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ABSTRACT:
The periodic repetitions of laryngeal adduction and abduction gestures were uttered by 16 subjects. The movement

of the cuneiform tubercles was tracked over time in the laryngoscopic recordings of these utterances. The adduction

velocity and abduction velocity were determined objectively by means of a piecewise linear model fitted to the

cuneiform tubercle trajectories. The abduction was found to be significantly faster than the adduction. This was

interpreted in terms of the biomechanics and active control by the nervous system. The biomechanical properties

could be responsible for a velocity of abduction that is up to 51% higher compared to the velocity of adduction.

Additionally, the adduction velocity may be actively limited to prevent an overshoot of the intended adduction

degree when the vocal folds are approximated to initiate phonation. VC 2022 Acoustical Society of America.
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I. INTRODUCTION

Speech articulation is a complex process in which the

nervous system actively controls the biomechanical system

that interacts with the aerodynamical forces. This makes the

understanding of articulator trajectories a challenging task

(Fuchs and Perrier, 2005). An issue of great interest in many

studies on articulation is the velocity of the articulators when

they approach their targets (Kelso et al., 1985; Kohler, 1981;

Nittrouer, 1991; Summers, 1987). Such studies with a special

reference to the laryngeal articulatory function are, for exam-

ple, Munhall and Ostry (1983), Cooke et al. (1997), Munhall

et al. (1985), and L€ofqvist and Yoshioka (1981). Some stud-

ies found that certain articulators move faster, on average, in

one direction than in the other (Kelso et al., 1985; Kollia

et al., 1995; Parush et al., 1983; Smith et al., 1993). These

direction-dependent velocity differences could, at least partly,

result from the iomechanical properties and, therefore, be

intrinsic to the biomechanical system. This was suggested for

the tongue (Birkholz et al., 2011a; Recasens and Espinosa,

2010; Thiele et al., 2020), the lips and jaw (Birkholz and

Hoole, 2012), and the vocal fold elongation and shortening

(Sundberg, 1979; Xu and Sun, 2002).

To our knowledge, the potential velocity differences

between the laryngeal adduction and abduction, i.e.,

between the narrowing and widening of the laryngeal air-

way, respectively, have only been studied indirectly thus

far. For example, the vocal fold adduction and abduction (as

one discrete component in the laryngeal adduction and

abduction) were studied by means of a three-dimensional

biomechanical model (Hunter et al., 2004). This modeling

study provided evidence that the geometrical structure of

the biomechanical system favors “abduction over adduction

in both peak speed and response time.” A limitation of this

model was that it did not include the differences in the con-

traction times of the intrinsic laryngeal muscles. Mårtensson

and Skoglund (1964), Cooper et al. (1994), and Alipour

et al. (2005) provided the evidence for such differences in

dogs and other animals. They measured in vitro the time

from the beginning to the peak of the contraction of four

laryngeal muscles, namely, the posterior cricoarytenoid

(PCA), interarytenoid (IA), thyroarytenoid (TA), and lateral

cricoarytenoid (LCA) muscle. Their data suggest that the

PCA and IA are slow muscles and the TA is a fast muscle,

where the contraction time of a slow muscle was found to

be about twice as long as that of a fast muscle. Regarding

the LCA, it is hard to say whether it is a fast or slow muscle

due to the contradictory observations in Mårtensson and

Skoglund (1964) and Alipour et al. (2005), respectively. It

must be mentioned that in vivo there might be no such clear

difference between the slow and fast muscles at all as each

muscle could have its own relative distribution of slow and

fast muscle fibers which are activated in a task-dependent

manner. Nevertheless, to assess what influence the contrac-

tile properties of the laryngeal muscles can have on the

vocal fold adduction and abduction, one has to consider the

primary functions of the muscles in this respect. Hirose

(1976) and Hirose and Ushijima (1978) suggested that the

PCA and IA functions are activated reciprocally for the

vocal fold abduction and adduction, respectively. The data

of L€ofqvist and Yoshioka (1980) suggest that this
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assumption is valid for the single adduction and abduction

gestures, although the picture seems to be more complicated

for clusters of either of the two gestures. In a more recent

study, Hillel (2001) suggested that the PCA independently

abducts the vocal folds and the LCA, IA, and TA jointly

adduct the vocal folds. Based on this, one can conclude that

the contractile properties, i.e., the differences in the contrac-

tion times of the laryngeal muscles, lead to the vocal fold

adduction being faster than the abduction, as already sus-

pected by Stevens (1999). Note that this is contrary to what

was suspected for the geometrical properties mentioned

above, which raises the question of what can be expected

under the consideration of both of these properties. This was

performed by Titze and Hunter (2007) using a two-

dimensional biomechanical model. Their data suggest that

the vocal fold abduction is faster than the adduction, thereby

providing evidence in the same direction as that of Hunter

et al. (2004), where only the geometrical properties were

considered. In summary, the consideration of the biome-

chanical properties (such as the geometrical and contractile

properties) apparently suffices to make a velocity difference

in the vocal fold adduction and abduction expectable. In par-

ticular, there is evidence that the vocal fold abduction is

faster than the adduction and this is caused by the geometri-

cal rather than by the contractile properties. But it is still

unknown as to what extent this applies to the larger laryn-

geal articulatory function as the vocal fold adduction and

abduction represent only one discrete component in the

laryngeal adduction and abduction.

