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Thanks to technological advances, a wide variety of tools has been devised to measure and analyse 
speech production, with ever-increasing detail and accuracy. These techniques include, among 
others, X-ray, X-ray microbeam, Ultrasound, Magnetic Resonance Imaging (MRI), and 
Electromagnetic Articulography (EMA). A brief presentation of each one of these tools is presented 
below. Several criteria are relevant to evaluate the weaknesses and strengths of these techniques. 
Ideally, they should permit the recording of the dynamics of all the articulators with an accurate 
temporal and spatial resolution. They should not alter subjects’ natural pronunciation, nor degrade 
the quality of the audio data recorded. And, importantly, these techniques should not involve any 
health hazard for subjects. These criteria (and others) are reported in Table 1 (see section 5), and 
provide a concise evaluation of each technique. At the end of this presentation, a detailed 
bibliography of the research studies conducted using these tools is provided.  
 
1. X-ray1  
X-ray was used to examine the movements of the vocal tract for the first time in 1920’s (see Russel 
1928). Considerable research on different languages (Arabic, Bulgarian, French, English, Japanese, 
Russian, etc.) has been conducted since then, and most models defining the vocal tract shape were 
developed using X-ray images (see the bibliography below). Several X-ray images, such as the one 
presented in figure 1, as well as film samples can be viewed on the website.2 
 
X-ray data were very useful to deepen our knowledge about the movements of the vocal tract, 
especially concerning the shape and the position of the tongue during vowels and the role of the 
pharynx during speech. However, exposure limitations to ionizing radiation make X-ray movies 
extremely difficult to obtain. Another limitation of X-ray films includes difficulty in accurately 
deducing the cross-sectional morphology from mid-sagittal profiles (Branderud et al. 1998, 
http://www.ling.su.se/staff/peter/Pb_Bli.html). The constrained time for acquisition is another severe 
limitation on the usefulness of X-ray films. Language consultants, for instance, cannot be filmed for 
more than 20 seconds, to be within a safe radiation dosage (0.1 mSv). Recent developments in digital 
X-ray technology, however, have allowed reducing some of these limitations (see Branderud et al. 
1998) 
 

                                                
1 A very comprehensive presentation of how this technique works is consultable at http://www.howstuffworks.com/x-
ray.htm 
2 See, for example, http://psyc.queensu.ca/~munhallk/05_database.htm, which provides a presentation of the Queen's 
University/ATR cineradiographic database (A brief presentation of this database as well as the IPS X-Ray Database is 
provided below). See also http://www.ling.lu.se/persons/Sidney/coartdem/films.html, for still pictures and X-ray moving 
sequences drawn from Bulgarian language.  
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Another approach to vocal tract measurement in speech was the development of X-ray microbeam 
(see, for example, Westbury 1994, for a detailed presentation of this technique, 
http://www.medsch.wisc.edu/~milenkvc/pdf/ubdbman.pdf). Less toxic than older X-ray imaging, 
this technique uses narrow X-ray beams to track gold pellets attached to the tongue, jaw and lips. 
These measurements have been very useful in determining the articulatory characteristics of anterior 
tongue movements, but their limitations do not enable the imaging of the tongue root and pharynx. 
Other limitations of this technique include the fact that it is rather expensive and cannot be portable 
for outside laboratory recordings. All these limitations, in addition to the development of EMA, have 
severely restricted its use in speech research.  
 
