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Abstract

The conventional approach for data-driven articulatory synthesis consists of modeling the joint acoustic-articulatory distribution
with a Gaussian mixture model (GMM), followed by a post-processing step that optimizes the resulting acoustic trajectories. This
final step can significantly improve the accuracy of the GMM frame-by-frame mapping but is computationally intensive and requires
that the entire utterance be synthesized beforehand, making it unsuited for real-time synthesis. To address this issue, we present
a deep neural network (DNN) articulatory synthesizer that uses a tapped-delay input line, allowing the model to capture context
information in the articulatory trajectory without the need for post-processing. We characterize the DNN as a function of the context
size and number of hidden layers, and compare it against two GMM articulatory synthesizers, a baseline model that performs a
simple frame-by-frame mapping, and a second model that also performs trajectory optimization. Our results show that a DNN with
a 60-ms context window and two 512-neuron hidden layers can synthesize speech at four times the frame rate — comparable to
frame-by-frame mappings, while improving the accuracy of trajectory optimization (a 9.8% reduction in Mel Cepstral distortion).
Subjective evaluation through pairwise listening tests also shows a strong preference toward the DNN articulatory synthesizer when
compared to GMM trajectory optimization.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Certain speech modifications, such as changes in foreign/regional accents and articulatory styles are too difficult
to perform in the acoustic domain, where voice quality information and speaking style interact in complex ways
(Hermansky and Broad, 1989). By contrast, these two sources are readily decoupled in the articulatory domain through
the position and dynamics of articulators (e.g., as measured via electromagnetic articulography). Following this intu-
ition, in previous work (Felps et al., 2012; Aryal and Gutierrez-Osuna, 2014) we have shown how accent conversion
can be performed by driving an articulatory synthesizer of a non-native speaker with articulatory gestures from a native
speaker.

Our original articulatory-based method for accent conversion (Felps et al., 2012) was based on unit-selection syn-
thesis. Given a corpus of articulatory-acoustic frames for a second-language (L2) speaker and a reference first-language
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(L1) utterance, the approach consisted of finding a sequence of L2 diphones with similar articulatory configurations
as those in the reference L1 utterance. Unfortunately, the approach provided only modest improvements in accent
reduction due to the small size of the L2 acoustic-articulatory corpus and the fact that unit-selection cannot produce
sounds that do not already exist in the L2 corpus. For these reasons, our recent work (Aryal and Gutierrez-Osuna,
2014) has focused on parametric statistical techniques proposed by Toda et al. (2004). The approach uses a Gaussian
mixture to model the joint acoustic-articulatory distribution, followed by an optimization stage to find the maximum-
likelihood acoustic trajectory for an articulatory sequence. This GMM framework is better suited for the limited size
of articulatory-acoustic corpora and can interpolate sounds that do not exist in the L2 inventory. However, it is com-
putationally intensive and impractical for real-time synthesis since the trajectory-optimization stage requires that the
entire utterance be present at synthesis time.

To address the limitations of the above GMM framework for real-time articulatory synthesis, this paper explores
the use of deep neural networks (DNN) to perform the articulatory-to-acoustic mapping. Following prior work on
DNN for speech recognition, articulatory inversion and text-to-speech synthesis (Hinton et al., 2012; Uria et al., 2012;
Zen et al., 2013), our approach uses a tapped-delay line to contextualize features by forming an input vector of short-
term articulatory sequences from which to predict acoustic observations. Because temporal information is encoded
in the tapped-delay line, the resulting acoustic sequence does not require the costly trajectory optimization of GMM
articulatory synthesis. We compare the proposed DNN against two GMM implementations, a static GMM that performs
a frame-by-frame mapping from articulators to acoustics, and a dynamic GMM that uses trajectory optimization. Our
results show that the DNN provides a more accurate mapping, measured as Mel cepstral distortion, than either GMM
implementation. A second comparison between the DNN and the GMM with different tapped-delay lengths shows
that DNN accuracy increases monotonically for contexts of up to 60 ms, whereas GMM accuracy degrades drastically
for contexts larger than 20 ms. Compared to trajectory optimization, which requires an average of 39 s of synthesis
time per second of speech, the DNN requires only 267 ms per second of speech, making it suitable for real-time
synthesis. A final subjective assessment through pairwise listening tests shows a strong preference (73%) toward the
DNN synthesizer.

The remaining sections of this paper are organized as follows. Section 2 reviews related work in articulatory-
to-acoustic mappings. Section 3 presents the proposed DNN architecture and the two GMM synthesizers used for
comparison. Section 4 describes the experimental setup used for model evaluation, followed by experimental results
in Section 5. The article concludes with a discussion of these results and directions for future work.