The experimental analysis of this is challenging partly

because no robust approach has yet been established as a

standard for the quantitative analysis of the laryngeal adduc-

tion and abduction. The present study aims to overcome this

and, thus, enrich the academic discussion. To this end, the

potential velocity differences between the laryngeal adduc-

tion and abduction in multiple subjects were studied by

means of a new experimental paradigm using laryngoscopy.

This could help to disambiguate the roles of the different

biomechanical properties, such as the muscle contraction

time and geometrical properties discussed above. This, in

turn, could be a first step toward a (speech-related) macro-

scopic biomechanical characterization of the laryngeal

adduction and abduction, which in the future could help to

shed light on the interpretation of these speech kinematics in

terms of the biomechanical properties vs active control by

the nervous system vs aerodynamic forces. Last but not

least, the present study could pave the way for more natural

source modeling in articulatory speech synthesis.

II. MATERIALS AND METHODS

A. Data recording

The laryngeal adduction and abduction can be studied

using different measurement techniques amongst which are

electroglottography (Fant et al., 1966; Rothenberg and

Mahshie, 1988), photoglottography (Hoole, 1999; Ohala,

1966; Sonesson, 1959; Suthau et al., 2016), electromyography

(Faaborg-Andersen, 1957; Hirose and Gay, 1972; Weddell

et al., 1944), and magnetic resonance imaging (Baki et al.,
2017). However, the gold standard for the assessment of the

laryngeal function is videoendoscopy. In the present study, as

in previous investigations (Echternach et al., 2017a,b, 2020),

high-speed transnasal videoendoscopy (Fastcam SA-X2

480K, Photron, Tokyo, Japan) was performed using a flexible

endoscope (ENF-GP, Olympus Europa SE & Co. KG,

Hamburg, Germany) at a frame rate of 500 frames per second

and a spatial resolution of 384� 328 pixels. In this way, the

laryngoscopic videos of eight male and eight female German

adults (20–53 years of age) without any known speech or

hearing disorders were recorded. Both genders were consid-

ered because several laryngeal articulatory parameters were

shown to differ between the male and female speakers

(D€ollinger et al., 2017; Holmberg et al., 1988).

Each subject uttered 12 sequences, each of which con-

tained 7 periodic repetitions of a contrasting segment pair.

Here, a segment is understood as a laryngeal target. The

sequences differed in segment pair, segment order, and

speaking rate, as shown in Table I, to account for the possi-

ble effects of these factors. Regarding the segment pair, it

was shown by Munhall et al. (1985) that there is a strong

linear relationship between the maximum velocity and

amplitude of the vocal fold posturing movements. The

sequences used in the present study were designed in such a

way that the amplitudes of the unilateral movements are

constant throughout each sequence, but it can vary between

sequences and speakers. Where it made sense, also, the

order of the segments was changed to account for a possible

involuntary emphasis of the start segment. This could, how-

ever, hardly be perceived by the experimenter in any of the

utterances. Regarding the speaking rate, Birkholz et al.
(2011a) and Thiele et al. (2020) indicate to which extent its

active control can affect the intrinsic direction-dependent

velocities of the articulators by the example of the tongue.

In summary, there is evidence that the factors segment pair

and speaking rate, as well as gender, could all influence the

possible velocity difference between the laryngeal adduction

and abduction.

TABLE I. The sequences that were uttered by each subject (/e
8
/ means a

whispered /e/).

Segment pair Segment order Speaking rate

/f/-/e/ /f/ - /e/ - /f/ - /e/ - � � � Slow

/f/ - /e/ - /f/ - /e/ - � � � Fast

/e/ - /f/ - /e/ - /f/ - � � � Slow

/e/ - /f/ - /e/ - /f/ - � � � Fast

/v/-/f/ /v/ - /f/ - /v/ - /f/ - � � � Slow

/v/ - /f/ - /v/ - /f/ - � � � Fast

/f/ - /v/ - /f/ - /v/ - � � � Slow

/f/ - /v/ - /f/ - /v/ - � � � Fast

/f/-/?/ /f/ - /?/ - /f/ - /?/ - � � � Slow

/f/ - /?/ - /f/ - /?/ - � � � Fast

/e
8
/-/?/ /e

8
/ - /?/ - /e

8
/ - /?/ - � � � Slow

/e
8
/ - /?/ - /e

8
/ - /?/ - � � � Fast
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The segment pairs were selected such that they induce

pronounced laryngeal adduction and abduction and, as such,

a contrast in the laryngeal articulatory function. This can be

expected from the differences in the (peak) glottal areas of

the segments, as given by Stevens (1999) and illustrated in

Fig. 1, because these differences result from the larger laryn-

geal articulatory function. It must be mentioned that this is

subject to uncertainties because the peak glottal areas can

vary within certain ranges (gray ellipses). The slow and fast

speaking rates were selected such that they can be conve-

niently realized by all of the speakers. They were defined as

500 and 375 ms per segment and regulated by a metronome.

The sequences were presented on a display and suppor-

tively uttered by the experimenter. The subjects were

instructed to utter each sequence with flat intonation and,

furthermore, to utter each segment in a sustained manner

and switch between the segments at the metronome click.

The two segments were not produced as syllables but as

individual sounds. As an example, Fig. 2 shows the utteran-

ces /f-e-…/, /f-v-…/, /f-?-…/, and /e
8
-?-…/ by the subject

m01 at the slow speaking rate in terms of the spectrograms.

