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chapter 2

A rticu l atory
M easu r es of Prosody
Taehong Cho and Doris Mücke

2.1 Introduction
Over the past few decades, theories of prosody have been developed that have broadened
the topic in such a way that the term ‘prosody’ does not merely pertain to low-level realization of suprasegmental features such as f0, duration, and amplitude, but also concerns highlevel prosodic structure (e.g. Beckman 1996; Shattuck-Hufnagel and Turk 1996; Keating 2006;
Fletcher 2010; Cho 2016). Prosodic structure is assumed to have multiple functions, such as
a delimitative function (e.g. a prosodic boundary marking), a culminative function (e.g. a
prominence marking), and functions deriving from the distribution of tones at both lexical
and post-lexical levels. It involves dynamic changes of articulation in the laryngeal and
supralaryngeal system, often accompanied by prosodic strengthening—that is, hyperarticulation of phonetic segments to enhance paradigmatic contrasts by a more distinct articulation, and sonority expansion to enhance syntagmatic contrasts by increasing periodic
energy radiated from the mouth (see Cho 2016 for a review). Under a broad definition of
prosody, therefore, prosody research in speech production concerns the interplay between
phonetics and prosodic structure (e.g. Mücke et al. 2014, 2017). It embraces issues related to
how abstract prosodic structure influences the phonetic implementation by the laryngeal
and supralaryngeal systems, and how higher-level prosodic structure may in turn be recoverable from or manifest in the variation in the phonetic realization. For example, a marking
of a tonal event in the phonetic substance involves dynamic changes not only in the laryngeal system (regulating the vocal fold vibration to produce f0 contours) but also in the
supralaryngeal system (regulating movements of articulators to produce consonants and
vowels in the textual string). With the help of articulatory measuring techniques, the way
these two systems are coordinated in the spatio-temporal dimension is directly observable,
allowing various inferences about the role of the prosodic structure in this coordination to
be made.
This chapter introduces a number of modern articulatory measuring techniques, along
with examples across languages indicating how each technique may be used or has been
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16   TAEHONG CHO AND DORIS Mücke
used on various aspects of prosody in the phonetics–prosody interplay. These include
(i) laryngoscopy and electroglottography (EGG) to study laryngeal events associated with
vocal fold vibration; (ii) systems such as the magnetometer (electromagnetic articulography, EMA), electropalatography (EPG), and ultrasound systems for exploring supralaryngeal articulatory events; and (iii) aerodynamic measurement systems for recording oral/
subglottal pressure and oral/nasal flow, and a device, called the RIP (Respitrace inductive
plethysmograph) for recording respiratory activities.

2.2 Experimental techniques
2.2.1 Laryngoscopy
Laryngoscopy allows a direct observation of the larynx. A fibreoptic nasal laryngoscopy
system (Ladefoged 2003; Hirose 2010) contains a flexible tube with a bundle of optical fibres
which may be inserted through the nose, while the lens at the end of the fibreoptic bundle
is usually positioned near the tip of the epiglottis above the vocal folds. Before the insertion
of the scope, surface anaesthesia may be applied to the nasal mucosa and to the epipharyngeal wall. The procedure is relatively invasive, requiring the presence of a physician during
the experiment. A recent system for laryngoscopy provides high-speed motion pictures of
the vibrating vocal folds with useful information about the laryngeal state and the glottal
condition during phonation (e.g. Esling and Harris 2005; Edmondson and Esling 2006).
The recording of laryngeal images by a laryngoscope is often made simultaneously with a
recording of the electroglottographic and acoustic signals (see Hirose 2010: fig. 4.3). Because
of its invasiveness and operating constraints, however, the use of laryngoscopy in phonetics
research has been quite limited.
In prosody research, a laryngoscope may be used to explore the laryngeal mechanisms
for controlling f0 in connection with stress, tones, and phonation types. Lindblom (2009)
discussed a fibrescopic study in Lindqvist-Gauffin (1972a, 1972b) that examined laryngeal
behaviour during glottal stops and f0 changes for Swedish word accents. The fibrescopic
data were interpreted as indicating that there may be three dimensions involved in controlling f0 and phonation types: glottal adduction-abduction, laryngealization (which involves
the aryepiglottic folds), and activity of the vocalis muscle. With reference to more recent
fibrescopic data (Edmondson and Esling 2006; Moisik and Esling 2007; Moisik 2008),
Lindblom (2009) suggested that the glottal stop, creaky voice, and f0 lowering may involve
the same kind of laryngealization to different degrees. Basing their argument on crosslinguistic fibrescopic data, Edmondson and Esling (2006) suggested that there are indeed
different ‘valve’ mechanisms for controlling articulatory gestures that are responsible for
cross-linguistic differences in tone, vocal register, and stress, and that languages may differ
in choosing specific valve mechanisms.
A fibreoptic laryngoscopic study that explores the interplay between phonetics and
prosodic structure is found in Jun et al. (1998), who directly observed the changing glottal area in the case of disyllabic Korean words with different consonant types, with the
aim of understanding the laryngeal states associated with vowel devoicing. A change in
the glottal area was in fact shown to be conditioned by prosodic position (accentual
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ARTICULATORY MEASURES OF PROSODY   17
phrase-initial vs. accentual phrase-medial), interpreted as gradient devoicing. Further
fibreoptic research might explore the interplay between phonetics and prosodic structure, in particular to study the connection between prosodic strengthening and laryngeal
articulatory strengthening.

