute of Technology, MIT Depart-
ment of Electrical Engineering and Computer Science, 2005.

[2] S. Chennoukh, D. Sinder, G. Richard, and J. Flanagan, “Articulatory
based low bit-rate speech coding,” The Journal of the Acoustical Society
of America, vol. 102, no. 5, pp. 3163-3163, 1997.

[3] Z.-H. Ling, K. Richmond, J. Yamagishi, and R.-H. Wang, “Integrating
Articulatory Features Into HMM-Based Parametric Speech Synthesis,”
Audio, Speech, and Language Processing, IEEE Transactions on, vol. 17,
no. 6, pp. 1171-1185, Aug. 2009.

[4] P. Badin, F. Elisei, G. Bailly, and Y. Tarabalka, “An audiovisual
talking head for augmented speech generation: models and animations
based on a real speakers articulatory data,” in Articulated Motion and
Deformable Objects, ser. Lecture Notes in Computer Science, F. Perales
and R. Fisher, Eds. Springer Berlin Heidelberg, 2008, vol. 5098, pp.
132-143.

6 Alternately one can solve for A, first and place the result in (46) to obtain
b,,. The two solutions are equivalent, including in terms of computational
cost.

n_AmYH_bm)(xn_AmYn_bm)Ta

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

(19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

(271

D. W. Massaro, S. Bigler, T. H. Chen, M. Perlman, S. Ouni, et al.,
“Pronunciation training: the role of eye and ear.”” in Proceedings of
Interspeech, Brisbane, Australia, 2008, pp. 2623-2626.

S. Fagel and K. Madany, “A 3-D virtual head as a tool for speech therapy
for children.” in Proceedings of Interspeech, Brisbane, Australia, 2008,
pp. 2643-2646.

O. Engwall, “Analysis of and feedback on phonetic features in pronun-
ciation training with a virtual teacher,” Computer Assisted Language
Learning, vol. 25, pp. 37-64, 2012.

B. S. Atal, J. Chang, M. V. Mathews, and J. W. Tukey, “Inversion of
articulatory-to-acoustic transformation in the vocal tract by a computer-
sorting technique,” The Journal of the Acoustical Society of America,
vol. 63, no. 5, pp. 1535-1555, 1978.

J. Hogden, A. Lofqvist, V. Gracco, 1. Zlokarnik, P. Rubin, and E. Saltz-
man, “Accurate recovery of articulator positions from acoustics: New
conclusions based on human data,” The Journal of the Acoustical Society
of America, vol. 100, no. 3, pp. 1819-1834, 1996.

S. Ouni and Y. Laprie, “Modeling the articulatory space using a
hypercube codebook for acoustic-to-articulatory inversion,” The Journal
of the Acoustical Society of America, vol. 118, no. 1, pp. 444-460, 2005.
M. Rahim, W. Keijn, J. Schroeter, and C. Goodyear, “Acoustic to
articulatory parameter mapping using an assembly of neural networks,”
in Proceedings of ICASSP. 1EEE, 1991, pp. 485-488.

K. Richmond, “Estimating articulatory parameters from the acoustic
speech signal,” Ph.D. dissertation, University of Edinburgh, 2002.

A. Toutios and K. G. Margaritis, “A support vector approach to the
acoustic-to-articulatory mapping.” in Proceedings of Interspeech, Lisboa,
Portugal, 2005, pp. 3221-3224.

G. Ananthakrishnan and O. Engwall, “Mapping between acoustic and
articulatory gestures,” Speech Communication, vol. 53, no. 4, pp. 567—
589, 2011.

T. Toda, A. W. Black, and K. Tokuda, “Statistical mapping between
articulatory movements and acoustic spectrum using a Gaussian mixture
model,” Speech Communication, vol. 50, no. 3, pp. 215-227, 2008.

S. Hiroya and M. Honda, “Estimation of articulatory movements from
speech acoustics using an HMM-based speech production model,” IEEE
Transactions on Speech and Audio Processing, vol. 12, no. 2, pp. 175—
185, 2004.