In total, 192 utterances (12 sequences � 16 subjects) were

recorded. Of these, 25 utterances got lost due to experiment

interruption by the subject or technical failures in the data

transmission. Another 13 utterances were not suitable for

further analysis because of the incorrect execution or occlu-

sion of the cuneiform tubercles by the epiglottis. Each of the

remaining 154 utterances was converted from the proprie-

tary video format to a series of TIFF images (Photron

Fastcam Viewer 3, Photron Limited, Tokyo, Japan) by man-

ually selecting the start frame and end frame in the laryngo-

scopic recordings.

B. Data processing

The laryngoscopic image series of each available utter-

ance was processed in four steps. In the first step, each

image was smoothed using a 5� 5 binomial kernel to reduce

the noise as well as the observed Moir�e effect.

In the second step, the cuneiform tubercle trajectories

were extracted automatically. Before explaining in detail

how this was done, the decision for this anatomical structure

will be motivated. The cuneiform tubercles are part of the

aryepiglottic folds and, therefore, are directly coupled with

the arytenoid cartilages. That is, the movement of the cunei-

form tubercles reflects the vocal fold adduction and abduc-

tion (Zhang, 2016) but also the movement of the

aryepiglottic folds going beyond this. The latter may be the

case, for example, in the articulation of /?/ when the vocal

folds are already fully adducted but the cuneiform tubercle

approximation still continues (Esling, 1996). In contrast to

other structures such as the arytenoid cartilages, the cunei-

form tubercles can be directly observed in the laryngoscopic

images and there are already some approaches to automati-

cally track them in Zhuang et al. (2013) and Ferster et al.
(2019). As a preparation to the tracking of the cuneiform

tubercles in the present study, a bitshift by one or two posi-

tions was applied, if necessary, to each pixel of a frame to

increase the brightness and contrast until both of the cunei-

form tubercles were clearly visible without being saturated.

The laryngoscopic images shown further below were possi-

bly obtained using a bitshift of more positions to improve

the overall visibility of all of the anatomical structures but

only for visualization purposes. After this preparation, each

of the two cuneiform tubercles was manually marked

in terms of a rectangular region in one of the frames [see

Fig. 3(a)] after the first two “training” segments. These

regions were then tracked in the following frames until the

end of the utterance or the tracking failed. The tracking

failed only rarely but mostly due to the complete occlusion

of the cuneiform tubercles by the epiglottis or a burst of

saliva. Generally, the tracking of the cuneiform tubercles is

a challenging task. The reasons are their low texture, weak

edges, appearance change during movement and endoscopic

artifacts (Ali et al., 2021), and especially the specular reflec-

tions (Brelstaff and Blake, 1988; Gr€oger et al., 2001;

Ragheb and Hancock, 2003; Shah et al., 2017). In the

FIG. 1. The segment pairs in the continuum from the vocal fold adduction

to abduction (/e
8
/ means a whispered /e/). The glottal area is zero during a

glottal stop (/?/). The three gray ellipses schematically represent the

expected ranges of the (peak) glottal area for the modal voicing (/e/ and /v/

), voiceless fricatives (/f/), and whispered vowels (/e
8
/), respectively

(Stevens, 1999). The peak glottal area is expected to be somewhat greater

during /v/ than during /e/ (Stevens, 1999).

FIG. 2. The sample realizations of the sequences /f-e-…/, /f-v-…/, /f-?-…/,

and /e
8
-?-…/ (top to bottom) by the subject m01 at the slow speaking rate,

displayed as spectrograms. Each spectrogram was generated with the

MATLAB R2019b (The MathWorks Inc., Natick, MA) function spec-
trogram( ) using Hamming windows of length 46.4 ms (2048 samples)

overlapping by 11.3 ms (500 samples) with the argument “MinThreshold”
set to �100 for visualization purposes. The sampling frequency of each audio

signal was 44.1 kHz.
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present study, the tracking was performed automatically

using an improved correlation filter (Luke�zič et al., 2017)

based on the work of Hester and Casasent (1980) and

Bolme et al. (2010) and implemented in the OpenCV

(Bradski, 2000) 4.1 TrackerCSRT class. The tracking

of the left and right cuneiform tubercles was checked visu-

ally and saved as the discrete-time positions (xlðnÞ; ylðnÞ)
and (xrðnÞ; yrðnÞ), respectively, where n ¼ f0; 1;…;N � 1g
is the frame index and N is the total number of frames [see

Figs. 3(d)–3(g)].

In the third step, the Euclidean distance between the

cuneiform tubercles dtot was calculated and assumed to be

the superposition of two signals, namely, the low-frequency

drift �dðnÞ of the Euclidean distance and the actual “drift-

free” Euclidean distance d(n) of interest,

dtot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xl � xrð Þ2 þ yl � yrð Þ2

q
:¼ d þ �d : (1)

In Eq. (1), the sample index n was omitted for the sake of

clarity. The Euclidean distance on the left-hand side of Eq.

(1) is shown in Fig. 3(h) (solid curve) and Figs. 3(a)–3(c)

(oblique lines). It is robust to the global movements like the

camera motion and whole larynx motion, which means that

during a joint shift of the (projected) absolute cuneiform

tubercle positions, the change in the Euclidean distance was

small as illustrated in Fig. 4. For example, the whole larynx

motion was observed for the utterances /v-f-…/ and /f-v-…/,

where the larynx took a lower position during /v/. The low-

frequency drift of the Euclidean distance �dðnÞ [dashed curve

in Fig. 3(h)] was determined using a zero-phase low-pass

finite impulse response (FIR) filter with a Gaussian impulse

response. The filter length was empirically defined as three

times the maximum period duration and, thus, was 3 s (1500

samples). The standard deviation of the Gaussian impulse

response was set proportional to the filter length using the

MATLAB R2019b (The MathWorks Inc., Natick, MA)

function gausswin( ) with default parameters, leading to a

cutoff frequency of 0.23 Hz. The low-frequency drift �dðnÞ was

caused by a slow change in the vertical endoscope position and

removed from the Euclidean distance to obtain the drift-free

Euclidean distance d(n) [see Fig. 3(i)], according to Eq. (1).

