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Abstract
Muscle activations during speech production are important for understanding how speech is controlled. However they are difficult to be observed directly and accurately estimated form the observed articulatory gestures. In this study, we estimate the muscle activations during producing 5 sustained Japanese vowels using a three-dimensional (3D) physiological articulatory model. To reduce the model dependent factors that influence the result, the rest configuration of the model is carefully chosen to be that for vowel /e/. It is found that: Genioglossus Anterior (GGA), Hyoglosuss (HG), Styloglossus (SG) and Transversus&Verticalis (T&V)  are activated for vowel /a/; GGA, Genioglossus Posterior (GGP), SG, and T&V are activated for vowel /i/; GGA, SG and T&V are activated for vowel /u/; GGA, GGP and SG are activated vowel /e/; GGA, HG, SG and T&V are activated for vowel /o/, which are consistent with the observation obtained by Electromyography (EMG). In addition, the muscle Styloglossus should be separately controlled for anterior portion and posterior portion in vowel production. 

1. Introduction

To understand the how speech is controlled and how it is disrupted in various speech disorders, it is important to estimate the muscle activations during speech production from observed articulatory gestures. However, they are difficult to be measured directly and estimated from the observed articulatory gestures. Speech scientists tried a number of methods to measure [1-4] or estimate [5-7] the activations of muscles during speech production. 

  EMG is the equipment that directly measures the electrical activities of muscles. The amount of the electrical activity measured by EMG depends on the size and function of the muscles [8]. Miyawaki [4] investigated the patterns of tongue and other related muscles during speech gestures of both vowels and consonants by EMG. Baer et al [3] investigated the activities of muscle GGP, GGA, SG and HG during producing English vowels in /əpνp/ environment. Their results were consistent with the function of tongue muscles inferred from the corresponding anatomical structures. However, it is difficult to measure the activities of the small intrinsic muscles such as transversus and verticalis by EMG. In addition, the procedure of anchoring the electrodes to the tongue muscles is physically uncomfortable.
In this study, we estimate the activation of tongue muscles during speech production form the observed articulator gestures. In principle, there are two methods that are used to estimate the activations of tongue muscles: muscle length [9-11] or principal strain [5] analysis based on tagged MRI, and simulation based on physiological articulatory model.

The method that estimates the muscle activation of tongue muscle based on tagged-MRI have som inherent draw backs. Firstly, the tagged-MRI data can illustrate that which muscles are activated only, but can not determine the mechanical load of each muscle. Secondly, due to the flaw mentioned above, it is difficult to define and test the reliability of the reference configuration that is basis for estimating the muscle activation based on the observed articulatory gesture. This will cause some unexpected result. Thirdly, the tongue consists of volume conservation and interweaved muscles. The shortening of the muscle fibers may be caused either by active contraction of the associated muscles or by the passive deformation of the associated part of the tongue. To our knowledge, only the shorting caused by the active contraction of the muscle fibers can be considered as the activation of muscles. However, these two kinds of shortenings can not be differentiated by tagged-MR images. Fourthly, some of the muscles can be lengthened even if it is activated [3]. Nevertheless, this kind of muscle activation can not be detected by tagged-MRI.  
  Physiological articulatory models can be alternatives for investigating the muscle activations. They can overcome the difficulties that the tagged-MRI based methods confront with. The muscles involved in the physiological articulatory model are activated to drive the model to approach the observed articulatory gestures of the tongue. The activation of the muscles that associated with the simulation result that is closest to the objective gesture is thought of as the underlying activation patterns for this gesture. In the literature, a number of 2D [12-15] physiological articulatory model have been proposed. However, the 2D models could not completely describe the complex three dimensional behaviors [16] of speech apparatus. In addition, some of the muscles, such as transversus, can not be represented at all. To overcome the drawbacks, a faithful physiological articulatory model is necessary. To our knowledge, several 3D physiological articulatory models were reported [6, 7, 17]. Nevertheless, those 3D models were either too rough [6, 7] or had too heavy computational cost [17]  to be implemented to real time task. In this study, a 3D physiological model extended from the pseudo-3D model [18] is applied to estimate the activation of tongue muscles during producing the 5 sustained Japanese vowels. Contrasting to the previous 2D and 3D physiological articulatory model, this model faithfully replicates the anatomical structure and associated musculature, and the computation load is acceptable.
2. The configuration of the model
Following the method proposed by Dang [16], the mesh structure of the tongue is based on the arrangement of the genioglossus that fans out from the attachment on the mandible. The initial shape of the tongue is obtained based on the volumetric MR image while producing the Japanese vowel /e/, which is close to a neutral position among the vowels. The configuration of the tongue is adapted to the realistic shape of the MRI-based tongue tissue geometry using five layers in the left-right dimension, which has a maximum width of 5.5 cm in the posterior portion, although the lateral-most regions of the tongue root are not included. The mesh structure of the tongue model in the lateral view consists of eleven layers with nearly equal intervals fanning out to the tongue surface from the attachment on the mandible, and seven layers in the perpendicular direction. Figure 1 shows the configuration of the proposed 3D tongue involved in the physiological articulatory model.
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Fig. 1 (a) The 3D tongue involved in the physiological articulatory model; (b) The profile of the 3D physiological articulatory mode