2.2.2 Electroglottography
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The electroglottograph (EGG), also referred to as laryngograph, is a non-invasive device
that allows for monitoring vocal fold vibration and the glottal condition during phonation
(for more information see Laver 1980; Rothenberg and Mashie 1988; Rothenberg 1992;
Baken and Orlikoff 2000; d’Alessandro 2006; Hirose 2010; Mooshammer 2010). It estimates
the contact area between the vocal folds during phonation by measuring changes in the
transverse electrical impedance of the current between two electrodes across the larynx
placed on the skin over both sides of the thyroid cartilage (Figure 2.1). Given that a glottis
filled with air does not conduct electricity, the electrical impedance across the larynx is
roughly negatively correlated with the contact area. EGG therefore not only provides an
accurate estimation of f0 but also measures parameters related to the glottal condition, such
as open quotient (OQ, the percentage of the open glottis interval relative to the duration of
the full abduction–adduction cycle), contact or closed quotient (CQ, the percentage of the
closed glottis interval relative to the duration of the full cycle), and skewness quotient
(SQ, the ratio between the closing and opening durations). EGG signals are often obtained
simultaneously with acoustic and airflow signals, so that the glottal condition can be
holistically estimated. While readers are referred to d’Alessandro (2006) for a review of how
voice source parameters (including those derived from EGG signals) may be used in prosody
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Figure 2.1 Waveforms corresponding to vocal fold vibrations in electroglottography (examples by
Phil Hoole at IPS Munich) for different voice qualities. High values indicate increasing vocal fold
contact. Photo taken at IfL Phonetics Lab, Cologne.
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18   TAEHONG CHO AND DORIS Mücke
analysis, in what follows we will discuss a few cases in which EGG is used in exploring the
interplay between phonetics and prosody.
An EGG may be used to explore variation in voice quality strengthening as a function of
prosodic structure. For example, Garellek (2014) explored the effects of pitch accent (phraselevel stress) and boundary strength on the voice quality of vowels in vowel-initial words in
English and Spanish. Word-initial vowels under pitch accent were found to have an increase
in EGG contact (as reflected in the CQ) in both English and Spanish, showing laryngealized
voice quality. Garellek’s study of the phonetics–prosody interplay built on the assumption
that fine-grained phonetic detail, this time in the articulatory dimension of glottis, is
modulated differently by different sources of prosodic strengthening (prominence vs. boundary). Interestingly, however, both languages showed a decrease in EGG contact at the beginning of a larger prosodic domain (e.g. intonational phrase-initial vs. word-initial). This runs
counter to the general assumption that domain-initial segments are produced with a more
forceful articulation (e.g. Fourgeron 1999, 2001; Cho et al. 2014a) and that phrase-initial
vowels are more frequently glottalized than phrase-medial ones (e.g. Dilley et al. 1996; Di
Napoli 2015), which would result in an increase in EGG contact. Moreover, contrary to
Garellek’s observation, Lancia et al. (2016) reported that vowel-initial words in German
showed more EGG contact only when the initial syllable was unstressed, which indicates
that more research is needed to understand this discrepancy from cross-linguistic perspectives. EGG was also used for investigating glottalization at phrase boundaries in Tuscan and
Roman Italian, pointing to the fact that these glottal modifications are used as prosodic
markers in a gradient fashion (Di Napoli 2015).
Another EGG study that relates the glottal condition to prominence is Mooshammer
(2010). It examined various parameters obtained from EGG signals in order to explore how
word-level stress and sentence-level accent may be related to vocal effort in German. The
author showed that a vowel produced with a global vocal effort (i.e. with increased loudness) was similar to a vowel with lexical stress at least in terms of two parameters, OQ and
glottal pulse shape (obtained by applying a version of principal component analysis), independent of higher-level accent (due to focus). A focused vowel, on the other hand, was
produced with a decrease in SQ compared to an unfocused vowel, showing a more symmetrical vocal pulse shape. To the extent these results hold, lexical stress and accent in
German may be marked by different glottal conditions. However, given that an accented
vowel is in general produced with an increase in loudness, as has been found across languages (including German, e.g. Niebuhr 2010), further research is required to explore
the exact relationship between vocal effort and accent, both of which apparently increase
loudness.