The fourth step was to exclude the invalid d(n) sections,

which could occur either due to an erroneous realization of

the sequence by the subject or errors in tracking the cunei-

form tubercles. The latter could occur as a result of the par-

tial occlusion (specular reflections, epiglottis), confusion

with similar anatomical structures (corniculate tubercles), or

strong appearance changes. To objectively identify the valid

sections, a rectangular window was shifted sample-wise

across the d(n) curve [see Fig. 5(b)], where the window

length L is twice the period duration T dictated by the metro-

nome (T ¼ 1 s for the slow speaking rate and T ¼ 750 ms

for the fast speaking rate). At each window position, the nor-

malized autocorrelation function was computed as

RðlÞ ¼ 1

L� l

rðlÞ
rðl ¼ 0Þ ; (2)

where r(l) is the autocorrelation function of the windowed

d(n) over the lag l [see the black curves in Figs. 5(d)–5(e)].

The complete positive correlation between the two periods

in the window would mean that Rðl ¼ TÞ ¼ 1. In reality,

however, this ideal was never achieved not only because of

the errors discussed above but also because of unavoidable

variations in the timing and amplitude of the adduction and

abduction movements. To allow for these variations within

a certain range, the window was treated as valid when the

FIG. 3. The processing of the utterance /f-?-…/ of the subject m01 at the

slow speaking rate. The (a) manually defined regions (black rectangles) for

the tracking of the left and right cuneiform tubercles, (b) tracked regions

during/?/, and (c) tracked regions during /f/ are displayed. The [(d),(e)]

positions of the right cuneiform tubercles and [(f),(g)] positions of the left

cuneiform tubercles are shown. (h) The Euclidean distance dtotðnÞ between

the cuneiform tubercles with a low-frequency drift �dðnÞ (dashed curve) and

(i) “drift-free” Euclidean distance d(n) without a low-frequency drift are

shown. The largest contiguous section of valid windows (vertical dashed

lines), obtained as explained in Fig. 5, was considered for the modeling.

Corresponding to the five full periods within this section, a number of 22

points (gray markers) fully defined the model (gray curve). The optimal

model is displayed in the sense of the minimum total squared error as fur-

ther detailed in the text. The black arrows point to the overshoots in the

laryngeal abduction.
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maximum of R(l) in the lag interval l ¼ T 6 T=10 was

greater or equal to an empirical threshold of 0.9 [see Figs.

5(c)–5(e)]. By default, the largest contiguous section of

valid windows [dashed vertical lines in Fig. 5(a)] was con-

sidered for the modeling described in the following. Only in

a few exceptional cases was another (smaller) contiguous

section of valid windows considered.

C. Modeling

The goal was to extract the velocities of the adduction

and abduction from each d(n) curve, i.e., from each drift-

free Euclidean distance between the cuneiform tubercles

over time. To this end, a model was fitted to full periods in

the considered d(n) section. The general idea behind the

model was that each period of d(n) can be considered to

consist of four phases, namely, the stationary phase of the

first segment, the transition phase to the second segment, the

stationary phase of the second segment, and the transition

phase back to the first segment. During the stationary phase,

the laryngeal configuration does not necessarily have to be

static because a static (abducted) configuration is quite

unusual and difficult for speakers to maintain (L€ofqvist et al.,
1981). Instead, it can also vary as will become clearer further

below. Each phase was modeled as one line piece in the (con-

tinuous) piecewise linear model, which is illustrated by the

gray curve in Fig. 3(i). This model was fully defined by sev-

eral points (gray markers), the number of which was obtained

by multiplying the number of periods to model by the number

of line segments per period (4) and adding 2, hence, 22 points

were used for the 5 periods in Fig. 3(i). These points were ini-

tialized automatically and, if necessary, dragged and dropped

manually. After this, the points were optimized by minimiz-

ing the total squared error between the model and the consid-

ered d(n) section using the Nelder-Mead simplex method

(Nelder and Mead, 1965), implemented in the MATLAB

R2019b (The MathWorks Inc., Natick, MA) function fmin-
search( ) until the satisfaction of the default convergence

criteria. The model described above is very similar to that of

Birkholz and Kleiner (2021), where it was used in another

context, namely, in the investigation of the lateral pharyngeal

wall movements.

The optimized model was interpreted as follows. The

line pieces with even indices, i.e., the second, fourth, and so

FIG. 4. The robustness of d(n) as a measure for the laryngeal adduction and

abduction against the global movement in the utterance /f-v-…/ of the sub-

ject m03 at the slow speaking rate. It can be seen that the global movement

and laryngeal abduction can be separated from each other in d(n), which is

hardly possible by means of their absolute positions over time. [(a)–(d)]

The absolute positions ðxr; yrÞ and ðx; ylÞ of the right and left cuneiform

tubercles, respectively, over time [see Fig. 3(b) for the definition of the

absolute positions]. The (e) Euclidean distance dtotðnÞ between the cunei-

form tubercles over time, [(f)–(i)] tracked regions at specific points in time,

where the global movement (without the laryngeal abduction) occurs

between (f) and (g) and between (h) and (i), and the laryngeal abduction

occurs between (g) and (h). Here, the global movement goes along with the

image scaling and translation.