  In order to produce speech, vocal-tract wall and jaw are indispensable to form the complete vocal-tract. In the current model, the vocal-tract wall is composed of the palate, pharyngeal wall, and laryngeal tube. It is also extracted from the MRI data for vowel /e/ at the interval of 0.4cm between every two layers. Finally, the vocal-tract wall consists of 15 layers. So far, all the parts (except the velum) of the vocal tract wall are dealt with as the fix components, the sizes and positions of which will not change.
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Fig. 2 The musculature and bony structure of the 3D physiological articulatory model.

The jaw involved in the model is composed of 15 layers extracted from MRI data for vowel /e/ at the interval of 0.4cm. The vocal-tact wall and jaw can form a complete enclosed space when the jaw clenches with the maxilla. Figure 1b shows the 3D physiological articulatory model that is composed of the 3D tongue, jaw, and surrounding vocal-tract wall. 

To drive the physiological articulatory model in a humanlike way, the associated muscles are included in the model. There are nine muscles included in the tongue model. Three extrinsic muscles, genioglossus (GG), styloglossus (SG), and hyoglossus (HG), are arranged mainly based on the MRI analysis [17]. The intrinsic muscles, superior longitudinal (SL), inferior longitudinal (IL), transversus (T), verticalis (V), are modeled based on the anatomical data from Takemoto [18]. Tongue floor muscles, mylohyoid (MH) and geniohyoid (GH), are arranged based on the anatomical literatures [8]. All the muscles are arranged in bilateral symmetry. According to the previous finding [7, 19], the GG is divided into three portions: GG anterior (GGA), GG middle (GGM), and GG posterior (GGP). Figure 2 illustrated the layout of the major extrinsic, intrinsic muscles and the bony structures involved in the 3D physiological articulatory model.

  The associated mechanical and physiological parameters are the same as those used in the pseudo-3D physiological articulatory model [16]. The model for generating muscle forces is also the same as that in the psedo-3D model. Preliminary evaluation [20] illustrated that the model behaves properly when muscles are activated.