2.3 Aerodynamic and respiratory
movement measures
Aerodynamic devices most widely used for phonetic research use oral and nasal masks
(often called Rothenberg masks, following Rothenberg 1973) through which the amount of
oral/nasal flow can be obtained in a fairly non-invasive way. Intraoral pressure may be
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simultaneously obtained by inserting a small pressure tube between the lips inside the oral
mask; this records the pressure of the air in the mouth (e.g. Ladefoged 2003; Demolin 2011).
One aerodynamic measure that is more directly related to prosody may be subglottal pressure, as sufficient subglottal pressure is required for initiating and maintaining vocal fold
vibration (van den Berg 1958) and an increase in subglottal pressure is likely to result in an
increase in loudness (sound pressure level) and f0 (e.g. Ladefoged and McKinney 1963;
Lieberman 1966; Ladefoged 1967). It is not, however, easy to measure subglottal pressure
directly; this involves either a tracheal puncture (i.e. inserting a pressure transducer needle
in the trachea; see Ladefoged 2003: fig. 3) or inserting a rubber catheter with a small balloon through the nose and down into the oesophagus at the back of the trachea (e.g.
Ladefoged and McKinney 1963). Non-invasive methods to estimate subglottal pressure
have been developed by using intraoral pressure and volume flow (Rothenberg 1973;
Smitheran and Hixon 1981; Löfqvist et al. 1982), but these have limited applicability in
prosody research, because certain conditions (e.g. a CVCV context) must be met to obtain
reliable data.
Aerodynamic properties of speech sounds can be compared with respiratory activities
such as lung volume, which may be obtained with a so-called RIP, or Respitrace inductive
plethysmograph (e.g. Gelfer et al. 1987; Hixon and Hoit 2005; Fuchs et al. 2013, 2015). In this
technique, subjects wear two elastic bands (approximately 10 cm wide vertically), one
around the thoracic cavity (the rib cage) and one around the abdominal cavity (Figure 2.2).
The bands expand and recoil as the volume of the thoracic and abdominal cavities changes
during exhalation and inhalation, such that the electrical resistance of small wires attached
to the bands (especially the upper band) is used to estimate the change in the lung volume
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Figure 2.2 Volume of the thoracic and abdominal cavities in a Respitrace inductive plethysmograph during sentence production, inhalation and exhalation phase.
(Photo by Susanne Fuchs at Leibniz Zentrum, ZAS, Berlin.)
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during speech production. Gelfer et al. (1987) used the subglottal pressure measurements
(Ps) obtained directly from the trachea to examine the nature of global f0 declination (e.g.
Pierrehumbert 1979; Cooper and Sorenson 1981). Based on comparison of Ps with f0 and
estimated lung volume (obtained with a RIP), Gelfer et al. suggested that Ps is a controlled
variable in sentence production, and f0 declination comes about as a consequence of controlling Ps. Most recently, however, Fuchs et al. (2015) assessed respiratory contributions to
f0 declination in German by using the same RIP technique, and suggested that f0 declination
may not stem entirely from physiological constraints on the respiratory system but may
additionally be modulated by speech planning as well as by communicative constraints as
suggested in Fuchs et al. (2013). This finding is in line with Arvaniti and Ladd (2009)
for Greek.
Some researchers have measured airflow and intraoral pressure as an index of respiratory
force, because they are closely correlated with subglottal pressure. For instance, oral flow
(usually observed during a vowel or a continuant consonant) and oral pressure (usually
observed during a consonant) are often interpreted as being correlated with the degree of
prominence (e.g. Ladefoged 1967, 2003). Exploring boundary-related strengthening effects
on the production of three-way contrastive stops in Korean (lenis, fortis, aspirated; e.g. Cho
et al. 2002), for example, Cho and Jun (2000) observed systematic variation of airflow
measured just after the release of the stop as a function of boundary strength. However, the
detailed pattern was better understood as supporting the three-way obstruent contrast. This
again implies that variation in the respiratory force as a function of prosodic structure is
further modulated in a language-specific way, in this case by the segmental phonology of
the language.
In a similar vein, nasal flow has been investigated by researchers in an effort to understand
how the amount of nasal flow produced with nasal sounds may be regulated by prosodic
structure (e.g. Jun 1996; Fougeron and Keating 1997; Gordon 1997; Fougeron 2001). From an
articulatory point of view, Fougeron (2001) hypothesized that the articulatory force associated with prosodic strengthening may have the effect of elevating the velum, resulting in a
reduction of nasal flow. Results from French (Fougeron 2001), Estonian (Gordon 1997), and
English (Fougeron and Keating 1997) indeed show that nasal flow tends to be reduced in
domain-initial position, in line with Fougeron’s articulatory strengthening-based account.
(See Cho et al. 2017 for a suggestion that reduced nasality for the nasal consonant may be
interpreted in terms of paradigmatic vs. syntagmatic enhancement due to prominence and
domain-initial strengthening, respectively.) These studies again indicate that an examination
of nasal flow would provide useful data on how low-level segmental realization is conditioned by higher-order prosodic structural factors.