2. Related work
2.1. Articulatory-to-acoustic mappings

A significant amount of research has been performed toward understanding the forward mapping from articulators
to acoustics and developing methods to build such mappings. These efforts can be grouped into two broad categories:
physics-based models and data-driven models. Physics-based models approximate vocal tract geometry using a stack
of cylindrical tubes with different cross section areas. Speech waveforms are then generated by solving the wave
propagation equation in the approximated tube model (Mermelstein, 1973; Browman et al., 1984; Maeda, 1990;
Birkholz et al., 2006). In contrast, data-driven approaches use machine learning techniques to build a forward mapping
from simultaneous recordings of articulators and acoustics; it is this latter group of models that our review will focus
on.

In one of the earliest studies, Kaburagi and Honda (1998) proposed a codebook algorithm for data-driven articulatory
synthesis. Given a target articulatory frame, its acoustic observation was estimated by finding the closest articulatory
frames in the corpus, and then computing a weighted average of their acoustic observations. Unfortunately, the nearest-
neighbors search makes the synthesis process computationally expensive, and synthesis quality is limited by the
relatively small size of articulatory corpora. Over the past decade, codebook techniques have been replaced with
parametric models (Hiroya and Honda, 2004; Toda et al., 2004; Nakamura et al., 2006), which are better suited when
the size of the corpus is limited. In a landmark study, Toda et al. (2004) used Gaussian mixture models (GMM) to
learn the joint distribution of articulatory and acoustic parameters. Given a trained GMM and a vector of articulatory
parameters, estimating the corresponding acoustic parameters in a frame-by-frame fashion involves a fixed number of
operations independent of the database size.
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Frame-by-frame mappings are computationally efficient but ignore the temporal nature of speech; as shown by a
number of studies (Toda et al., 2004; Nakamura et al., 2006), the accuracy of the forward mapping can be increased
by incorporating temporal information. As an example, Toda et al. (2004) compared the output of their frame-by-
frame GMM mapping against an algorithm that also considered dynamical features to provide natural transition across
adjacent frames. The latter method was more accurate and also resulted in more natural synthesis than the frame-
by-frame mapping. In a later study, Nakamura et al. (2006) explored the use of dynamic information not only at the
output (acoustics) but also at the input (articulators). For this purpose, the authors used context-dependent hidden
Markov models (HMM) to capture the temporal characteristics of joint articulatory-acoustic observations. Given a text
transcription and the articulatory trajectories for a test utterance, the HMMSs were then used to estimate a maximum
likelihood sequence of acoustic parameters. The authors found that increasing the amount of temporal information
(number of HMM states) in the articulatory trajectory increased the accuracy of the articulatory-acoustic mapping.

Notwithstanding their accuracy (Toda et al., 2004; Nakamura et al., 2006), however, these methods are unsuited
for real-time synthesis. In both cases, the increase in accuracy with respect to frame-by-frame mappings comes at the
expense of much higher computational costs during synthesis because of the iterative estimation process. Moreover,
these methods also require the complete sequence of articulatory frames from a test utterance before their corresponding
acoustics can be estimated — a further limitation for real-time synthesis applications. Thus, exploiting the temporal
structure of speech without adversely impacting articulatory-synthesis time remains challenging.

2.2. Deep neural network in articulatory-acoustic mappings

Connectionist models such as neural networks have rarely been used in forward-mapping problems, where GMMs are
considered the de-facto standard. One notable exception is the work by Kello and Plaut (2004), who used a single-layer
multilayer perceptron (MLP) to estimate acoustic features (Fourier transform coefficients) from electromagnetic artic-
ulography (EMA), electropalatograph and laryngograph measurements. In an intelligibility test, the authors reported
a word identification rate of 84% for synthesized speech, only 8% lower than that of the actual recordings.