3. Model simulation

To investigate the muscle activations using the 3D physiological articulatory model, we drive the model to fit the tongue shapes that were measured from MR images. However, it is difficult to define an analytic cost function, which minimizes the difference between the simulation result and real shape in terms of the muscle activation patterns directly, due to the complex interaction between speech apparatus and surrounding vocal tract wall. One alternative is to construct a space of samples that covers various configurations of the tongue and jaw, then, look for the simulations result that is nearest to the required configuration in the sample space. The corresponding muscle activation pattern is considered as that for the required configuration. To this end, a number of model simulations are necessary.
It is difficult to estimate how many muscles are involved in the task of producing speech sounds. Two approaches may give the answer to this problem: exhaustive searching and searching by utilizing the functional relationship between tongue muscles. The number of simulation is too huge to be acceptable by the exhaustive searching approach. In this study, we conduct model simulation by utilizing the functional relationship between tongue muscles [21]. Each muscle combination involved model simulation is composed of 5 muscles, among them T&V is activated together to actively manipulate the width of the tongue, and other 3 muscles are chosen to actively manipulate the sagittal positions of the tongue. Following Dang [16], each tongue muscle is given 8 muscle force levels ( 0.0, 0.1, 0.2, 0.4, 1.0, 2.0, 3.5, 6.0N), jawCl is given 3 muscle force levels (0.5, 1.5, 3.0N), and jawOp is given 6 force levels (0.0, 0.5, 1.2, 2.5, 4.0, 6.0N).
Figure 3 illustrates the distribution of the 11 tongue surface nodes in the midsagittal plane, where the simulations associated with the invalid tongue shapes (some of the tongue nodes were out of the vocal tract) were excluded. The 11 regions denoted by different colors correspond to the distributions of different tongue nodes. As shown in the figure, at the part of alveolar and the anterior part of the palate, the distribution of nodes at the anterior portion of the tongue can form narrow constriction and complete closure with the palate. It suggests that the apical consonants can be covered by the simulations. In addition, at the part of posterior palate and velum, the distribution of nodes at the dorsum portion of the tongue can form narrow constriction and complete closure with the velum or the posterior part of the palate, which implies that the dorsum consonants can also be covered by the simulations.
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Fig. 3 The distribution of the 11 tongue surface nodes in the midsagittal plane.

As for vowels, it is difficult to evaluate the articulatory space directly from the articulatory point of view. Hence, we examine the simulations in acoustic domain for vowels. Figure 4 depicts the distribution of the first two resonant peaks of the vocal tract (the part enclosed by lips is represented by a short tube). It shows similar distribution to the simulation result by Maeda [22] and real distribution of vowels by Peterson [23]. The ellipses in Figure 4 demonstrate the region of the acoustic targets of the 5 Japanese vowels of the subject within the difference limen of 5% for F1 and 10% for F2 [24-26] respectively. It suggests that the simulations based on the proposed simulation method can cover the sustained vowels of the subject. 
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Fig. 4 The distribution of the acoustic responds in the F1-F2 plane
4. Muscle activity patterns of sustained vowels

In this study, we focus on investigating the muscle activations for vowels. For this purpose, the simulation results are fitted to the MRI images of the five Japanese vowels of the target subject. For simplification, we fit the curve of the tongue surface in the midsagittal plane with that of the simulation result.
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Fig. 5 The grid line system for evaluating the similarity between the real tongue shape and simulation result.

In order to determine the similarity between those two curves of simulation result and real tongue shape, a grid line system is constructed (see Figure 5). The lengths of the solid black segments describe the outline of the tongue in the midsagittal plane. The most appropriate muscle activation patterns will minimize the difference between the real tongue shape and simulated tongue shape, as defined in Eq.1.
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 represent the lengths of the ith segments for real tongue and tongue model respectively, N is the number of solid segments that represent the tongue shape.
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Fig. 6 The fitting results and corresponding muscle activity pattern for sustained vowels.

  Figure 6 gives the results of fitting the simulated tongue shapes to the real tongue shapes (left panel) and the associated muscle activation patterns (right panel) for 5 Japanese vowels /a/, /i/, /u/, /e/, /o/ (top-to-bottom). In the left panels, the solid curves are the midsagittal outline of the simulation result by the model, while the dash curves are the midsagittal outline of the tongue measured from MRI images. One can see that the model is able to generate tongue shapes nearly overlap with the real tongue shapes. 