FIG. 5. The determination of the largest contiguous section of valid win-

dows in the utterance /f-e-…/ of the subject m01 at the slow speaking rate.

(a) “Drift-free” Euclidean distance d(n) and largest contiguous section of

valid windows (dashed lines). (b) Rectangular window shifted sample-wise

across d(n). The largest contiguous section of valid windows is defined by

the start of the left window and the end of the right window shown here. (c)

A window was considered to be valid when its maxðRðl ¼ T 6 T=10ÞÞ
value was greater or equal to an empirical threshold of 0.9 (dashed line).

The black curve displays this value over time as the window slides over

d(n). The calculation of this value is illustrated in (d) and (e) for the left and

right windows in (b), respectively. [(d),(e)] The normalized autocorrelation

function R(l) of the windowed d(n) over the lag l (black curves), lag interval

l ¼ T6T=10 (gray regions), and maximum of R(l) within this region,

maxðRðl ¼ T6T=10ÞÞ (markers). The markers in (d) and (e) correspond to

the markers in (c).
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on, represent the transition phases. Their slopes can be inter-

preted as the (average) velocities of the adduction and

abduction, vadduction and vabduction, respectively, of which one

value each was extracted per modeled d(n) period. For a

successful extraction, however, the following three criteria

had to be fulfilled. First, there had to be at least one valid

window in the analyzed d(n) curve. Second, in the consid-

ered d(n) section, the four phases had to be clearly recogniz-

able in at least two consecutive periods. Third, the

optimized model had to fit these phases in a comprehensible

way. The d(n) curves of 57 utterances missed at least 1 of

these criteria and were, therefore, discarded such that,

together with the 38 utterances that got lost during the data

recording or were discarded directly afterward (see Sec.

II A), 97 of the intended 192 utterances were available for

subsequent analysis.

Figure 6 shows the examples of the accepted curves

and, together with Fig. 3(i), reveals some interesting details,

which were explicitly not noise in the tracking of the cunei-

form tubercles but actually part of their kinematics, as was

verified by the visual inspection of the laryngoscopic videos.

One interesting detail was a more or less pronounced over-

shooting in the laryngeal abduction (black arrows), which

was modeled as part of the stationary phase. Here, we

assumed that there was an underlying stationary phase, i.e.,

a target for the laryngeal abduction with a certain slope as is

often assumed for the speech articulator movements.

However, this may not necessarily be the case as a clear pla-

teau in the abducted laryngeal state rarely occurs. The pat-

terns indicated by the black arrows could also reflect the

idea that there is no such well-defined target. Another inter-

esting detail is the following. As already mentioned in Sec.

II B, it may be the case in the articulation of /?/ that the

vocal folds are already fully adducted but the cuneiform

tubercle approximation still continues Esling (1996). In

Figs. 6(a) and 6(b), this leads to a marginal flattening or

overshooting, respectively, at the end of the transition

phases (white arrows). This, however, has hardly any influ-

ence on the slope of the line that represents the transition

phase, which means that the laryngeal adduction velocity

was largely measured as the correlated cuneiform tubercle

and vocal fold movement here.

Apart from that, one might imagine techniques other

than the one presented above for the extraction of the

vadduction and vabduction values. For example, one could simply

pick the velocity maxima in the smoothed first derivative of

the d(n) curve, but this leads to the following problem. On

one hand, too much smoothing reduces the edge steepness

and, thus, blurs the difference between vadduction and

vabduction. Too little smoothing, on the other hand, does not

suppress the small fluctuations, leading to more local max-

ima in the velocity curve and less objectivity in their selec-

tion. In addition, we often observed very linear edges (see

Fig. 6), which do not lead to the pronounced maxima in the

first derivative of d(n) at all. These edges are, therefore, dif-

ficult to describe with the peak velocities often used in the

speech articulation studies, but are all the better with the

average velocities represented by the piecewise linear

model. With respect to this model, the number of four line

pieces per period was chosen deliberately. Three line pieces

would be too much of an abstraction, whereas five line

pieces would lead to ambiguities in their assignment to the

four phases described further above. All in all, the piecewise

linear model, as it was used in the present study, is consid-

ered to represent the perfect degree of abstraction and, at the

same time, allows optimal preservation of the edge steep-

ness in d(n).

III. RESULTS

The results obtained from the modeling data regarding

the velocity differences between the laryngeal adduction

and abduction gestures are discussed further below. Before

that, Fig. 7 gives an impression of the laryngeal gestures

that were actually observed. It shows one representative

example for each of the five segments /?/, /e/, /v/, /e
8
/, and /f/,

where the measured peak glottal areas (white dashed contours)

increase from left to right and were measured as follows. The

glottal area over time for a given utterances was determined

using the implementation of the seeded region growing algo-

rithm provided by Birkholz (2016). In the resulting curve, the

local maxima were selected in regions where the glottis was

FIG. 6. The optimal models (gray curves) of the different d(n) curves (black

curves) in the respective largest contiguous section of valid windows

(dashed lines). The (a) utterance /e
8
-?-…/ of the subject m05 (/e

8
/ means

a whispered /e/), (b) utterance /e
8
-?-…/ of the subject w03, (c) utterance

/f-e-…/ of the subject m04, and (d) utterance /f-e-…/ of the subject w06 are

depicted. All of the utterances in (a)–(d) are for the slow speaking rate.