Compared to single-layer MLPs, DNNs can be expected to provide higher forward-mapping accuracy. First, the
presence of multiple hidden layers makes DNNs more flexible models, allowing them to represent complex functions
with fewer hidden units. Second, DNNs are pre-trained as generative models in an unsupervised mode, a step that
has been shown to guide the learning process toward parameters that support better generalization (Erhan et al.,
2010). For example, Nakashika et al. (2013) trained deep belief networks (DBNs) as generative models to project the
spectral features into a higher-order eigenspace. The authors found that voice conversion in eigenspace outperformed
the GMM-based spectral mappings in synthesis quality and conversion accuracy. These predictions have also been
corroborated in several speech-related applications (Hinton et al., 2012; Uria et al., 2012; Zen et al., 2013; Xu et al.,
2014), where DNN-based methods have surpassed the performance of state-of-the-art methods based on the HMM-
GMM framework. Among these, a study on articulatory inversion by Uria et al. (2012) is particularly relevant here
given the similarity between both problems. Using a DNN, the authors were able to estimate EMA pellet positions
with an average root mean square error of 0.95 mm on the MNGUO test dataset, an error that was not only lower than
that of a single-layer MLP but also the lowest among all previously published results on that dataset. A recent study by
Andrew et al. (2013) on joint articulatory-acoustic modeling also highlights the superiority of deep learning techniques
in this domain. The authors proposed a deep architecture for canonical correlation analysis (CCA) and tested it on
the Wisconsin X-ray Microbeam Database (Westbury, 1994). Their deep CCA method achieved significantly higher
correlation between the transformed acoustic and articulatory spaces than conventional CCA and kernel-based CCA
(Arora and Livescu, 2013) and also compared favorably against kernel-CCA in terms of flexibility and computational
complexity. These results are encouraging and support our exploration of DNNSs for real-time articulatory synthesis.

3. Methods
Consider a sequence of articulatory feature vectors! x = [x1, X2, X3, ..., Xx7] and the corresponding acoustic fea-
ture vectors y=[y1, y2, ¥3, ..., yrl, where T is the number of frames in the utterance. A classical problem in

' Our notation assumes row vectors.
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Fig. 1. (a) Forward mapping via a deep neural network (DNN) with a tapped-delay line input. (b) The Gaussian—Bernoulli deep Boltzmann machine
as an undirected graphical model with real valued visible units v and binary hidden units 4.

speech research is that of articulatory inversion (Richmond et al., 2003; Qin and Carreira-Perpindn, 2007; Ozbek
et al., 2009; Rudzicz, 2010; Ghosh and Narayanan, 2011; Prabhavalkar et al., 2011), which seeks to predict artic-
ulatory configurations from speech acoustics: x =f~'(y). Articulatory inversion is a notoriously difficult problem
since it requires a one-to-many mapping. Our study focuses on the forward mapping y =f(x) of predicting acous-
tics from articulators; this is a well-behaved problem since the relationship becomes many-to-one. In this section,
we present a method to build such a forward mapping using a Deep Neural Network (DNN) with tapped-delay
line inputs. We also introduce the baseline GMM-based methods that will be used for comparison (Toda et al.,
2004).

3.1. Deep forward mapping

As illustrated in Fig. 1(a), the DNN consists of an input layer, an output layer, and multiple layers of hidden units
between them. In this particular topology, units in a layer are fully connected to units in the immediate layer above it,
but there is no connection among units within a layer. The network contains a tapped-delay line to contextualize the
input with features from past and future frames, resulting in the input vector a; = {xj,D/g, oo Xjy xj+D/2} , Where
x; is the articulatory configuration at frame j, and D is the number of delay units in the tapped-delay line. When D =0,
the input vector a; becomes the articulatory feature vector x;, and the DNN performs a frame-by-frame mapping.
Increasing the value of D allows the DNN to include additional temporal context to aid in predicting the acoustic
observation y;.

We train the DNN using the conventional two-stage hybrid recipe (Hinton, 2012). During the first stage, model
parameters (for all but the last layer) are learned in an unsupervised fashion; this pre-training stage makes it more likely
to find a good local optimum than using randomly initialized parameters (Erhan et al., 2010). During the second stage,
the pre-trained model (including the last layer) is fine-tuned in a supervised fashion via back-propagation (Rumelhart
et al., 1986).

3.2. Pre-training the network as a generative model

During pre-training the network is operated as a Gaussian—Bernoulli deep Boltzmann machine (GDBM), an energy-
based generative model that allows each unit to receive both top-down and bottom-up signals as shown in Fig. 1(b)
(Cho et al., 2013). Unlike a generic deep Boltzmann machine (Salakhutdinov and Hinton, 2009), which has binary
units in all of its layers, the GDBM has Gaussian units in the visible layer, making it better suited to handle real-
valued inputs. We chose GDBM to pre-train the DNN — instead of the more common deep belief network (DBN),
because DBM-based pretraining has been found to perform better in some standard tasks (Salakhutdinov and Hinton,
2009).



264 S. Aryal, R. Gutierrez-Osuna / Computer Speech and Language 36 (2016) 260-273

3.3. Building a DNN from a trained GDBM

Once the underlying GDBM is trained, we build a DNN as follows. First, a layer of output units is added to the
topmost hidden layer of the GDBM, one output unit for each corresponding acoustic feature. Connection weights
between the units at the topmost hidden layer and the newly added output layer are initialized randomly. The result-
ing multilayer neural network is then discriminatively fine-tuned using standard back-propagation (Rumelhart et al.,
1986).