1.1. Some X-ray databases 
1.1.1. ATR videodisk 
The X-Ray Film Database for Speech Research is a collaborative project by Dr. K.G. Munhall 
(Queen’s University) and Drs. E. Vatikiotis-Bateson & Y. Tohkura (ATR Human Information 
Processing Laboratories, Kyoto, Japan). It was conceived to create a database that stores a collection 
of high-quality copies of the original X-ray films in a durable format. The aim is to make these 
images available to the speech research community and to develop techniques for automated digital 
processing of these images (see http://psyc.queensu.ca/~munhallk/05_database.htm). This database 
contains a series of X-ray movies of sideviews of vocal tracts in motion, together with the resulting 
sound. Specifically, the project offers 25 films totaling 55 min of X-ray footage compiled on a 
constant angular velocity (CAV) format videodisk. Twenty-four of these 25 films were made in 1974 
under the direction of C. Rochette (Université Laval). K. Stevens and J. Perkell (MIT) contributed 
the remaining film in 1962. The MIT film, which was shot at 45 i/s, shows the entire vocal tract 
with the lips visible. The films from Laval Université, which were filmed at 50 i/s, do not show the 
lower pharynx or larynx; however, the hyoid bone is visible and the lips and velum are clear in most 
of the 14 films. Contrary to MIT film, no enhancing substance was used in these films. The subjects 
recorded are 9 native speakers of Canadian French and 5 native speakers of Canadian English reading 
phonetically contrastive sentences. All of the films were accompanied by separate audio recording. A 
DAT of these original audio tracks was also produced. In order to provide an acoustic reference for 
reviewing the X-ray images, the audio recordings were synchronized with X-ray images and recorded 
on the videodisk. An illustration of the X-ray images found in the MIT film is presented in figure 1.    
 

 
Figure 1. An X-ray image during the recording of a native speaker of Canadian English producing 

the sentence “Why did Ken set the soggy net on top of his deck”. For a video sample of this 
recording: http://psyc.queensu.ca/~munhallk/05_database.htm 
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This X-ray film database is available to researchers at no cost, with a limitation of one per institution. 
The DAT recordings of the original audio tracks and videotape copies of the disk are also available. A 
small fee is required to cover the cost of materials and postage. For more information, contact Dr. 
Munhall: munhallk@psyc.queensu.ca. 
 
1.1.2.  The IPS X-ray database, Strasbourg  
The Institut de Phonétique de Strasbourg has gathered since 1950’s more than 50 X-ray recordings, 
including data from a large variety of languages. Researchers from the Institut de Phonétique de 
Strasbourg, with the collaboration of the Institut de la Communication Parlée de Grenoble, have 
recently undertaken the task of creating a database that stores this collection of the original x-ray 
films in high-quality copies (cf. Arnal et al. 2000). The aim is to store these films in a durable format 
and make them available for speech research community.  
 
This database currently contains 4 movies that present over 2000 images. These X-ray data focus on 
different phonetic issues in French: juncture, nasals, and coarticulation in VCV sequences. The 
database contains 3 kinds of digitized data: the cineradiographic data, acoustic signals and hand-
drawn sagittal contours of the vocal tract. An illustration of the types of images obtained out of these 
data is displayed in figure (2). Figure (2a) shows the cineradiographic image of the vocal tract during 
the production of a nasal consonant, and figure (2b) shows the hand-drawn sagittal contour of the 
same image. 
 

  
   a      b 

Figure 2. The cineradiographic image of the vocal tract during the production of /m/ in /mi/ (2a). 
The sagittal contour of the same image is given in (2b). (From Arnal et al. 2000). 

 
All files are phonetically labeled and stored on CD ROMs. The films are available to researchers at 
no cost. For more information, contact the Institut de Phonétique de Strasbourg, the owner of the 
Database at http://misha1.u-strasbg.fr/IPS/.  
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2. Ultrasound 
Ultrasound is a technique that uses sound waves to collect real-time data, showing tongue surface 
motion during speech. The application of this technique in speech articulation research was 
pioneered by Stone & colleagues (Stone et al. 1983, Stone & Davis 1995, see below for additional 
references). In ultrasound imaging, a transducer emits a beam of ultra high-frequency sound (5~40 
MHz) that is directed through the lingual soft tissue. Some of the sound waves are reflected back 
when they reach the tongue-air boundary on the superior surface of the tongue, and return to the 
same transducer. A computer is used for taking the signals from the transducer, and converting them 
to an image. In the constructed image, the surface of the tongue is (more or less) visible as bright line 
on a black background. As can be seen in Figure 2, ultrasound captures an almost complete view of 
the tongue.  
 