2.4 Point-tracking techniques for
articulatory movements
Point-tracking techniques allow for the measuring of positions and movements of articulators over time by attaching small pellets (or sensors) to flesh points of individual articulators. The point-tracking systems that have been used in the phonetic research include the
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magnetometer, the X-ray microbeam, and the Optotrak (an optoelectronic system). The
point-tracking systems track movements of individual articulators, including the upper and
lower lips and the jaw as well as the tongue and velum, over time during speech production,
although the optoelectronic system is limited to an external use (i.e. for tracking the lips
and the jaw; see Stone 2010 for a brief summary of each of these systems).
Among the point-tracking systems, the electromagnetic articulograph (EMA), also generally referred to as magnetometer, has been steadily developed and more widely used in recent
years than the other two techniques because the former is less costly and more accessible,
and provides a more rapid tracking rate compared to the X-ray microbeam system. The
EMA system uses alternating electromagnetic fields that are generated from multiple
transmitters placed around the subject’s head. The early two-dimensional magnetometer
system (e.g. Perkell et al. 1992) used three transmitters, but Carstens’ most recent system
(AG 501; see Hoole 2014) uses nine transmitters that provide multi-dimensional articulatory
data. In this technique, a number of receiver coils (sensors, as small as 2 × 3 mm) are glued
on the articulators (Figure 2.3), usually along the midsagittal plane, but capturing more
dimensions is also possible in the three-dimensional systems. Note that the NDI Wave
System (Berry 2011) uses sensors containing multiple coils (e.g. Tilsen 2017; Shaw and
Kawahara 2018). The basic principle is that the strength of the electromagnetic field in a
receiver (sensor) is inversely related to its distance from each of the transmitters around the
head at different frequencies. Based on this principle, the system calculates the sensor’s voltages at different frequencies and obtains the distances of each sensor from the transmitters,
allowing the positions of the sensors to be estimated in the two-dimensional XY or the
three-dimensional XYZ coordinate plane plus two angular coordinates (see Zhang et al. 1999
for details of the technical aspects of two-dimensional EMA; Hoole and Zierdt 2010 and
Hoole 2014 for EMA systems that use three or more dimensions; and Stone 2010 for a more
general discussion on EMA). Given its high temporal and spatial resolution (at a sample rate
up to 1,250 Hz in a recent EMA system), an EMA is particularly useful in investigating
dynamic aspects of overlapping vocal tract actions that are coactive over time (for quantitative analysis of EMA data see Danner et al. 2018; Tomaschek et al. 2018; Wieling 2018). In
prosody research, an EMA is particularly useful in the exploration of the phonetics–prosody