3.4. GMM-based baseline methods

We compared the proposed DNN against two GMM-based methods based on Toda et al. (2004). The first method,
which we denote by sGMM, ignores dynamic information and serves as a baseline for real-time synthesis. Namely,
sGMM performs a frame-by-frame mapping from articulatory positions onto static acoustic features (MFCCs). The
second method, dGMM, incorporates the dynamics of acoustic features to improve the forward-mapping accuracy.
Namely, dGMM predicts not only MFCCs but also delta-MFCCs, and then performs the computationally-intensive
trajectory optimization (Toda et al., 2004). As such, dGMM is unsuited for real-time synthesis so it should be taken as
an upper bound on accuracy.

The GMMs required for both methods are trained to model the joint distribution of articulatory and acoustic features
Z,=[x;, Y], where x; is the articulatory feature vector and Y; = [y;, Ay;] is an acoustic feature vector containing both
static and delta values at frame ¢. The joint distribution is given by:

M
P(ZIND) = "anN(ZinY), =) ey
m=1

where o, is the scalar weight of the mth mixture component and N(; #?, X%} is the Gaussian distribution with
mean &) and covariance matrix ' :

Eg’);x) E%Y)

@) _ [,® L0 ) _
A Al P 50 50m)

@

In what follows, we use the symbol A9 = {a,, /Lffl), Eﬁﬁ)} to denote the full parameter set for the GMM. Given a
trained GMM and a test sequence of articulatory feature vectors x = [x1,X2,X3, . . ., XT], Wwe generate separate predictions
of acoustic feature vectors y =[y1, ¥2, ..., yr] for the two GMM variants as follows:

(1) For sGMM, we ignore the acoustics dynamics and calculate the static acoustic feature vector at frame ¢ as the
minimum mean square error (MMSE?) estimate:

M :
oumse =D _ Pmlx, AEL, 3)
where Ef,f), is the subset of static features in the conditional expected value EE,,Y),, as given by
Y -1
Efpy =1 + (o — p§)Z 260, @)

(2) For dGMM, we calculate the maximum likelihood estimate of the acoustic trajectory considering the dynamics,
as given by:

y = arg max P(Y |x, A\?) (5)
y

where Y=[y1, Ay1, y2, Aya, ..., y1, Ayr] is the time sequence of acoustic vectors (both static and dynamic).

2 With static only features, we chose MMSE because Toda et al. (2004) reported lower Cepstral distortion compared to the ML estimate.
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Calculating 3, pp5g in Eq. (3) is straightforward but there is no closed form solution for solving y in Eq. (5). We
follow the algorithm given by (Toda et al., 2004) to solve for ¥ in Eq. (5). The algorithm details are included here
to illustrate the computational complexity of the algorithm. Following (Toda et al., 2004), we solve for ¥ in Eq. (5)
iteratively via Expectation-Maximization. Namely, we define the auxiliary function with respect to y as:

(Y, ¥) =Y P(m|x, ¥, \?)log P(¥, m| X, \) 6)

At each M-step, we estimate the trajectory (static elements only) that maximizes auxiliary function Q(Y, ¥) as:
5=wW'DW) W' 7

where W is the 2DT x DT matrix that translates a trajectory of the static parameters to a trajectory of the complete
acoustic feature vector as given by:

Y’ w y'
Y, Y1 1 0 0 0 Y1
Ay, 0 0.5 0 0 Y2
Y, | ¥ 0 1 0 0 ;
Ay, 05| o | 05 0
= 0 1 0 yr
. . . . i 0 -0
0 0 05| o [ o5 A
SE . R ! S| 5 C
r | ¥r 0 0 0 0 1 00 .1
Ay 0 o | ... o [-05] o DxD (8)

In Eq. (7), D is a block-diagonal matrix whose diagonal consists of T covariance sub-matrices
ng:] P(m|x;, Y;, AV) Dg)_l; t=1...T and ¥ is a row vector of length 2DT consisting of T sub-vectors of

length 2D given by an/lzl P(m|x;, Y;, AV) Df,frl Eg)t, t =1...T, where
py) — y(7) _ Z(YX)E(XX)71 YY) 9)
m m m m m

The algorithm requires an initial estimate of the trajectory of the static acoustic features y. In our implementation,
we initialize with the minimum mean square error (MMSE) estimate as given by Eq. (3), which ignores the dynamics.