 
Figure 2.  An ultrasound image of the tongue during the production of /a/ by a French male native 

speaker. (From Aron et al. 2006, http://aspi.loria.fr/Save/aron.pdf) 
 
A central concern of ultrasound research in speech is related to the lack of absolute spatial reference 
in the signal. To determine the exact nature of the constriction, the location of the tongue within the 
vocal tract must be measured. One way to do this is to immobilize the head and the probe using a 
specially designed system (for e.g. the Head And Transducer Support HATS. For more information 
about the HATS system, see Stone & Davis 1995). Participants are seated in the HATS system, 
which is adjusted to fit the speaker’s head comfortably. The transducer is placed under the speaker’s 
chin and adjusted until the crispest image of the tongue is obtained. Tongue shapes are measured 
using EdgeTrak, an automatic system for the extraction and tracking of tongue contours (Akgul et al. 
2000, Li et al. 2003). Few points on the tongue image are chosen, and then EdgeTrak uses an active 
contour model to determine the location of the tongue edge in the image (see Whalen et al. 2005 on 
possible limitations of this system). Though this contour tracking system is accurate for speech 
research, it still has some weaknesses that should be mentioned. For instance, the ultrasound images 
are quite noisy and there are some unrelated high contrast edges in the images which make the 
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gradient information insufficient to extract edges of interest. Moreover, the tongue surface might be 
interrupted in places. 
 
Recently, a different system has been developed in Haskins Laboratory that takes advantage of 
ultrasound without requiring immobilization: the Haskins Optically Corrected Ultrasound System 
(HOCUS). This system incorporates both ultrasound imaging of the tongue and optical tracking of 
the probe relative to the head. The optical system (Optotrak) tracks the location of external 
structures, on the head and on an ultrasound sound transceiver, in 3-dimensional space using 
infrared emitting diodes (IREDs). The head, probe, and jaw are allowed to move, but their motion is 
tracked and can therefore be used to correct the tongue measurement to a head-based coordinate 
frame. The probe may either be held to a fixed orientation during running speech or moved to 
different orientations during sustained phonation. The use of one or the other method enables to 
obtain cross-sectional data (probe fixed) or multiple cross-sections for three-dimensional 
reconstruction (probe moved). Another strength of this system is that optical tracking can also be 
obtained for different visible structures (such as the lips and jaw) and thus provides complete 
measurements of the vocal tract during fairly unconstrained speech. The hard palate is obtained, as is 
commonly used in ultrasound recordings, by asking the participant to take a mouthful of water and 
force it up into contact with the hard palate. This ensures visualization of the palate because sound 
waves are no longer impeded by the surface of the tongue. The extracted boundary of the palate can 
then be inserted into every frame of the speech trials since the head is tracked during the experiment.  
 
Data collection using ultrasound is suitable to the imaging of the tongue and offers many advantages, 
compared to other tools. It is non-toxic and does not involve any known health hazard; it uses high 
frequency sound which poses no danger to the subjects. It also offers an accurate temporal and spatial 
resolution. It is relatively inexpensive, can be portable, and subjects recorded are more comfortable. 
Compared to MRI (see below), it has other benefits (mainly shorter acquisition time and upright 
position), though it is unable to systematically image the tongue tip and gives less detailed tongue 
surface data. Notice, however, that the lack of the tongue-tip image can still be complimented using 
other systems; the tongue-tip image can, for example, be complimented by its position detection 
using an electro-magnetic position tracker (see Aron et al. (2006) http://aspi.loria.fr/Save/aron.pdf). 