Figure 2.3 Lip aperture in electromagnetic articulography. High values indicate that lips are open
during vowel production. Trajectories are longer, faster, and more displaced in target words in contrastive focus (lighter grey lines) compared to out of focus.
(Photo by Fabian Stürtz at IfL Phonetics Lab, Cologne.)
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interplay in the case of tone-segment alignment and articulatory signatures of prosody
structure. A few examples are provided below. It is worth noting, however, that before the
EMA system was widely used, prosodically conditioned dynamic aspects of articulation had
been investigated by researchers using the X-ray microbeam (e.g. Browman and
Goldstein 1995; de Jong 1995; Erickson 1995) and an optoelectronic device (e.g. Edwards
et al. 1991; Beckman and Edwards 1994).
An EMA may be used to investigate the timing relation of tonal gestures with supralaryngeal articulatory gestures (D’Imperio et al. 2007b). Tone gestures are defined as dynamic
movements in f0 space that can be coordinated with articulatory actions of the oral tract
within the task dynamics framework (Gao 2009; Mücke et al. 2014). For example, Katsika
et al. (2014) showed that boundary tones in Greek are lawfully timed with the vocalic gesture
of the pre-boundary (final) syllable, showing an anti-phase (sequential) coupling relationship
between the tone and the vocalic gesture in interaction with stress distribution over the
phrase-final word (see also Katsika 2016 for related data in Greek). As for the tone-gesture
alignment associated with pitch accent, Mücke et al. (2012) reported that Catalan employs an
in-phase coupling relation (i.e. roughly simultaneous initiation of gestures) between the tone
and the vocalic gesture with a nuclear pitch accent LH. By contrast, the tone–gesture alignment in a language with a delayed nuclear LH rise, such as German, is more complex (e.g.
L and H may compete to be in phase with the vocalic gesture, with in-phase L inducing a
delayed peak). Moreover, quite a few studies have shown that tone–segment alignment may
be captured better with articulatory gestural landmarks rather than with acoustic ones, in line
with a gestural account of tone–segment alignment (e.g. Mücke et al. 2009, 2012; Niemann
et al. 2014; see also Gao 2009 for lexical tones in Mandarin). More broadly, an EMA is a device
that provides useful information about the nature of tone–segment coordination, allowing for
various assumptions of the segmental anchoring hypothesis (see chapter 6).
EMA has also been extensively used to investigate supralaryngeal articulatory characteristics of prosodic strengthening in connection with prosodic structure. Results of EMA
studies have shown that articulation is systematically modified by prominence, largely in
such a way as to enhance paradigmatic contrast (e.g. Harrington et al. 2000; Cho 2005, 2006a;
see de Jong 1995 for similar results obtained with the X-ray microbeam system). On a related
point, Cho (2005) showed that strengthening of [i] by means of adjustments of the tongue
position manifested different kinematic signatures of the dual function (boundary vs.
prominence marking) of prosodic structure (see Tabain 2003 and Tabain and Perrier 2005
for relevant EMA data in French; Mücke and Grice 2014 in German; and Cho et al. 2016 in
Korean). A series of EMA studies has also examined the nature of supralaryngeal articulation at prosodic junctures, especially in connection with phrase-final (pre-boundary)
lengthening (Edwards et al. 1991; Byrd 2000; Byrd et al. 2000, 2006; Byrd and Saltzman 2003;
Krivokapić 2007; Byrd and Riggs 2008; Krivokapić and Byrd 2012; Cho et al. 2014b;
Katsika 2016). These kinematic data have often been interpreted in terms of gesture types as
associated with different aspects of the prosodic structure, like ‘π-gestures’ for slowing
down the local tempo at boundaries and ‘μ-gestures’ for temporal and spatial variations
under stress and accent. Krivokapić et al. (2017) have extended the analysis of vocal tract
actions to manual gestures, combining an EMA with motion capture, and have shown that
manual gestures are tightly coordinated with pitch accented syllables and boundaries. Both
vocal tract actions and manual gestures (pointing gestures) undergo lengthening under
prominence. Scarborough et al. (2009) is an example of the combined use of an EMA and
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an optoelectronic system to examine the relationship between articulatory and visual
(facial) cues in signalling lexical and phrasal stress in English. Together, these studies have
provided insights into the theory of the phonetics–prosody interplay in general, and the
dynamic approaches have improved our understanding of the human communicative
sound system (e.g. Mücke et al. 2014; see also recent EMA studies on other aspects of speech
dynamics, such as Hermes et al. 2017; Pastätter and Pouplier 2017).