4. Experimental

We evaluated the three forward mappings (DNN, sGMM, dGMM) on a corpus of simultaneous recordings of
acoustics and articulatory trajectories recorded via electromagnetic articulography (EMA) (Felps et al., 2012; Aryal
and Gutierrez-Osuna, 2014). The corpus contained 344 phonetically-balanced sentences from the Glasgow Herald,;
294 of them (approximately 1290 s of speech) were used in training and the remaining 50 sentences (~220s) were
used exclusively for testing.’ The articulatory features available were the x—y coordinates of 6 articulatory flesh points
(tongue tip, tongue body, tongue dorsum, upper lip, lower lip and lower incisor) in the midsagittal cross section of the
vocal tract; see Fig. 2. The articulatory position data were sampled at 200 Hz.

We used STRAIGHT (Kawahara, 1997) to extract acoustic features from the acoustic recordings. First, we extracted
spectrum, fundamental frequency (fy) and aperiodicity for each utterance using STRAIGHT analysis. Then, we com-
puted 25 MFCCs from the STRAIGHT spectrum (25 Mel frequency filterbanks with a cutoff frequency of 8 kHz).
In order to match the articulatory frames, acoustic features were also extracted at 200 Hz. After all the features were
extracted, a database of acoustic-articulatory feature vectors was created: the acoustic feature vector y, consisting of
MFCC_24, and the articulatory feature vector a; consisting of the x—y coordinates of 6 articulatory fleshpoints, frame
energy (MFCCy), logarithm of fundamental frequency (i.e. logfy), and nasality, for a total of 15 articulatory features.

3 The models were evaluated on these test utterances, which were never seen by the model at any stage during training.
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Fig. 2. Position of the 6 EMA pellets used in our study; UL: upper lip; LL: lower lip; LI: lower incisor; TT: tongue tip; TB: tongue blade; TD:
tongue dorsum. An additional pellet (red cross-hair) was placed on the upper incisor and served as a reference. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

The nasality features were extracted from the transcription because EMA cannot measure velum position; without
this feature, articulatory synthesis degrades significantly for nasals since they become indistinguishable from other
consonants with similar place of articulation. All acoustic and articulatory features were normalized to zero-mean and
unit-variance.

For the two GMM-based mappings, we trained GMMs with 128 mixture components* on the joint distribution of
articulatory and acoustic features (including delta) using the Netlab toolbox (Nabney, 2002). Once the GMMs were
trained, we estimated acoustic features using sGMM and dGMM methods as described by Eqs. (3) and (5), respectively.
We also evaluated the performance of both GMM-based methods on different context sizes of articulatory input. For
the DNN mapping, we used a tapped-delay line with delay units of 10 ms (*2 frames), and evaluated tapped-delays
with 2, 4, 6, and 8 delay units. As an example, for a delay line with 6 units the input vector contains features from 7
frames covering 60 ms of articulatory context (30 ms backward, 30 ms forward). DNNs were implemented using the
Deepmat toolbox (Cho, 2013b).

Once a vector of MFCCs was predicted by either of the three mappings (DNN, sGMM, dGMM), we compute
the least-squares estimate of the spectral envelope as § = (FT F )_1 FTe, where F is the Mel Frequency Filter Bank
(MFB) matrix used to extract MFCCs from the STRAIGHT spectrum, and e is the exponential of the inverse DCT
of MFCCs. In a final step, we used the STRAIGHT synthesis engine to generate the waveform using the estimated
spectral envelope §, signal aperiodicity and pitch. The overall process is summarized in Fig. 3.

Following Toda et al. (2004), we evaluated the forward mappings based on the Mel-Cepstral distortion between
ground-truth and estimated acoustic features:

10 2 n2
d) )
MCD = ——,12 — 1

c In 10 dE_l(}’z ) (10)

where ygd) is the dth component of the estimated acoustic feature vector (i.e., MFCC) at the 7-th frame in a test utterance,
and yﬁ‘” is the ground-truth value extracted from the acoustic recording. MCDs were calculated only on non-silent
frames.

4 As reported in (Toda et al., 2008), we also found 128 mixture components to be optimum in our preliminary experiment.
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Fig. 3. Signal processing flow during articulatory synthesis.

5. Results

Acoustic predictions for the three forward mappings on a typical test utterance are illustrated in Fig. 4 alongside
the ground truth. Because of the large number of inputs and outputs, we have only included trajectories for three
articulatory coordinates (77, TTy, and LLy) and two acoustic features (MFCC, and MFCCs). Predictions from the
sGMM display a number of unnatural transitions or glitches (see arrows in the figure), which are perceptible and have
a detrimental effect on synthesis quality. Although the dGMM avoids such unnatural transitions by accounting for the
dynamics of acoustic features in the trajectory optimization stage, it suffers from over-smoothing’ effects, which are
also perceptible and also clearly seen for MFCC, in the figure. By comparison, predictions from the DNN follow the
target trajectory closely without introducing discontinuities in the derivative or over-smoothing.

