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Investigation of 3D tongue shape for model control
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1. Introduction

It is widely accepted that for coarticulation, there are two effects, anticipation [1], and carry over [2]. The anticipation effect reflects the planning of the articulatory targets by considering their contexts, while the carry over effect reflects how the mechanical properties of speech apparatus influence the realization of the articulatory movements. These two effects interweave during the process of speech production, and are difficult to be evaluated form empirical data directly. This is one of the obstacles for understanding the mechanism of speech production. Therefore, a faithful physiological articulatory model is required to be able to separate these two effects to help us understand the mechanism of speech production. 

  In our previous work, a 3D physiological articulatory model have been constructed [3, 4]. Differing from the psudo-3D model [5], movements of the tongue include transversal movement as well as sagittal movement. Hence, the control strategy for the psudo-3D model cannot be adapted directly to the full 3D model. 

  So far, four kinds of control approaches have been developed for the control of physiological articulatory models: EMG signal [6], muscle workspace [7], EPH (λmodel) [8], static target-force mapping [5]. Our control method is based on the static target-force mapping, which is derived from a number of target articulations and correspond muscle forces. To this end, it is necessary to describe articulatory targets (posture) including the tongue shapes and jaw positions by a set of parameters form articulatory point of view. In this paper, we focus on this issue and try to reach the solution by means of the model simulation approach. 
Most of the previous work of tongue shape description was based on the profile of the tongue in the midsagittal plane. Since the tongue consists of incompressible soft tissue, its movements include not only the sagittal component but also the components in the perpendicular directions. One of the major issues of this study is how to describe the 3D tongue shapes.
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Figure 1: The profile of the 3D physiological articulatory model
2. Model construction

As shown in Figure 1, the 3D physiological articulatory model is composed of the 3D tongue, jaw, and surrounding vocal-tract wall, which consists of the hard palate, soft palate, pharyngeal wall and the larynx tube. (So far, the soft palate moves with the nasopharyngeal port) The vocal-tract wall is treated as unmovable structures in the current model. Furthermore, there are 11 tongue muscles and 2 jaw muscle groups involved in the model to drive the tongue and jaw for articulation and other movements. They are Genioglossus Anterior (GGA), Genioglossus Middle (GGM), Genioglossus Posterior (GGP), Hyoglossus (HG), Styloglossus (SG), Mylohyoid (MH), Geniohyoid (GH), Superior Longitudinal (SLG), Inferior Longitudinal (ILG), Transversus (T), Verticalis (V), jaw opening muscle groups (jawOp), and jaw closing muscle groups (jawCl). Basic evaluation showed that the model behaved properly when the muscles were activated. 

3. Model simulation

For the model simulation based method, it requires a large number of simulations to generate various tongue shapes that associate with the speech sounds.  So far, it is unclear about how many muscles should be involved in the task of producing speech sounds. Two approaches may give answer to this problem: exhaustive searching and searching by utilizing the functional relationship between tongue muscles. However, the number simulation is too huge to be acceptable by exhausting searching approach. Hence, in this study, we conduct model simulation by utilizing the functional relationship between tongue muscles. Each muscle combination involved model simulation is composed of 5 muscles, among them V&T activated together to manipulate the width of the tongue, and other 3 muscles are chosen to manipulate the sagittal movements of the tongue.
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Figure.2: a) The distribution of the 11 tongue surface nodes in the midsagittal plane. b) The distribution of the acoustic responds in the F1-F2 plane.
 Figure 2a illustrates the distribution of the 11 tongue surface nodes in the midsagittal plane, where the simulations associated with invalid tongue shapes (some of the tongue nodes are out of the vocal tract) were excluded. The 11 areas delimited by different colors correspond to the distributions of different tongue nodes. The constrictions and full closure for both apical and dorsal consonants can be formed by approaching the corresponding parts of the tongue to the hard palate (Figure 2a).
 Since it is difficult to evaluate the articulatory space for vowels directly for the articulatory point of view, we examine the simulations in acoustic domain. Figure 2b depicts the distribution of the first two resonance peaks of the vocal tract, where the part enclosed by lips is represented by a lip tube. The ellipses demonstrate the region of the acoustic targets of 5 Japanese vowels of the subject within the difference limen of 5% for F1 and 10% for F2 respectively. It suggests that the simulations based on the proposed simulation method can cover the sustained vowels of the subject. 
Figure 2a and 2b imply that the proposed method is valid for generating various tongue shapes for vowels, apical consonants, and dorsal consonants. 
4. Analysis of tongue shapes 

To simplify the task of control, at the first step, we only consider the control for vowel production. In this study, we focus on extracting the component that tongue shapes of the vowels with high accuracy and can be explained from articulatory point of view. 