The black arrows point to the overshoots in the laryngeal abduction. The

white arrows point to the marginal signal characteristics at the end of

the adduction phase, namely, a flattening in (a) and an overshoot in (b).
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not occluded by other anatomical structures such as the cunei-

form tubercles. The following exemplary mean values of the

peak glottal area were measured for the subject m01 at the

slow speaking rate: 1138 pixels for /f/ and 314 pixels for /e/ in

the utterance /f-e-…/, 1765 pixels for /f/ and 376 pixels for /v/

in the utterance /f-v-…/, and 1175 pixels for /e
8
/ in the utter-

ance /e
8
-?-…/. Note that the value measured for /f/ depends on

the utterance, probably because of the different distances

between the laryngoscope and glottis during /f-e-…/ and

/f-v-…/. This is suggested by Fig. 7, where the anatomical

structures and, as such, also the glottis appear smaller during

/e/ than during /v/. Sudden changes in the unknown distance

between the laryngoscope and glottis, as well as the limited

spatial and temporal resolution of the laryngeal videos, made it

difficult to determine the peak glottal area in an exact and

comparable manner. Despite all of that, the above analysis

shows that the initial considerations in Sec. II A (see Fig. 1)

were a suitable, albeit rough, indication of which segment

pairs result in the measurable mediolateral cuneiform tubercle

movements.

The data obtained from the modeling consisted of 2–11

pairs of vadduction and vabduction values per utterance, where

the most frequent case is two value pairs, the average is

about three value pairs, and the total number is 310 value

pairs. Figure 8 shows the mean vadduction (black-framed bars)

and vabduction (gray bars) values for each utterance, speaking

rate, and subject. It can be seen that vabduction is greater than

vadduction, i.e., the laryngeal abduction is faster than the

adduction in most cases. Furthermore, it can be seen that

the subject m01 shows overall greater velocity values than

the other subjects. The reason for this is that for the subject

m01, the laryngoscope was in a general lower position rela-

tive to the cuneiform tubercles than for the other subjects.

The lower laryngoscope position led to a greater apparent

cuneiform tubercle movement. Consequently, in the follow-

ing two statistical analyses across all of the subjects, the

absolute vadduction and vabduction values were not analyzed, but

their ratio was analyzed.

The potential factors to analyze were the gender, seg-

ment pair, and speaking rate (see Sec. II A). Here, only the

effect of the speaking rate was analyzed for two reasons.

First, due to the stringent quality criteria for the recorded

sequences, there was simply not enough data available to

FIG. 7. The representative laryngeal configurations of all five of the segments /?/, /e/, /v/, /e
8
/, and /f/, where /e

8
/ means a whispered /e/. The measured peak

glottal areas (white dashed contours) increase from left to right. All five of the representatives were taken from the subject m01 at the slow speaking rate.

More precisely, /f/ and /v/ were taken from the utterance /f-v-…/, /e/from the utterance /f-e-…/, and /e
8
/ and /?/ from the utterance /e

8
-?-…/. The visual

inspection of the other utterances suggested that the laryngeal configurations shown here are representative across the segment pair, segment order, speaking

rate, and subject.

FIG. 8. The overview of the mean vadduction (black-framed bars) and

vabduction (gray bars) values for all of the subjects (boxes), all of the sequen-

ces, and both speaking rates (/e
8
/ means a whispered /e/).
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allow more sophisticated statistical procedures to be used.

Second, the factor speaking rate was considered to be partic-

ularly important because its nonsignificant effect would pro-

vide strong evidence for the hypothesis that a possible

velocity difference in the laryngeal adduction and abduction

is caused by biomechanical properties rather than active

control.

In the first analysis, a two-sample t-test with the speak-

ing rate as the independent variable and the decadic loga-

rithm of vabduction=vadduction as the dependent variable was

performed. The logarithm was required to transform the

distribution of the dependent variable such that it better fits

the normal distribution assumed by the t-test. The normal

distribution after the logarithmic transformation was

checked with the help of the quantile-quantile plots. The

analysis showed that the speaking rate had no significant

effect. This means that for the slow speaking rate, the dif-

ference between vabduction and vadduction was similarly pro-

nounced as for the fast speaking rate. In the second

analysis, a right-tailed one-sample t-test with the same

dependent variable as in the first analysis but pooled across

both speaking rates was performed. The analysis showed

that the mean (median) vabduction=vadduction value of 1.89

(1.70) was significantly larger than unity (p < 0.001; see

Fig. 9). Hence, based on the median value, the laryngeal

adduction gestures took 70% longer than the abduction ges-

tures when analyzed across all subjects, all utterances, and

both speaking rates.

To corroborate the results, the manual marking of the

cuneiform tubercles was performed a second time for a sub-

set of the available utterances, namely, all six utterances of

the subject m04 at the slow speaking rate. For the Euclidean

distance between the cuneiform tubercles dtotðnÞ, Pearson’s

correlation coefficient between both markings was in the

range of 0.979–0.999 across all six sequences. This means

that both markings led to almost identical dtotðnÞ curves.

Accordingly, the mean (median) vabduction=vadduction values

differed by only 1.2% (2.9%) between both markings and,

furthermore, the difference was found to be not significant.