We evaluated the forward mappings through a series of objective and subjective tests. In a first experiment, we
compared the DNN against the two GMM mappings (sGMM, dGMM) in terms of their mapping accuracy (Mel-
Cepstral distortion). Next, we evaluated the effect of tapped-delay length (experiment 2) and network depth (experiment
3) on Mel-Cepstral distortion, followed by a comparison of synthesis-time (experiment 4). In a final experiment, we
compared the best performing DNN and GMM through a perceptual listening test.

5.1. Experiment 1: comparison of DNN vs. GMM

In the first experiment, we compared the accuracy of the DNN forward mapping against the two reference GMM
methods. The DNN had a tapped-delay line with 2 delay units (a context window size of 20 ms) and two hidden layers
of 512 units each. This simple architecture was selected to keep the number of model parameters comparable to that
of the GMMs.

Fig. 5a summarizes the average MCDs of the three methods. The dGMM and DNN models achieve lower Mel-
Cepstral distortion than the sSGMM mapping. This is consistent with findings from previous studies (Toda et al., 2004;
Nakamura et al., 2006), and shows that exploiting temporal information (as done by the dGMM and DNN) provides
higher accuracy than a frame-by-frame mapping (sGMM). More importantly, the DNN reduces Mel-Cepstral distortion
by 6% compared to the dGMM (p <0.001, pairwise #-test), indicating that comparable (if not better) accuracy can be
achieved at a fraction of the synthesis time required by the dGMM.

3> A method known as global variance (Toda et al., 2007) has been suggested as a solution to the over-smoothing problem in the dGMM. However,
the global variance method also increases prediction errors, so was not considered in this study as it would distort results from the objective tests.
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Fig. 4. Trajectories of selected acoustic and articulatory features from a typical test utterance. The top plots shows the second and fifth MFCCs
predicted by the DNN, sGMM and dGMM alongside the target trajectory extracted from the audio recording of the same sentence. The bottom plots
show the trajectories of a few articulatory input features for the same utterance. 77,: anteroposterior position of the tongue tip, 77: height of the
tongue tip, LLy: height of the lower lip.

5.2. Experiment 2: context length

In the second experiment, we trained DNNs with tapped-delay line lengths of 0, 2, 4, 6 and 8 units, corresponding
to temporal window sizes of 0, 20, 40, 60 and 80 ms, respectively. In each of these DNNs, we kept the same number
of hidden layers and hidden units used in the first experiment. Fig. 5b summarizes results in terms of the Mel-Cepstral
distortion, including that of the dGMM as a reference. Regardless of context length, the DNNs result in lower Mel-
Cepstral distortion than the dGMM, the difference being statistically significant except for a context window size
of Oms (i.e., a frame-by-frame mapping). More importantly, the Mel-Cepstral distortion decreases as the context
window size increases, reaching a minimum with a 60 ms context window — a 9.8% reduction compared to the
dGMM.

As part of this experiment we also sought to answer whether the same improvements in performance could be
achieved by a GMM with a tapped-delay line. For this purpose we trained four GMMs with tapped-delay lines
of 0, 20, 40 and 60 ms, respectively. Results are shown in Fig. 5b; GMM mappings had higher Mel-Cepstral
distortion than the corresponding DNN regardless of context window size. More importantly, whereas the DNN
is able to take advantage of the added information in the tapped-delay line (up to 60 ms), the GMM accuracy
decreases markedly for context window sizes larger than 20ms. This result may be explained by the fact that
the tapped-delay features tend to be highly correlated, which may lead to near-singular covariance matrices in the
GMM.
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Fig. 5. (a) Experiment 1: Mel cepstral distortion (MCD) for the DNN, sGMM and dGMM mappings. (b) Experiment 2: MCD for the DNN and
GMM as a function of the input articulatory context window. (¢) Experiment 3: MCD for the DNN as a function of the number of hidden layers;
error bars denote standard errors of means.

5.3. Experiment 3: network depth

In the third experiment, we sought to determine whether the complexity of the forward mapping justifies the use of
a DNN; a DNN can model complex nonlinear functions with fewer parameters than a single-hidden MLP, but requires
considerably longer training times. To answer this question, we trained four models: a single-layer MLP with 1024
hidden nodes, and three DNNs with 2, 4 and 8 hidden layers; the numbers of hidden units per layer in the DNN were
adjusted so that the total number of hidden units remained constant across models (i.e. 1024). The tapped-delay line
was fixed to 60 ms, the optimal context length found in the previous experiment. The MLP was trained using standard
back-propagation (Rumelhart et al., 1986).