4.1 Preprocessing

Lindblom et al [9] found that subjects could produced almost the same speech sounds with or without a bite block inserted between their upper and lower teeth, which correspond to abnormal and normal configuration of vocal tract respectively. This phenomenon is also confirmed in our simulation. 
The acoustic responds delimited by the ellipses in Figure 2b associate with both normal and abnormal vocal tract configurations. To eliminate the simulations correspond to abnormal vocal tract configurations, the articulatory distributions of vowels are extracted from the x-ray microbeam data of the target subject to constrain simulation results. Finally, we extract 405, 205, 1047, 954, 44 for /a/, /i/, /u/, /e/, and /o/, respectively.
4.2 Linear component analysis

The coordinates of the tongue surface nodes of normal vocal tract configurations are re-arranged to be tongue shape vectors. Then, these tongue shape vectors are feed to Linear Component Analysis (LCA) [10]. 

In LCA, it is assumed that the Degree of Freedom (DoF) of a system can be represented by the combination of several linear components, and each component associates with one DoF of the system. As shown in Eq (1), in our case, 
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 is a tongue shape vector, 
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is the average tongue shape vector of the data for analysis, 
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is the component matrix, each row of 
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corresponds to one degree of freedom of the vowel system., 
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is a vector of loadings for each component.
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Each linear component is determined in the following way: (1) The data of jaw movement are feed to PCA, then the score associated with the first component is feed to linear regression on the whole corpus to extract the jaw movement component; (2) the residue of the whole corpus after subtracting the effect of jaw are feed to PCA analysis to extract the component of for tongue movements.
Table 1 Components extracted by LCA and their associated variance explanations
	
	Explanation
	Var.

	JH
	Jaw Height
	24%

	TBA
	Tongue body advance
	41%

	TBW
	Tongue body width
	18%

	TDA
	Tongue dorsum arch
	8%

	TTA
	Tongue tip advance
	5%


Table 1 gives the components extracted by LCA. They are jaw height component (JH), tongue body front-back component (TBA), tongue body width component (TBW), tongue dorsum arch component (TDA) and tongue tip front-back component (TTA). Among them, JH explains about 24% of the total variance, TBA explains about 41% the total variance, TBW explains about 18% of the total variance, TDA explains about 8% of the total variance, and TTA explains about 5% of the total variance. Totally, 96% variance of the original data can be explained by the extracted 5 components.
Table 2 The correlation between components
	
	JH
	TBA
	TBW
	TDA
	TTA

	JH
	1.00
	-0.8
	0.18
	0
	0.15


The correlations between the extracted components are shown in Table 2. It illustrates that that JH is strongly correlated with TBA, while is weakly correlated with other components.

  In order to assess the overall accuracy of the LCA, root mean square (RMS) reconstruction error over the whole tongue shape was 0.15cm by using the five components
5. Conclusion and future work

In this paper, we analyze the 3D tongue shape based on the simulation results of a 3D physiological articulatory model. According to linear component analysis, the first 5 components can reconstruct the 3D articulatory with a high accuracy. This analysis confirmed the components observed in previous researches such as forward-backward pattern of tongue movement. This study discovered that the variance explained by the component (TBW) for transversal movement is larger than that explained by some components (TDA and TTA) responsible for sagittal movement. It suggests that the component for the transversal movement of tongue is not negligible for producing vowels.
  In the future, such analysis will be extended to other tongue shapes, such as tongue shapes for stops and fricatives. The mapping between the tongue shapes and muscle forces will be established by using the extracted components and corresponding muscle force combinations to complete the control method for the 3D physiological articulatory model.
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