H. Zen, Y. Nankaku, and K. Tokuda, “Continuous stochastic feature
mapping based on trajectory HMMSs,” IEEE Transactions on Audio,
Speech, and Language Processing, vol. 19, no. 2, pp. 417-430, 2011.
S. Dusan and L. Deng, “Vocal-tract length normalization for acoustic-
to-articulatory mapping using neural networks,” Proceedings of 138th
Meeting of Acoustical Society of America, vol. 106, no. 4, p. 2181,
1999.

S. Hiroya and M. Honda, “Speaker adaptation method for acoustic-to-
articulatory inversion using an HMM-based speech production model,”
IEICE Transactions on Information and Systems, vol. 87, no. 5, pp.
1071-1078, 2004.

J.-L. Gauvain and C.-H. Lee, “Maximum a posteriori estimation for
multivariate Gaussian mixture observations of Markov chains,” IEEE
Transactions on Speech and Audio Processing, vol. 2, no. 2, pp. 291—
298, 1994.

C. J. Leggetter and P. Woodland, “Maximum likelihood linear regression
for speaker adaptation of continuous density hidden Markov models,”
Computer Speech & Language, vol. 9, no. 2, pp. 171-185, 1995.

A. P. Dempster, N. M. Laird, and D. B. Rubin, “Maximum likelihood
from incomplete data via the EM algorithm,” Journal of the Royal
Statistical Society, Series B (methodological), pp. 1-38, 1977.

Z. Ghahramani and M. L. Jordan, “Learning from incomplete data,”
Cambridge, MA, USA, Tech. Rep., 1994.

——, “Supervised learning from incomplete data via an EM approach,”
in Advances in Neural Information Processing Systems 6. Morgan
Kaufmann, 1994, pp. 120-127.

K. Tokuda, T. Yoshimura, T. Masuko, T. Kobayashi, and T. Kitamura,
“Speech parameter generation algorithms for HMM-based speech syn-
thesis,” in Proceedings of IEEE ICASSP, vol. 3, Istanbul, Turkey, 2000,
pp. 1315-1318.

T. Toda, A. W. Black, and K. Tokuda, “Voice conversion based on
maximum-likelihood estimation of spectral parameter trajectory,” I[EEE
Transactions on Audio, Speech, and Language Processing, vol. 15, no. 8,
pp. 2222-2235, 2007.

T. Hueber, G. Bailly, P. Badin, and F. Elisei, “Speaker adaptation of an
acoustic-articulatory inversion model using cascaded Gaussian mixture
regressions,” in Proceedings of Interspeech, Lyon, France, 2013, pp.
2753-2757.



JOURNAL OF KIgX CLASS FILES, VOL. 11, NO. 4, DECEMBER 2012

[28] C. M. Bishop, Pattern Recognition and Machine Learning (Information
Science and Statistics). Secaucus, NJ, USA: Springer-Verlag New York,
Inc., 2006.

Z. Ghahramani and M. I. Jordan, “Supervised learning from incomplete
data via an EM approach,” in Advances in neural information processing
systems 6, morgan kaufmann publishers, inc. ed. San Fransico, CA,
USA: J.D. Cowan, G. Tesauro, J. Alspector, 1994, vol. 6, pp. 120-127.
Y. Stylianou, O. Cappé, and E. Moulines, “Continuous probabilistic
transform for voice conversion,” Speech and Audio Processing, IEEE
Transactions on, vol. 6, no. 2, pp. 131-142, 1998.

T. Hueber, A. Ben Youssef, G. Bailly, P. Badin, and F. Elisei, “Cross-
speaker acoustic-to-articulatory inversion using phone-based trajectory
HMM for pronunciation training,” in Proceedings of Interspeech, Port-
land, USA, 2012.

A. Ben Youssef, P. Badin, G. Bailly, and P. Heracleous, “Acoustic-to-
articulatory inversion using speech recognition and trajectory formation
based on phoneme hidden Markov models,” in Proceedings of Inter-
speech, Brighton, England, 2009, pp. 2255-2258.