  In the right panels, the number along the abscissa represent different tongue muscles (1 (GGA), 2(GGM), 3(GGP), 4(HG), 5(SG), 6(GH), 7(MH), 8(SL), 9(ILG), 10(T&V), while the ordinates represent the levels of muscle activations. As mentioned above, we choose the shape or vowel /e/ as the rest position for the model. From the right panel, one can see the tongue shape for vowel /e/ (Figure 6g) and /u/ (Figure 6e) are close to the reference shape, while those of vowel /a/ (Figure 6a), /i/ (Figure 6c), and /o/ (Figure 6i) are quite different to the rest shape. From the right panels, one can see that the associated muscle activations are strong for vowel /a/, /i/ and /o/, while relative weaker for vowel /e/ and /o/. 

  The activations of tongue muscles are estimated by the muscles recruited to generate the required configuration by model simulations. For vowel /a/, HG is maximally activated to pull the tongue body backward and downward, GGA is activated to pull the tongue blade downward, while T&V is activated to make the curvature of the tongue dorsum. The activation level for GGA and T&V is almost the same. SG is weakly activated. For vowel /i/, SG and GGP cooperate to move the tongue body forward and upward, GGA is activated to depress the tongue blade, while T&V is activated to make the curvature of the tongue dorsum. Among them, GGA, GGP and T&V are activated in the same level, and SG is weakly activated. For vowel /u/, T&V is activated to elevate the tongue dorsum. For /e/, SG and GGP cooperate to move the tongue body forward and upward slightly, while GGA is activated to draw the tongue blade downward. For /o/, similar to /a/, HG is activated to pull the tongue body backward and downward, GGA is activated to pull the tongue blade downward, while T&V is activated to make the curvature of the tongue dorsum. Among them, T&V is maximally activated; the activation level HG of SG is less than that for vowel /a/, which makes the tongue a little higher and more anterior than that of /a/.
5. Discussion 

5.1 Control unit of SG
Miyawaki [7] put 5 electrodes on different part of Genioglossus (GG) to investigated the function of different part of GG. Their result was consistent with MacNeilage’s [19] result that the different parts of the GG had different function when produce speech sound. It implies that it is necessary to separate the GG into several sections to take different function into account. So in our current model, the GG is separated to three sections GGA, GGM, and GGP. But for other muscles, there is no clear evidence for separating each of them into different functional units. Thus, all muscles are taken as one unit for control in our simulation except GG.
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Fig7. The change of the tongue shapes by changing the force applied to T&V pairs.

However, to get good result of fitting the simulation results to the real tongues shape of the vowels, the activations of the T&V pair is relative higher than those observed from EMG signals [7]. Taking the simulation result of vowel /o/ for example, the T&V pair is maximally activated, and significant change of the tongue width is observed. However, form the corresponding MRI image, there is no significant change of the tongue width. It suggests that the muscle force for T&V is not appropriate for vowel /o/. Then, we test the function of the T&V pair in producing vowel /o/. We fix the muscle force for GGA, HG, and SG, and increase the force for T&V pair from 0.1N to 6N. The result is shown in Figure 7. It indicates that the contraction of T&V is to make tongue dorsum move backward and upward and narrow the tongue, while tongue tip does not change its position significantly. 
To make the same effects as that make by T&V in the midsagittal plane while almost keep the width of the tongue, some alternative muscles should be involved. From the anatomical structure of the tongue muscles (see Figure 2h), one can see that muscle SG should be activated to move the tongue body upward and backward without narrowing the tongue. Baer [27] found that SG appears to have high level electric activations during producing vowel /o/. However, the contracting of both the anterior and posterior part of SG will not only elevate the tongue body but also retract tongue tip, which is different form the tongue shape it requires. Thus, we hypothesize that the SG anterior (SGa) and SG posterior (SGp) should be controlled separately. Then, model simulation is conducted to test this hypothesis. The result (see Figure 8) demonstrates that the simulated tongue shape fit the real tongue shapes very well, while the force applied to T&V pair decreases from 6N to 2N. And the relative intensities of the activations of the associated muscles are consistent with the findings by Baer [27]. It supports the hypothesis the SGa and SGp should be controlled separately during speech production. 
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Fig. 8 The simulation result by control the SG anterior (SGa) and SG posterior (SGp) independently.
  Although the muscle activation pattern for vowel /o/ is different between the situations whether SGa and SGp are controlled separately or not, this muscle combination could generate the required tongue shape for vowel /o/. It suggests that the muscle combinations involved in produce vowels are valid though the relative intensity need to be investigated further.
5.2 Reference position for investigation by tagged-MRI and model simulation