2.4.1 Ultrasound
Ultrasound imaging (also referred to as (ultra)sonography) is a non-invasive technique
used in phonetic research to produce dynamic images of the sagittal tongue shape, which
allows for investigating vocal tract characteristics, tongue shape, and tongue motion over
time (for reviews see Gick 2002; Stone 2010). It uses the reflective properties of ultra-highfrequency sound waves (which humans cannot hear) to create images of the inside of the
body (Figure 2.4). The high-frequency sound wave penetrates through the soft tissues and
fluids, but it bounces back off surfaces or tissues of a different density as well as air. The
variation in reflected echoes is processed by computer software and displayed as a video
image. It has some limitations, however (see Stone 2010). For example, due to its relatively
low sampling rate (generally lower than 90 Hz), it does not allow for the investigation of
sophisticated dynamic characteristics of tongue movements (unlike EMA, which provides
a sample rate up to 1,250 Hz). In addition, it is generally unable to capture the shape of the
tongue tip and the area beyond tissue or air that reflects ultrasound. However, because
ultrasound imaging allows researchers to examine real-time detailed lingual postures not
easily captured by methods such as EPG and EMA (including the tongue groove and the
tongue root; see Lulich et al. 2018), and because some systems are portable and inexpensive
(Gick 2002), it has increasingly been used in various phonetic studies (Stone 2010;
Carignan 2017; Ahn 2018; Strycharczuk and Sebregts 2018; Tabain and Beare 2018), and also
in studies involving young children (Noiray et al. 2013).
Lehnert-LeHouillier et al. (2010) used an ultrasound imaging system to investigate
prosodic strengthening as shown in the tongue shape for mid vowels in domain-initial
position with different prosodic boundary strengths in English. They found a cumulatively
increasing magnitude of tongue lowering as the boundary strength increased for vowels in

Figure 2.4 Tongue shapes in ultrasound.
(Photo by Aude Noiray at the Laboratory for Oral Language Acquisition.)
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vowel-initial (VC) syllables, but not in consonant-initial (CVC) syllables. Based on these
results, the authors suggested that boundary strengthening is localized in the initial segment, whether consonantal or vocalic. In a related ultrasound study that examined lingual
shapes for initial vowels in French, Georgeton et al. (2016) showed that prosodic strengthening of domain-initial vowels is driven by the interaction between language factors (such
as the phonetic distinctiveness in the perceptual vowel space) and physiological constraints
imposed on the different tongue shapes across speakers.
In an effort to explore the articulatory nature of the insertion of a schwa-like element into
a consonantal sequence, Davidson and Stone (2003) used an ultrasound imaging technique
to investigate how phonotactically illegal consonantal sequences may be repaired. Their
tongue motion data in the production of /zC/ sequences in pseudo-Polish words suggested
that native speakers of English employed different repair mechanisms for the illegal
sequences, but in a gradient fashion in line with a gestural account—that is, as a result of the
interpolation between the flanking consonants without showing a positional target in the
articulatory space (Browman and Goldstein 1992a). It remains to be seen how such a gradient repair may be further conditioned by prosodic structure.
An ultrasound imaging system may be used in conjunction with laryngoscopy. Moisik
et al. (2014) employed simultaneous laryngoscopy and laryngeal ultrasound (SLLUS) to
examine Mandarin tone production. In SLLUS (see also Esling and Moisik 2012), laryngoscopy is used to obtain real-time video images of the glottal condition, which provide information about laryngeal state, while laryngeal ultrasound is simultaneously used to record
changes in larynx height. Results showed no positive correlation between larynx height and
f0 in the production of Mandarin tones except for low f0 tone targets that were found to be
accompanied by larynx raising due to laryngeal constriction (as low tone often induces
creakiness). This study implies that larynx height may be controlled to help facilitate f0
change, especially under circumstances in which f0 targets may not be fully accomplished
(e.g. due to vocal fold inertia). Despite the invasiveness of laryngoscopy, the innovative
technique was judged to be particularly useful in exploring the relation between f0 regulation and phonation type and their relevance to understanding the production of tones and
tonal register targets.