S. Young, P. Woodland, G. Evermann, and M. Gales, “The HTK toolkit
3.4.1,” 2013. [Online]. Available: http://htk.eng.cam.ac.uk

M. J. Gales and P. C. Woodland, “Mean and variance adaptation within
the MLLR framework,” Computer Speech & Language, vol. 10, no. 4,
pp. 249-264, 1996.

Y. Ohtani, T. Toda, H. Saruwatari, and K. Shikano, “Non-parallel
training for many-to-many eigenvoice conversion,” in Proceedings of
IEEE ICASSP, Dallas, USA, March 2010, pp. 4822-4825.

B. Denby, T. Schultz, K. Honda, T. Hueber, J. Gilbert, and J. Brumberg,
“Silent speech interfaces,” Speech Communication, vol. 52, no. 4, pp.
270-287, 2010, 4.

T. Hueber and G. Bailly, “Statistical conversion of silent articulation
into audible speech using full-covariance HMM,” Computer Speech &
Language, p. to appear, 2015.

(291

[30]

[31]

(32]

[33]

(34]

(351

[36]

(371

Thomas Hueber received an engineering degree
in Electronics, Telecommunication and Computer
Science from CPE Lyon (France) and a M.Sc. in
Image Processing from University of Lyon in 2006.
He worked towards his Ph.D. in Computer Science
on silent speech interfaces and obtained it from
Pierre and Marie Curie University (Paris) in 2009.
In 2010, he joined GIPSA-lab (Grenoble, France)
as a post-doctoral researcher and became a tenured
CNRS researcher in 2011. His research activities
deal with multimodal speech processing (recogni-
tion, synthesis, conversion), with a special interest in speech biosignals (such
as the articulatory movements, muscle and brain activities), their modeling
using machine learning techniques, and their use in assistive technologies. In
2011, he received the 6th Christian Benoit Award (ACB/ISCA/AVISA) for
his work on a real-time silent speech interface driven by ultrasound and video
imaging.

Laurent Girin received the M.Sc. and Ph.D. degrees
in signal processing from the Institut National Poly-
technique de Grenoble (INPG), Grenoble, France,
in 1994 and 1997, respectively. In 1999, he joined
the Ecole Nationale Supérieure d’Electronique et
de Radioélectricité de Grenoble (ENSERG), as an
Associate Professor. He is now a Professor at Phelma
(Physics, Electronics, and Materials Department of
Grenoble-INP), where he lectures signal processing
theory and applications to audio. His research activ-
ity is carried out at GIPSA-Lab (Grenoble Labora-
tory of Image, Speech, Signal, and Automation). It deals with different aspects
of speech and audio processing (analysis, modeling, coding, transformation,
synthesis), with a special interest in joint audio/visual speech processing and
source separation. Prof. Girin is also a regular collaborator at INRIA (French
Computer Science Research Institute), Grenoble, as an associate member of
the Perception Team.

Xavier Alameda-Pineda received M.Sc. in mathe-
matics, in telecommunications from Barcelona Tech;
and in computer science from Grenoble-INP. He
worked towards his Ph.D. in mathematics and com-
puter science in the Perception Team at INRIA,
and obtained it from Université Joseph Fourier in
2013. He is currently a Post-Doctoral fellow at
the University of Trento. His research interests are
multimodal machine learning and signal processing
for scene analysis.

Gérard Bailly is a senior CNRS Research Director
at GIPSA-Lab, Grenoble-France. He was deputy
director of the lab in 2007-2012. He has been
working in the field of speech communication for
30 years, supervised 27 PhD Thesis, authored 40
journal papers, 24 book chapters and more than
170 papers in major international conferences. He
coedited Talking Machines: Theories, Models and
Designs (Elsevier, 1992), Improvements in Speech
Synthesis (Wiley, 2002) and Audiovisual speech
processing (CUP, 2012). His current interests include
the conception and evaluation of interactive systems, in particular social robots
and virtual conversational agents.