To investigate the muscle activations base on tagged-MRI and simulation by physiological articulatory model, it necessary to compare the status of the tongue muscles at the state of interest with those at the reference state. It is assumed, at the reference position, most of the tongue muscles are not activated. Thus, the definition of the references is the basis for following discussion of the muscle activations during speech production. If the reference position is not correct, the result will be questionable. Nevertheless, there is no consensus on this issue, different researchers use different reference positions. Stone et al [5] took the gesture for /k/ as their reference position. Kumada et al [3] took the position that tongue tip touched the upper incisors with dorsum touching the hard palate intentionally as the reference. 

To achieve a reasonable reference for the investigation of the muscle activations during speech production, one may compare the muscle activations patterns between the simulation result and the measured EMG signals. It is assumed that the closer the state of the tongue to its rest configuration, the less the total muscle activations will be observed. Miyawaki et al [7] studied the muscle activations for both speech and non-speech gestures by EMG signals. They found that for vowel /e/, the sums of the associated EMG signal are minimized. It suggests that the state for vowel /e/ is close to the rest configuration of the tongue. In that state, most of the recruited tongue muscles are activated at a relative low level. 

In our study, we found that the total activations of tongue muscles are weak for vowel /e/, and relative stronger for vowel /i/, /a/, /u/, and /o/, which is similar to the patterns found by Miyawaki [7]. It implies that the reference position in our study is close to the rest configuration of tongue muscles, and the results by our model simulation are more closer to the real activation of the tongue muscles than those obtained by both Stone’s and Kumada’s work.
6. Conclusions
For investigation the activity of tongue muscles based on tagged-MRI and model simulation, it is important to define a reasonable reference configuration of the tongue. In the previous researches [2-5], the main consideration was to constraint the tongue configuration by either the shape of palate [2-4] or acoustic consequence [5]. No research considered whether the reference configuration is suitable for the task or not. In our study, by model simulation, we find that to faithfully reveal the muscle activations during speech production, the reference position should be close to that for vowel /e/.
Base on the specified reference position, we found the muscle combinations for the producing the sustained Japanese vowels by model simulation. For vowel /a/, GGA, HG, SG and T&V are activated. For vowel /i/, GGA, GGP, SG, and T&V are activated. For vowel /e/, GGA, SG and T&V are activated. For vowel /u/, GGA, GGP and SG are activated. For vowel /e/, GGA, HG, SG and T&V are activated. These results are consistent with the result found by Miyawaki [7] and Baer [8]. It supports that the 3D physiological articulatory model is appropriate for investigating the muscle activations during speech production. However, it does not mean the muscle combinations find by the model simulation are unique for producing the 5 Japanese vowels because in the simulation the muscle forces are given at 8 discrete levels. And the results are obtained by choosing the simulation results which are closest to the specified tongue shapes. It is possible that other muscle combinations also can generate the same tongue shapes if the muscle forces are adjusted appropriately.
In addition, comparing the simulation result with the corresponding EMG signals, it suggests that SG, at least, should separate into two parts: anterior portion and posterior portion, and these two portions should be controlled separately. This simulation result is consistent with the observation obtained by Takano et al [1]. 
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