2.4.2 Electropalatography
Electropalatography (EPG) is a technique that allows for monitoring linguo-palatal contact
(i.e. contact between the tongue and the hard palate) and its dynamic change over time during articulation. The subject wears a custom-fabricated artificial palate, usually made of a
thin acrylic, held in place by wrapping around the upper teeth (Figure 2.5). Several dozen
electrodes are placed on the artificial palate, and the electrodes that are contacted by the
tongue during articulation send signals to an external processing unit, indexing details
of tongue activity during articulation. Unlike the EMA, which is usually used to track
articulatory movements in the midsagittal plane, an EPG records the tongue contact anywhere on the entire palate (i.e. the target of the tongue movement). EPG is generally limited
to investigating the production of consonants and high vowels, which involve tongue
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/t/

/s/

/k/

/ç/

Figure 2.5 Contact profiles in electropalatography for different stops and fricatives. Black squares
indicate the contact of the tongue surface with the palate (upper rows = alveolar articulation, lower
row = velar articulation).
(Photo taken at IfL Phonetics Lab, Cologne.)

c ontact between the lateral margins of the tongue and the sides of the palate near the upper
molars (Byrd et al. 1995; Gibbon and Nicolaidis 1999; Stone 2010; see Ünal-Logacev
et al. 2018 for the use of EPG with an aerodynamic device).
In prosodic research, EPG has been used to measure prosodic strengthening as evidenced by the production of lingual consonants across languages, in English (Fougeron and
Keating 1997; Cho and Keating 2009), French (Fougeron 2001), Korean (Cho and Keating
2001), Taiwanese (Hsu and Jun 1998), and German (Bombien et al. 2010) (see Keating
et al. 2003 for a comparison of four languages). Results of these studies have shown that
consonants have a greater degree of linguo-palatal contact when they occur in initial
position of a higher prosodic domain and when they occur in stressed and accented syllables.
These studies have provided converging evidence that low-level articulatory realization of
consonants is fine tuned by prosodic structure, and as a consequence prosodic structure
itself is expressed at least to some extent by systematic low-level articulatory variation of
consonantal strengthening, roughly proportional to prosodic strengthening as stemming
from the prosodic structure.
EPG has also been used in exploring effects of syllable position and prosodic boundaries
on articulation of consonantal clusters (Byrd 1996; Bombien et al. 2010). Byrd (1996), for
example, showed that a consonant in English is spatially reduced (with lesser linguo-palatal
contact) in the coda as compared to the same consonant in the onset, and that an onset
cluster (e.g. /sk/) overlaps less than a coda or a heterosyllabic cluster of the same segmental
make-up. In relation to this study, Bombien et al. (2010) examined articulation of initial
consonant clusters in German and reported that at least for some initial clusters (e.g. /kl/
and /kn/), boundary strength induced spatial and/or temporal expansion of the initial consonant, whereas stress caused temporal expansion of the second consonant, and both
resulted in less overlap. These two studies together imply that coordination of consonantal
gestures in clusters is affected by elements of prosodic structure, such as syllable structure,
stress, and prosodic boundaries.
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2.5 Summary of articulatory
measurement techniques
Table 2.1 summarizes advantages and disadvantages of several articulatory measurement
techniques that we have introduced in this chapter.