It can, therefore, be assumed that the repeated manual mark-

ing leads to similar overall results. This also proves that the

piecewise linear model is robust against small fluctuations

of d(n).

IV. DISCUSSION AND CONCLUSIONS

For the analyzed utterances, the laryngeal abduction,

i.e., the widening of the laryngeal airway, was found to be

significantly faster than the adduction, i.e., the narrowing of

the laryngeal airway. This direction-dependent velocity dif-

ference may be intrinsic to the biomechanical system as sug-

gested by several studies for other articulators (Birkholz and

Hoole, 2012; Birkholz et al., 2011a; Recasens and Espinosa,

2010; Sundberg, 1979; Thiele et al., 2020; Xu and Sun,

2002). For the laryngeal adduction and abduction, in partic-

ular, there is some scattered evidence from the modeling

studies (Hunter et al., 2004; Titze and Hunter, 2007) and

in vitro studies (Alipour et al., 2005; Cooper et al., 1994;

Mårtensson and Skoglund, 1964). These studies even pro-

vide hints about which biomechanical properties, in particu-

lar, may lead to the observed velocity difference, namely,

that the effect of the geometrical properties dominates the

somewhat contrary effect of the contractile properties (see

Sec. I). Also, the fact that the speaking rate had no signifi-

cant effect on the velocity difference in the present study

agrees well with the possible biomechanical causes,

although only under the assumption that the biomechanical

properties, especially the possibly dominating geometrical

properties, are independent of the speaking rate to some

degree.

The question arises as to what could account for the

possible existence of such a biomechanical mechanism that

favors the fast opening of the laryngeal airway, i.e., in a way

in which this could be beneficial for humans. One answer is

provided by the theory of the human larynx evolution (Fink,

1974a,b, 1975). According to this, the driving force in the

evolution of the larynx and its complex vagus nerve was not

the folding of the laryngeal structures but rather their

unfolding as for a spring recoiling to open the airway. In

this view, the rapid laryngeal airway opening facilitated

both the sprinting and long-distance endurance running,

whereas the speech per se was not a determining factor and

neither was holding the airway shut in a manner to allow for

more efficient bracing of the arms for the upper-body

strength (Esling et al., 2019). The way that the laryngeal

articulator works makes it logically more plausible that the

observed velocity differences are caused by the geometrical

properties rather than the contractile properties. The individ-

ual muscle contractions would likely not be efficient or

coordinated enough in serving the mechanism’s needs, espe-

cially for rapid unfolding.

Apart from the biomechanical explanation, there is at

least one more possible explanation, namely, that the articu-

lator trajectories, in general, are actively controlled by the

nervous system as was suggested by L€ofqvist and Gracco

(2002) for the tongue. This explanation is also suitable for

the observed velocity difference in the present study as will

be explained herein. One could assume that the adduction

for /e/ and /v/ has to be controlled more carefully than the

abduction for /f/ and /e
8
/ for the following reasons. On one

hand, the adduction for /e/ has to be carefully controlled to

FIG. 9. The distribution of vadduction=vabduction across all of the subjects, all

of the utterances, and both speaking rates together with the results of a

right-tailed one-sample t-test with the null hypothesis such that the data

come from a normal distribution with the mean equal to one and an

unknown variance. The MATLAB R2019b (The MathWorks Inc., Natick,

MA) function boxplot( ) was used with default parameters.
���p < 0:001.
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achieve self-sustained oscillation of the vocal folds but

avoid glottalization or a glottal stop due to a target over-

shoot. In this context, a target overshoot means that the

laryngeal adduction degree approaches the intended degree

but initially exceeds it and then gradually adjusts to it, which

is similar to the step response of an underdamped system.

On the other hand, the adduction for /v/ has to be carefully

controlled because the voiced fricatives are a difficult-to-

produce class of consonants (Elie and Laprie, 2017; Ohala,

1983). To enable this careful control and thereby support the

speech intelligibility, the adduction velocity during /e/ and

/v/ could be actively limited, whereas careful control may

be less critical for the abduction. The idea that the adduction

for /e/ and /v/ must be controlled more carefully than the

abduction is corroborated by the overshoots, which were

widely observed for the abduction [see the black arrows in

Figs. 3(i), 6(a), and 6(d)] but not for /e/ and /v/. However,

this explanation is limited to the sequences containing /e/

and /v/ and cannot be applied straightforwardly to the other

sequences containing /?/ because a glottal stop does not

require the same precision as /e/ and /v/.

For a more detailed analysis of this, the available utter-

ances were divided into two subsets with /f-e-…/, /e-f-…/,

/v-f-…/, and /f-v-…/ as the first subset, and /f-?-…/ and

/e
8
-?-� � �/ as the second. Each subset was analyzed in the

same manner as described in Sec. III. Again, the speaking

rate was found to have no significant effect for either subset.

Hence, the utterances of each subset were pooled across all

of the subjects and both speaking rates. The mean (median)

vabduction=vadduction value was found to be 1.99 (1.79) for the

first subset, 1.71 (1.51) for the second subset, and signifi-

cantly larger than unity (p < 0.001) for both of them.

This led us to the final assumption, which integrates

both the biomechanical properties and active control by the

nervous system into the explanation of the observed velocity

difference between the laryngeal adduction and abduction.

The biomechanical properties could be responsible for an

abduction up to 51% faster compared to the adduction. On

top of this, the adduction velocity may be actively limited, if

necessary, leading to a 70% faster abduction compared to

the adduction. This results from the median values given

above and, to reemphasize what was already discussed fur-

ther above, from the assumption that an active velocity limi-

tation is not required for the abduction gestures, in general,

and the adduction during /?/ but that it is required for the

adduction during /e/ and /v/.