 
3. Magnetic Resonance Imaging (MRI)  
Magnetic Resonance Imaging (MRI) is the only tool that can provide detailed 3D data of the entire 
vocal tract and tongue without any known harmful effects on the subject. The images have good 
signal to noise ratio, are amenable to computerized 3-D modelling, and provide excellent structural 
differentiation. In addition, the tract (airway) area and volume can be directly calculated. An 
illustration of MRI images of the vocal tract is provided in Figure 3. These figures provide MRI 
images of the vocal tract during the production of the two sibilant fricatives /s/ (3a) and /S/ (3b) by 
an English speaker. 
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(a)            (b)  
Figure 3. Examples of articulation for an English subject of the sibilants /s/ (3a) and /S/ (3b). 

(From Toda & Honda, 2003) 
 
Because of its extremely slow acquisition speed, however, the subject often has to sustain the 
articulation artificially for 30 seconds or more (for e.g. 43 seconds for the entire set of 54 images in 
Engwall 2002). This has restricted MRI use to the study of sustained speech sounds, corresponding 
to `static' tract shapes. Thanks to technical advances, it is nowadays possible to collect full 3D data in 
5 seconds and of the midsagittal plane at 9 images per second (see Engwall 2006). However, the rate 
of 9 images/s is still not fast enough to observe articulatory movements. In addition, the quality of 
images is rather low. Another technique employs the stroboscopic principle (mainly ATR group: see 
Masaki et al. 1999). Because of the stroboscopic principle, a subject has to repeat a short utterance, 
typically less that 1 second, many times, typically 200 times, to obtain good image quality. Notice, 
however, that the image quality is highly dependent on the competence of individual speakers. 
 
Another drawback of MRI is that the subjects have to be positioned in supine position lying on their 
back, due to the construction of the MRI scanner and antenna. The gravitational effects of this 
positioning might introduce some effects on the articulation. Engwall (2006) presented an evaluation 
of the effects of the supine position and the artificial sustaining based on MRI itself. His results 
showed that the MRI images give adequate information on the three-dimensional shape of the vocal 
tract and articulators, but, as his evaluation suggests, some caution should be taken. First, the 
artificial sustaining causes the articulations to be both hyperarticulated compared to a normally 
sustained articulation and more difficult to hold for the subject. Second, sustained productions are 
hyperarticulated compared to real-time production, in particular concerning coarticulation. Finally, 
the position, supine and facing upwards, does affect the position and shape of the tongue, often 
decreasing the passage in the pharynx, especially when the articulation has to be sustained artificially. 
A consequence of this evaluation is that MRI acquisition time should be kept as short as possible, as 
differences can be observed not only between real time and static articulations, but also depending on 
how long the articulation is sustained. The static MRI images thus have to be complemented with 
other measurements (e.g. EMA, EPG, or X-ray) to correctly replicate not only articulatory 
movements but also positions of running speech.  
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4. Electromagnetic Articulography (EMA) 
Electromagnetic Articulography (EMA) is a suitable means for tracking movements within the vocal 
tract during speech production. Different EMA systems are available, including the Carstens 
Articulograph, the Botronic Movetrack system (Branderud, 1985), and the MIT system (Perkell et al. 
1992). Carstens AG100 (http://www.articulograph.de) is by far the most used system among speech 
researchers. It is comprised of (1) a plastic helmet which subjects wear during data recordings (three 
transmitter coils are mounted equidistant from one another on the helmet) (2) small receiver coils 
placed inside the mouth or on the face and (3) an electronic connected to the computer. Figure 4 
below shows the experimental set-up necessary for the recording of a subject using this technique.   
 

 
Figure 4. A photo of a subject (the author) during an EMA recording session, showing the helmet 

and some of the receiver coils inside the mouth and on the face.  
 
EMA tracks midsagittal fleshpoints movements by measuring induced current from receiver sensors 
moving in a magnetic field (Perkell et al., 1992; Hoole, 1993). The magnetic field, generated at 
different frequencies by transmitter coils, induces an alternating signal in the receiver coils. The 
voltage of this signal is inversely related to the distance between the transmitter and the receiver coil. 
A computer algorithm provides the location of the receiver coil as it moves in x-y space over time. 
 