Table 2.1 Advantages and disadvantages of articulatory measuring
techniques
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Devices

Advantages

Disadvantages

Laryngoscopy
provides high-speed
motion pictures of
larynx activities

Direct observation of vocal fold
vibrations; drawing inferences
about different glottal states and
activity of the vocalis muscle

Relatively invasive; not ideal for
obtaining a large quantity of data
from a large population

EGG
monitors glottal states
using electrical
impedance

Non-invasive; relatively easy to
handle for monitoring vocal fold
vibration and different glottal
states during phonation with a
larger subject pool

Not as accurate as laryngoscopy;
indirect observation of larynx
activity estimated by a change in
electrical impedance across the
larynx

RIP
estimates lung volume
change during speech
by measuring
expansion and recoil of
elastic bands wrapped
around the thoracic
and abdominal cavities

Non-invasive device; useful for
testing the relationship between
the respiratory process and global
prosodic planning in conjunction
with acoustic data

Difficult to capture fine detail at
the segmental level; useful for
testing prosodic effects associated
with large prosodic constituents,
such as an intonational phrase

EMA
tracks positions and
movements of sensors
that are attached on
several articulators
(e.g. tongue, lips, jaw,
velum), within an
electromagnetic field

Data obtained at high sampling
rates; useful for examining
kinematics for both consonants and
vowels; simultaneous observation
of multiple articulators; high
temporal and spatial resolution;
applicable to manual and facial
movements in prosody; threedimensional devices available; used
for recording a larger population
with a recent device

Limited to point tracking; usually
used to track movements of
points along the midsagittal
plane; difficult to capture the
surface structure (e.g. the
complete shape of the tongue);
can only be used to observe the
anterior vocal tract; quite invasive
with sensors; possibly impedes
natural articulation

Ultrasound
provides imaging of
tongue position and
movement

Data obtained at relatively high
sampling rates (though not as high
as a recent EMA system); generally
non-invasive; used for measuring
the real-time lingual postures
during vowel and consonant
production; a portable device is
available

Difficult to image the tongue tip
(usually about 1 cm), some parts
of the vocal tract (e.g. the palatal
and pharyngeal wall), and the
bony articulator (e.g. the jaw);
because tongue contours are
tracked relative to probe position,
it is difficult to align them to a
consistent reference, such as hard
palate structure
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Devices

Advantages

Disadvantages

EPG
measures linguo-palatal
contact patterns
using individual
artificial palates
with incorporated
touch-sensitive
electrodes

Useful for examining linguo-palatal
contact patterns along the parts of
the palate over time, especially for
coronal consonants; provides
information about the width,
length, and curvature of
constriction made along the
palatal region

Custom-made artificial palates
needed for individual subjects;
often impedes natural speech;
restricted to complete tongue–
palate contacts; no information
about articulation beyond
the linguo-palatal contact
(e.g. non-high vowels, labials,
velars)

Optoelectronic device
(Optotrak)
provides threedimensional motion
data (using optical
measurement techniques) with active
markers placed on
surfaces

Non-invasive; data with high
temporal and spatial resolution;
useful for capturing movements of
some articulators (jaw, chin, lips)
as well as all other visible gestures
(e.g. face, head, hand)

Limited to point tracking; limited
to external use (i.e. to ‘visible’
movements); impossible to
capture articulation inside the
vocal tract; the system requires
line of sight to track the markers

Real-time MRI
provides real-time
imaging data of
complex structures and
articulatory movements of the vocal tract
using strong magnetic
fields

Non-invasive with high spatial
resolution; useful for rich
anatomical data analysis as well as
for analysis of articulatory
movements of the entire vocal
tract (including the pharyngeal
area)

Relatively poor time resolution;
subjects are recorded in supine
posture, which may influence
speech; concurrent audio from
production is very difficult to
acquire because of scanner noise

2.6 Conclusion
Prosody research has benefited from various experimental techniques over the past decades
and has as a result extended in its scope, embracing investigations of various phonetic
events that occur in both laryngeal and supralaryngeal speech events in the interplay
between segmental phonetics and prosodic structure. Careful examination of fine-grained
phonetic detail that arises in the phonetics–prosody interplay has no doubt advanced our
understanding of the regulatory mechanisms and principles that underlie the dynamics of
articulation and prosody. Prosodic features and segmental features are not implemented
independently. The coordination between the two systems is modulated in part by universally driven physiological and biomechanical constraints imposed on them, but also in part
by linguistic and communicative factors that must be internalized in the phonological and
phonetic grammars in language-specific ways. Future prosody research with the help of
articulatory measuring techniques of the type introduced in this chapter will undoubtedly
continue to uncover the physiological and cognitive underpinnings of the articulation of
prosody, illuminating the universal versus language-specific nature of prosody that underlies human speech.
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