A. Limitations and future directions

The present study was limited in several ways, which

are discussed next. First, various quantities are conceivable

to measure the laryngeal adduction and abduction, amongst

which are the cuneiform tubercle positions as used in the

present study, and also others such as the glottal area. The

analysis of the glottal area, although conveniently possible

using the software provided by Birkholz (2016), was hardly

possible in many laryngoscopic videos in which the anterior

part of the glottis was occluded by the epiglottis. In contrast

to this, the cuneiform tubercles were visible throughout

almost all of the utterances.

Second, only a limited number of contrasting segment

pairs was used to induce the pronounced laryngeal adduction

and abduction. In particular, the laryngeal abduction targets

were defined using the segments /f/ and /e
8
/ (whispered /e/)

but no plosives. This might bias the present findings toward

faster laryngeal abduction than adduction as the data by

L€ofqvist and Yoshioka (1981) suggest. They found that the

maximum vocal fold abduction velocity is higher for the fri-

catives than for the plosives, which can be explained by dif-

ferent aerodynamic requirements.

Third, the sequences were only spoken egressively, and

not ingressively, as the latter is difficult for many subjects.

Comparing the cuneiform tubercle movements between the

two ways of speaking would be interesting because the dif-

ferences in the movements should be observable if they

were affected by the aerodynamic factors, as demonstrated

by Hoole et al. (1998) in another context, namely, in the

investigation of the tongue body trajectories. Some evidence

about the minor influence of the aerodynamic factors in the

present study is provided by L€ofqvist and Yoshioka (1980)

and L€ofqvist and Yoshioka (1981). They observed that the

obstruents in a vowel context were accompanied by distinct

PCA and IA activity patterns. This suggests that the

observed laryngeal movements were caused by the muscular

rather than by the aerodynamical forces, at least in the utter-

ances /f-e-…/ and /e-f-…/ from the present study.

Fourth, only 97 of the intended 192 utterances (51%)

were available for the final analysis. Apart from the techni-

cal failures in the data transmission, mainly, this had the fol-

lowing reasons. The recording of the laryngoscopic videos

may involve considerable discomfort for the subject and can

lead to experiment cancellation. Furthermore, the automatic

tracking of the cuneiform tubercles in these videos is a chal-

lenging task for which no robust approach has yet been

established as a standard. With the novel approach used in

the present study, errors in the tracking of the cuneiform

tubercles are, therefore, to be expected. Moreover, the

sequences, which were specifically designed to unveil the

intrinsic velocity differences between the laryngeal adduc-

tion and abduction, may appear artificial or unnatural to the

speakers because they can hardly be interpreted as sound

sequences of German and both dictated speaking rates may

deviate from the speaker’s individual speaking rate. This

may lead to errors in the realization of the sequence, which,

together with the possible errors in tracking mentioned

above, can lead to the partial or complete discarding of the

utterance.

Fifth, although the overall laryngeal abduction was

found to be faster than the adduction, their absolute and rela-

tive values varied considerably with the subject, sequence,

and speaking rate (see Fig. 8). One explanation for this is

that the laryngeal targets can differ according to the

language, dialect, social group, and individual and may be

further influenced by the artificial speech task discussed
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above. Apart from this, the observed variance may be partly

explained by the factors that could not be analyzed in the

present study. Regardless of the possible explanations for

the observed variance, it, in fact, limits the statistical inter-

pretability of the data to some extent. As an example, the

discussion in Sec. IV could lead to the assumption that a

faster speaking rate leads to a greater velocity increase in

the laryngeal abduction than in the (possibly actively lim-

ited) adduction, and the speaking rate should, therefore,

have a significant effect on the velocity difference between

the laryngeal adduction and abduction. This effect may not

be detectable simply due to the relatively large variance.

But there are also other possibilities, e.g., that a faster speak-

ing rate is not achieved by a faster adduction and abduction

but by shortening of the stationary phases. However, it was

not possible to reliably assess this on the basis of the avail-

able utterances. This was, in any case, beyond the scope of

the present study.

Looking forward, there are at least four possible future

directions. First, a follow-up study would be to investigate

the velocity differences between the laryngeal adduction

and abduction in more natural speech. Such a study would

also aim to include more laryngeal targets, e.g., by also

including plosives or recruiting speakers of other languages

or dialects. Second, the tracking of the cuneiform tubercles

in the laryngoscopic images developed here might be useful

to study the differences in the articulatory posture between

the contrasting phonation types as the measurements of this

kind have not yet been applied with that scope. Beyond this,

the measurement algorithms have the potential to track and

quantify the laryngeal structure movements (also possibly

muscle actions) for various purposes in descriptive phonet-

ics and otorhinolaryngology. The first and second future

directions may require or benefit from extensions of the

tracking algorithm, which allow the movement of the cunei-

form tubercles to be tracked in more planes and, even in the

case of occlusion, by other anatomical structures. Third, the

results could be incorporated into models for articulatory

speech synthesis (Birkholz, 2013). Taking intrinsic

direction-dependent velocity differences into account may

lead to a more realistic movement of articulators when they

approach their targets (Birkholz et al., 2011b). Fourth, the

results could help to disentangle the interpretation of kine-

matic speech data in terms of the biomechanical properties

vs active control by the nervous system vs aerodynamical

forces.
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