Fig. 5¢c summarizes the average Mel-Cepstral distortion for the four architectures; the three DNNs outperformed
the MLP (pairwise #-test p < 0.01), which suggests that a single-layer network is insufficient to model the articulatory-
to-acoustic mapping. The minimum Mel-Cepstral distortion — a 7% reduction compared to a single-layer MLP, was
obtained for a DNN with 2 hidden layers.

5.4. Experiment 4: synthesis time

In the fourth experiment, we compared the synthesis time of the DNN and dGMM mappings. Both models were
run on a Windows 7 Enterprise machine with an Intel Core 17-2600@3.4 GHz processor; models were implemented
and run under Matlab v.7.14.

On average, the dGMM method required 39 s of synthesis time for each second of speech, rendering it unsuited
for real-time synthesis (results not shown). In the case of the DNN, synthesis time depended on the network size,
but increased linearly with the number of connections in the network. Fig. 6(a) shows the relationship between Mel-
Cepstral distortion and synthesis time for five DNN structures, three from the third experiment (2 x 512, 4 x 256 and
8 x 128 hidden units, 60 ms context) and two relatively larger networks (3 x 512 and 4 x 512 hidden units) trained
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Fig. 6. (a) Experiment 4: Synthesis time of a DNN mapping increases with the size of the network. (b) Experiment 5: Pairwise comparison between
DNN and dGMM synthesis; error bars denote standard errors of means.

specifically for this experiment. The largest among them, a DNN with 4 layers of 512 hidden units, required 838 ms for
each second of speech, suitable for real-time synthesis. Smaller networks are even more efficient: a DNN with 2 layers
of 512 hidden units required only 267 ms for each second of speech, and achieved the lowest Mel-Cepstral distortion.

5.5. Experiment 5: subjective assessment

In the final experiment, we evaluated the best-performing DNN (2 x 512 hidden units and 60 ms context window)
against the conventional dGMM of Toda et al. (2004) through a listening test. Our goal was to determine whether the
improvement in Mel-Cepstral distortion achieved by the DNN (a reduction of 9.8%) was perceptually significant.

Following our previous studies (Felps et al., 2012; Aryal and Gutierrez-Osuna, 2013, 2014), we recruited participants
through Mechanical Turk, Amazon’s online crowdsourcing tool. Participants listened to pairs of synthesis of the same
sentence (one from the DNN, another from the dGMM) and were asked to select the utterance with the best quality in
terms of naturalness, distortion, and intelligibility. 30 listeners participated in this test, each participant rating 30 pairs
of utterances. Order of presentation within a pair (DNN vs. dGMM) was randomized to avoid order bias. Shown in
Fig. 6(b), DNN syntheses were rated as more natural than dGMM syntheses in 73% of the cases, which is significantly
higher than 50% chance level (pairwise #-test, p < 0.001). This result corroborates the objective comparisons, and
indicates that the DNN mapping can synthesize utterances of higher perceptual quality than the conventional dGMM.

6. Discussion

We have presented a real-time articulatory synthesis method that exploits dynamic information in the articulatory
trajectories to increase the accuracy of the forward mapping. Namely, our approach uses a tapped-delay line to concate-
nate articulatory feature vectors (EMA positions) from nearby frames, and a DNN to map the concatenated articulatory
input vector into the corresponding acoustic observations (MFCCs). We compared the DNN against two GMM-based
articulatory synthesizers, one that performs a frame-by-frame mapping (sGMM) and one that also incorporates speech
dynamics (dAGMM) as proposed by Toda et al. (2004). As our results show, the DNN is able to take advantage of
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the additional temporal information in the articulatory input features while keeping synthesis time below frame rate,
surpassing the accuracy of both GMM-based methods through objective evaluations (Mel Cepstral distortion) and the
subjective quality of the dGMM through listening tests.

Though GMMs are easier to train than DNNSs, our results show they are unable to exploit the added temporal
information via a tapped-delay line. This is partly due to the fact that the number of model parameters in a GMM
increases quadratically with the number of input features, which can lead to over-fitting given the limited amount of
training data. More importantly, tapped-delay features are likely to be correlated since they are time-delayed versions
of the same signal, which may lead to near-singular covariance matrices in the GMMs. Though linear dimensionality
reduction techniques (e.g., principal components analysis) may be used to decorrelate the input features, research in
speech recognition (Bao et al., 2012) indicates that such techniques cannot compete with the capabilities of DNNs.

