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Abstract

In this paper, a novel stereo-endoscopic high-speed digital
imaging system and a method to estimate the glottal area
function are proposed. Glottal length, width, and area of one
female participant were estimated in three different
fundamental frequencies (Fs).

Index Terms: glottal area function, stereoscopy, high-speed
imaging

1. Introduction

Glottal area function estimation plays an important role in
clarifying a physical mechanism of vocal fold vibration and
investigating voice qualities in a quantitative manner. There
have been various methods for estimating glottal area function,
however, most of them estimate relative glottal area functions,
and actual measurements of glottal area have been done only
in vitro. In this paper, estimation of glottal area function in
vivo based on actual measurement by stereoscopic high-speed
digital imaging is proposed.

2. Stereo-endoscopic high-speed digital
imaging and calculation of the three-
dimensional coordinates

2.1. Stereo-endoscope

The stereo-endoscope in previous studies [3, 4, 5],
manufactured by Nagashima Medical Instrument Corporation
in 1980 (Figure 1), was employed in this study. The stereo-
endoscope includes two independent ordinary rigid optical
systems with a diameter of 9 mm, a fiber-optic light guide, an

Figure 1: Stereo-endoscope.
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Figure 2: Dimension of Stereo-endoscope.

optical connector, a light source and a camera. The tips of the
optical systems house objective lenses with prisms designed
for 70° oblique-angled view, with a field angle of 40°
(Figure 2). The distance between the optical axes of the tips
was 10 mm. The stereo-endoscope was attached to a CCTV
lens of 50 mm, and the CCTV lens was connected to the high-
speed digital camera.

2.2. High-speed imaging and calculation of three-
dimensional coordinates

The high-speed digital camera employed in this study was
Photron Fastcam 1024PCI with the following specifications:
an image sensor size of 17.4 mmx17.4 mm, a full image
resolution of 1024x1024 pixels, a temporal resolution of 1000
fps at a full image resolution of 1024x1024, 8-bit grayscale,
and a memory size of 12 GB allowing recording of 9600
frames at a full image resolution (a sample duration of 9.6s at
the maximum speed). Reducing an image resolution of the
image sensor in recording makes it possible to record at a
higher frame rate.

In stereo-endoscopic high-speed digital recordings, the high-
speed camera captured images at an image resolution of 768
(horizontal) x 352 (vertical), a frame rate of 3750 fps, and
sample duration of 10.12s. Figure 3 shows an example of a
pair of stereoscopic images of the larynx. A pair of images
was formed side-by-side on the image sensor.

Measurements and a procedure of calculation are based on
those reported in [1, 2, 3] (Figure 4). The two tips are assumed
to be set coplanar, and are mutually inclined to a mid-axis by a
small angle a. The distance between the optical axes at the tips
is dr. A rectangular coordinate system is defined with the
origin at the tip of the left endoscope. The z-axis is along the
optical axis of the left endoscope. The x-axis passes through
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Figure 3: A pair of stereoscopic images of the larynx.

the two endoscope tips, and the y-axis is orthogonal to the x-
axis and the z-axis (out of the page).

Vectors to the object point p = (x,, y,, z,) form angles 0 and
0, with the left and right optical axes respectively. Let D; and
Dpbe horizontal distances of the images of p from the centers
of the left and right optical fields respectively, and Dy be a
vertical distance of the image of p from the center of the left
and right optical fields, then coordinates of p are calculated by
the following formulas:

1
" (DL~ Dr) + ks o
xp= k3zp Dy, )
Yp = k3z, Dy (3)
where k;, k;, k; are calibration constants empirically

determined by photographing a Cartesian graph paper. The
above calculations are true if D; and Dy are proportional to
tanf, and tanfg, respectively. In reality, however, a
photographic lens causes optical distortion and hence, the
relationships such that D; and Dy are proportional to tand; and
tandp are less likely to be satisfied. Therefore, further
calibration and correction of optical distortion are desired.
After including correction of optical distortion, the modified
formulas to calculate the coordinates are as follows:

1
= ; : “)
k1(Dp — c1Dr + oDy ) — ko
1’]) - kgf(:p- DL) + /f4
— 32,2 ey
where  f(z,, Dr) = Di = sy qu » G5 5)
Cezp T
Yp = ksz, Dy + kg (©)

where k; and ¢; are calibration constants. The procedure to
determine constants k; and ¢; was as follows: (i) D; and Dy
were measured by changing distance between the tips of
endoscope and the 5 mm Cartesian graph paper from 14 mm
to 84 mm; (ii) the regression lines of D; on x, and Dy on x,
were calculated for each z,; (iii) D, and Dy were represented
as functions both having parameters of x, and z,; (iv) the
regression plane of (D, , Dr Dy) was obtained.

As a result, distribution of errors between real coordinates and
estimated coordinates in the three-dimensional Euclid space
had a median of 0.55 mm (5 percentile of 0.15 mm, 95
percentile of 2.96 mm). The errors of x,, and y, were less than
15% of the error of z,,.
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Figure 4: Geometrical quantities defined for calculation of
three dimensional coordinates

3. Estimation of Glottal Area Function
3.1. Method

3.1.1. Glottal edge detection

First, glottal edges in the left and right images both are
detected to estimate a glottal area in each frame. On each
horizontal line, the edges are automatically determined as the
points with maximal brightness derivative among the points
with minimum brightness.

To represent the glottis as a plane in the three-dimensional
space, the following steps were processed: (i) smoothing the
estimated left and right edges independently along y-axis by a
predetermined window function, reasonably assuming that the
edge of glottis is a smooth curve in three-dimensional space,
here, the 7-point weighted mean with a length of 7 pixels (0.7
mm at the distance of 50 mm from the endoscope tips in the
real space) was employed for smoothing; (ii) determining a
regression line of z on y for each edge after the smoothing, and
rewriting z in such a manner that the left and right glottal
edges were represented as two lines; (iii) for each y, picking
up middle m, point of the left and right glottal edges, then a
linear approximation C of a curve { m, } was obtained by
linear regression of z on y; (iv) calculating lateral inclination
from the left edge (x;, v, z;) to the right edge (xz, y, zg) for
each y, and the mean of the lateral inclinations, denoted by
(dz/dX)mean; (V) obtaining the glottal hyperplane as the plane
including the line approximation C and the hyperplane’s
cotangent vector is orthogonal to (dz/dx)ye.,. The glottal edge
points were obtained as points of projection along z-axis of (x,,
¥, z;) and (xg, ¥, z) on the glottal hyperplane.

3.1.2. Verification of the method

To verify the proposed method for estimation of the glottal
edges, the proposed method was applied to estimate a
rectangular slit obtained by cutting through a thick paper
(Figure 5). The rectangular slit had the length of 13.2 mm, the
width of 2.2 mm, and the depth of 0.25 mm. Hence, the area
of the slit was 29.04 mm?.

Figure 5: A4 pair of stereoscopic images of the larynx.



Figure 6: (a): glottis of the slit after edge smoothing
and (b): glottis of the slit after smoothing and planar
approximation.

Using the proposed method, the area of the glottis was 35.6
mm’ after smoothing, and 29.5 mm? after smoothing and
planar approximation. Figure 6 illustrates the glottis after
smoothing in (a) and the estimated glottis after smoothing and
planar approximation in (b).

3.2. Experiments

One female participant without any vocal problems performed
three different tasks: in different Fys (middle, high, and low),
with the same sustained vowel (almost /e/ by reason of
insertion of endoscope into the mouth) and observed by
stereo-endoscopic high-speed digital imaging. Figure 7 shows
static laryngeal views during phonations in three different
registers. The measured F) of voices in middle, high, and low
Fywere 230 Hz, 450 Hz, and 100 Hz, respectively. The low F,
voice was perceived as vocal fry and the other two voices
were perceived as modal.

fo=230Hz

I/ med

fo=450Hz fo=100Hz

Figure 7: The laryngeal views during middle F (Left),
high Fy (middle), and low F (right).