Six receiver coils are commonly used for the measurements: two are placed on the upper and lower 
lip, three coils on the tongue (approximately 8 mm, 20 mm and 52 mm from the tip of the tongue, 
depending on speaker) and one on the base of low front incisors (to measure jaw movement). In 
addition, two receiver sensors, one on the base of the upper front incisor and one on bridge of the 
nose, are used as reference points for head-movement correction. Rotation and translation of the 
EMA sensor data is performed to ensure that the two reference coils are coincident across all frames 
for a given speaker. This removes any component of head movement from the data. A further 
rotation is performed to align the occlusal plane (also called ‘bite plane’) with the x-axis and a 
translation sets the origin at the position of the upper incisor reference coil. 
 
The most important advantage of this system is related to the rapid tracking rate: EMA system 
samples articulatory data at 200 Hz. Another advantage is related to the ability of tracking multiple 
articulators simultaneously. These two aspects make it possible to measure with increasing accuracy 
interarticulation among different articulators. Notice, however, that the accuracy of the data recorded 
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decreases away from the center of the triangle of the transmitter coils. Hoole (1993), for instance, 
reported an error of 0.67 mm +/- 0.42 for positions more than 6 cm away from the center (in the 
midsagittal plane) and 0.2 mm +/- 0.13 for positions up to 6 cm. Another important aspect 
concerning the reliability of EMA data is related to rotational misalignments. Articulatory data can 
only be collected at midline and are thus subject to error as the articulators rotate left-to-right (see 
Hoole 1993).  
 
The kinematic data recorded by the AG-100 system can be analyzed using the Carstens programs, 
including3: the EMALYZE program: a Windows program which analyzes and evaluates the 
movement and acoustic data acquired in the investigation, the MultiCV program which allows to 
create a copy of the Articulograph AG100 data in different formats or to rotate the movement curves 
(this is necessary for example if one plans to analyze EMA data with a program other than 
EMALYZE), and the POINTS program for measuring the accuracy of the Articulograph AG100.  
 

5. Comparison among systems 
As already stated, each technique has its own set of weaknesses and strengths. Ideally, techniques used 
to measure the movements of the vocal tract should: 

(i) permit the recording of the dynamics of all the articulators with an accurate temporal and 
spatial resolution,  

(ii) not perturb subjects’ natural articulation and comfort,  
(iii) not involve any health hazard for subjects,  
(iv) not degrade the quality of the speech signal,  
(v) be portable for outside laboratory recordings, and  
(vi) be inexpensive. 

 
These criteria (and others) are reported in Table 1 below in order to evaluate the weaknesses and 
strengths of each one of the five tools presented above. 
 
Table 1. Comparison of the 5 speech measurement systems (V.T. = Vocal Tract, SS = Sound Signal,  
Mvt = Movement) 
 EMA MRI Ultrasound X-ray X-ray microb. 
Whole V.T. No Yes No Yes No 
Tongue imaging Pellets Full-length Full-length Full-length Pellets 
Tongue root imaging No Yes Yes Yes No 
Velum imaging No Yes No Yes No 
Time resolution 200 Hz ---- 30-200 Hz 50 Hz 40-160 Hz 
3D Yes Yes No No No 
Health hazard No No No Yes ? 
Natural art. Affected Yes4 Yes Yes Affected 
Quality of SS Good Good Degraded Good Good 
Head Mvt. Restricted5 Restricted Restricted6 Free Free 
Portable No No Yes No No 
Expensive Yes Yes No Yes Yes 

                                                
3 A detail description of these and additional programs is spelled out in 
http://www.linguistics.ucla.edu/faciliti/facilities/physiology/Emamual.html. 
4 The supine position during MRI recording may also affect the articulation (see above). 
5 Head movement is free using a 3-dimensional magnetometry and restricted using a 2D system. 
6 As was mentioned above, head movement is free using the Haskins Optically Corrected Ultrasound System (HOCUS). 
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