The dGMM and DNN articulatory synthesizers represent two distinct alternatives to incorporate speech dynamics.
dGMMs can be trained relatively fast, but have long synthesis times due to the trajectory optimization post-processing
stage; in our experiments, each second of speech required an average of 39 s of synthesis time on a contemporary
desktop computer. By contrast, training a DNN is time consuming, but this is usually a one-time process that can be
done offline. Once trained, the DNN has a short synthesis time® (e.g., 267 ms for our best-performing DNN). This
makes the DNN ideally suited for other real-time applications of articulatory synthesis such as silent speech interfaces
(Denby et al., 2010).

A few low-delay implementations of GMM mappings may be suitable for estimating maximum likelihood trajectory
of spectral parameters in real time (Muramatsu et al., 2008; Toda et al., 2012). These studies, however, report tradeoffs
between speed and mapping accuracy. Although these methods are yet to be evaluated in articulatory-acoustic mappings,
the existence of these tradeoffs suggests that low-delay GMM mappings may result in lower accuracy than the DNN
mapping. In agreement with several prior studies on DBM pre-training (Salakhutdinov and Hinton, 2009; Zhang et al.,
2012; You et al., 2013; Hu et al., 2014), we found that performance degrades when the numbers of hidden layers
are increased beyond two. These observations may at first suggest that DBMs (unlike DBNSs) are not appropriate for
training networks deeper than two hidden layers but there is evidence to the contrary. As an example, Cho (2013a)
showed that a deep network with four hidden layer significantly outperforms networks with two hidden layers when
pre-trained as a DBM. It may be possible that the flexibility offered by two-layer DBM-based networks is sufficient to
model the complexity of articulatory-acoustic mappings. DBMs allow uncertainty to flow in bottom-up and top-down
directions, which may lead to more efficient use of hidden layers than DBNs. This possibility is also supported by
findings in a phone recognition task, where a two layer DBM-based network outperformed a seven layer DBN-based
network, the best performing configuration among DBNs (You et al., 2013).

The acoustic quality of the articulatory synthesizers is limited by the fact that EMA only provides partial information
about articulatory positions (6 pellets in our case). In particular, inner structures such as the velum, posterior part of
the tongue or pharynx are difficult to measure with EMA, in part due to the natural gag reflex. Additional articulatory
information may be obtained from the phonetic transcription if one is available, as we did in our study to generate a
binary feature for nasality. A promising direction to improve articulatory synthesis quality is provided by the recent
availability of rtMRI speech corpora (Narayanan et al., 201 1), which can capture the full tongue contour, pharynx and
larynx, and as well as other lingual, labial and jaw motions. DNNs are particularly well-suited in this case since the
higher input dimensionality afforded by rtMRI (and the possible collinearity among features) may pose problems for
GMM-based articulatory synthesizers.

Our immediate goal is to apply the DNN to the problem of accent conversion. This can be achieved by building a
DNN model for the non-native speaker, then driving the model with articulatory trajectories from a native speaker; see
(Felps et al., 2012; Aryal and Gutierrez-Osuna, 2014). A critical step in this process is bringing the two articulatory
spaces into registration; several techniques have been proposed for this purpose, including z-score normalization (Toth
and Black, 2005), global Procrustes transforms (Geng and Mooshammer, 2009) as well as pellet-specific transforms
(Felps etal., 2014). A distinct advantage of a DNN in this regard is the possibility to perform the unsupervised training
phase on articulatory data from multiple speakers with different articulatory styles, followed by a final supervised tuning
on a small articulatory-acoustic corpus from the non-native speaker. Training the articulatory synthesizer on multiple

6 Although the DNN uses a tapped-delay line that extends 30 ms into the future, this latency time (<200 ms) is considered acceptable for real-time
communication (ITU-T, 2003).
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articulatory styles would be especially beneficial for accent conversion, where the synthesis is driven by articulators
different from those of the non-native speaker. Such strategies have been found beneficial in speech recognition tasks
(Hinton et al., 2012), but have not been possible in articulatory accent conversion due to the scarcity of joint acoustic-
articulatory data from non-native speakers. As an example, the MOCHA and X-ray Microbeam corpora only contain
data for native speakers (Westbury, 1994; Wrench, 2000). An interesting new resource in this regard is the Marquette
University Electromagnetic Articulography Mandarin Accented English (EMA-MAE), which contains a large EMA
corpus from multiple Mandarin second-language speakers of American English (Ji et al., 2014). This new resource
makes it possible to validate our articulatory synthesis and accent conversion methods across multiple speakers.
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