3.3. Results

Figure 8 shows the glottis after smoothing in (a) and the
estimated glottis after smoothing and planar approximation in
(b) at Fy = 230 Hz. In this case, the mean lateral inclination
(dz/dx)mean Was -0.3. The mean lateral inclinations in the cases
of high and low Fs were also equal to -0.3.

Figure 9 shows a time-varying function of the glottal width
and length (solid and dotted lines, respectively, in the top
graph), and the glottal area (in the bottom graph) at Fy = 230
Hz. The maximum glottal area was 11 mm?, and the maximum
glottal width was 2 mm. The glottal length function was not
significantly triangulated, and the maximum length was 7 mm.
By observing the glottal area and width, the closing phase was
slightly shorter than the opening phase in each period.
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Figure 10 shows time-varying glottal characteristics at Fj =
450 Hz. The maximum glottal area was about 5 mm?, and the
maximum glottal length was approximately 8 mm. The glottis
at Fy = 450 Hz was 1 mm longer than that at F;y = 230 Hz.
The maximum glottal width was 1.0 mm and significantly
narrower than that at /) = 230.

Figure 11 shows time-varying glottal characteristics at Fj =
100 Hz in vocal fry. The maximum glottal area was 1.3 mm?,
and the maximum glottal length was approximately 2 mm.

Figure 8: (a): glottis after smoothing and (b): glottis
after smoothing and planar approximation in Fy = 230
Hz.
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Figure 9: Glottal length (solid line at the above),
glottal length (dotted line at the above), and glottal
area (at the bottom) in Fy = 230 Hz

4. Discussion

The glottal area functions estimated by the proposed method
with stereo-endoscopic high-speed digital imaging were in
accordance with known results. The estimated values of the
maximum glottal lengths at 7y = 230 Hz and at 450 Hz
showed good accordance with those in [4, 5]. In the future, it
is necessary to improve the method for estimating the glottal
area function from the theoretical and instrumental
viewpoints. For example, the glottis has been commonly
defined as a space between two vocal folds, however, the
space between the vocal folds in reality is three-dimensional
and has a volume. As a result the glottal area is defined as a
certain section of the glottal space and its size may vary
depending on a plane which gives the glottal section.

The time-varying function of the mean lateral inclination is
illustrated at the top picture in Figure 12. This figure shows
that the maximum lateral inclination is at the open phase. This



phenomena implies that the edge of the lower lip of the vocal
fold is detected as the glottal edge in one side, and the edge of
the upper lip is detected as the glottal edge in the other side,
by inclination of the optical axis at the open phase. However,
it is reasonable to assume that the lateral inclination of the
glottis is insignificant.

The bottom picture of Figure 12 shows a comparison between
the glottal area function with time-varying lateral inclination
(dotted line) and with constant lateral inclination which is
obtained by averaging inclinations in each period (solid line).
The maximum area with the constant lateral inclination of the
glottis is 20% smaller than the maximum area with time-
varying inclination. Ideally, the endoscope must be set to
minimize inclination of the optical axis. However, it is
difficult to set the position and direction of the endoscope tip
in the small pharyngeal space. Thus, the proposed method
using a constant value for the lateral inclination of the glottis
is likely to provide a solution to obtain more accurate
estimation against this difficulty in the endoscope setting.
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Figure 10: Glottal length (solid line at the above),
glottal length (dotted line at the above), and glottal
area (at the bottom) in Fy = 450 Hz
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Figure 11: Glottal length (solid line at the above),
glottal length (dotted line at the above), and glottal
area (at the bottom) in Fy = 100 Hz
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Figure 12: mean lateral inclination (at the above),
glottal area with planar approximation with time-
varying mean lateral inclinations (dotted line at the
above), and with time-averaged lateral inclination
(solid line). Fy= 230 Hz

5. Conclusions

The glottal area function was estimated using the stereo-
endoscopic high-speed digital imaging system. The estimated
values and functions seem to be reasonably in good
accordance with known results. However, there still exist
many difficulties in accurately estimating glottal area to
overcome, theoretically and practically. Further improvement
of the estimation method and three-dimensional reconstruction
of laryngeal views are addressed in the future studies.
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