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Ulrich Hoppe c, Jochen Penne d, Ulrich Eysholdt b, Jörg Lohscheller b

a Siemens Audiologische Technik GmbH, RD Signal Processing, Gebbertstrasse 125, 91058 Erlangen, Germany
b University Hospital Erlangen, Medical School, Department of Phoniatrics and Pediatric Audiology, Bohlenplatz 21, 91054 Erlangen, Germany

c University Hospital Erlangen, Medical School, Department of Audiology, Waldstraße 1, 91054 Erlangen, Germany
d Friedrich-Alexander University Erlangen-Nuremburg, Computer Science Department 5, Pattern Recognition, Martensstraße 3, 91058 Erlangen, Germany

Received 27 February 2007; received in revised form 16 October 2007; accepted 15 December 2007
Available online 12 February 2008
Abstract

High-speed laryngeal endoscopic systems record vocal fold vibrations during phonation in real-time. For a quantitative analysis of
vocal fold dynamics a metrical scale is required to get absolute laryngeal dimensions of the recorded image sequence. For the clinical
use there is no automated and stable calibration procedure up to now. A calibration method is presented that consists of a laser projec-
tion device and the corresponding image processing for the automated detection of the laser calibration marks. The laser projection
device is clipped to the endoscope and projects two parallel laser lines with a known distance to each other as calibration information
onto the vocal folds. Image processing methods automatically identify the pixels belonging to the projected laser lines in the image data.
The line detection bases on a Radon transform approach and is a two-stage process, which successively uses temporal and spatial char-
acteristics of the projected laser lines in the high-speed image sequence. The robustness and the applicability are demonstrated with clin-
ical endoscopic image sequences. The combination of the laser projection device and the image processing enables the calibration of
laryngeal endoscopic images within the vocal fold plane and thus provides quantitative metrical data of vocal fold dynamics.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Vocal fold vibrations are the sound source needed for
oral communication and are in normal voice quasi-periodic
and symmetric, whereas hoarseness arises from irregularity
and asymmetry (Eysholdt et al., 2003). In clinical routine,
vocal fold vibrations are examined by laryngeal endoscopic
techniques. A digital high-speed (HS) camera is coupled to
the endoscope and enables real-time recordings of vocal
fold oscillations during phonation (Wittenberg et al.,
1995). The HS recording system generates image sequences
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doi:10.1016/j.media.2007.12.007

* Corresponding author. Tel.: +49 9131 3083232; fax: +49 9131
3083406.

E-mail address: Tobias.Wurzbacher@siemens.com (T. Wurzbacher).
and stores them into a PC for later visualization, analysis,
and documentation.

The dynamics, especially the deflections, of the vibrating
vocal fold edges are of interest for research and clinical
purposes. Saadah et al. (1998), Yan et al. (2006), and Loh-
scheller et al. (2007) developed methods to track and seg-
ment the glottis in laryngoscopic image sequences.
Fig. 1a shows the segmented vocal fold edges, which
encloses the glottal area. The glottal axis is defined as the
linear regression of this area. Vocal fold deflections are cal-
culated as the orthogonal distance from the glottal axis to
the segmented vocal fold edges. The resultant movements
are illustrated in Fig. 1b. As demonstrated by Neubauer
et al. (2001) asymmetries in vocal fold vibrations are not
restricted to left/right asymmetries, but also longitudinal
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Fig. 1. (a) The image shows a frame of an endoscopic HS recording of the larynx. The vocal fold edges are segmented and the glottal axis is depicted. (b)
For vocal fold vibration analysis the deflections of the vocal fold edges are evaluated at a dorsal, medial, and ventral position.
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asymmetries in dorsal/ventral direction occur. These asym-
metries can be evaluated by extracting the deflections of the
vocal fold edges at a dorsal, medial, and ventral glottal
third.

As the image data is delivered from the sensor of the HS
camera in pixel units, only relative amplitude and velocity
changes of vocal fold oscillations are measurable within a
recording. However, the knowledge of absolute vocal fold
velocity, respectively acceleration, is a clinically relevant
measure, since it is suspected to be a possible origin for
vocal fold nodules and polyps (Titze, 1994; Jiang et al.,
2006). Quantitative analysis of the extracted vocal fold
movements needs metrical calibration information in endo-
scopic images.

Laser devices can be used to project calibration patterns
onto the vocal folds. Two types of calibration patterns are
presented within the literature. The first method uses a sin-
gle laser beam that produces a single spot (Hertegård et al.,
1998; Manneberg et al., 2001; Larsson and Hertegård,
2004). However, before the one spot projector can be
applied to laryngoscopic measurements, reference measure-
ments outside the larynx have to be performed for gaging
the system. The second method uses two parallel beams,
which project laser spots with a known distance onto the
vocal folds (Herzon and Zealear, 1997; Schuberth et al.,
2002; Schade et al., 2004). It enables to scale the image data
without any additional gaging measurements.

A two-spot laser projection system has been clinically
applied by Hoppe et al. (2003) and Schuster et al. (2005).
The major problem in calibrating HS image sequences is
to identify the projected laser spots within the images. An
automated finding of laser spots by image processing
means may occasionally fail (Larsson and Hertegård,
2004) due to typical laryngeal endoscopic image artifacts
(Fig. 1), as specular reflections of the mucosa, the overex-
posure induced by the endoscopic primary light source,
or the inhomogeneous illumination of the larynx, which
may hide the projected spots. The similarity in shape and
intensity between the laser spots and the specular reflec-
tions within the image data leads to ambiguities. Conse-
quently, an automated detection is difficult and time-
consuming intervention by hand is necessary.

In order to make calibration by laser devices applicable
the laser projections should be easy to identify in the image.
Therefore, a laser calibration pattern should be more sil-
houetted against typical endoscopic image artifacts. In this
paper, we propose two parallel laser lines as a projection
pattern and a robust image processing algorithm to auto-
matically detect and segment the laser lines within laryngo-
scopic image sequences. The line detection bases on a
Radon transform (Leavers, 1992) approach and on a
Hough transform (Illingworth and Kittler, 1988; Leavers,
1993), which is a special case of the former one. Both trans-
forms map two dimensional images to a parameter domain
D(q,h), where lines can be identified as peaks (Bracewell,
1995; Toft, 1996a). Here, q is the distance of the straight
line to the origin and h denotes the angle of the correspond-
ing normal vector. The application of the Radon/Hough
transform is widely-used in medical image processing and
ranges from needle detection (Okazawa et al., 2006) and
calibration measurements (Rousseau et al., 2005) in ultra-
sound imaging over the segmentation of the optic nerve
head in scanning laser tomography images of the retina
(Chrastek et al., 2005) to surface and density reconstruc-
tions in tomography (Whitaker and Elangovan, 2002).
Both transforms are robust against broken line segments,
uncorrelated noise, and correlated noise, as long as the cor-
relation length of the background noise is less than the line
length (Beyerer and León, 2002).

The stability of the laser line detection depends on the
line length, which in laryngoscopy is determined by the
vocal fold width. In a single HS recording image (Fig. 1)
the vocal fold width is only a fraction of the image width
and thus the laser lines are short within a single image
frame. An elongated representation of the laser lines is
obtained by processing sufficient subsequent frames of
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the HS recording together and initially performing the line
detection along the time axis of the recorded image
sequence. The applicability of the laser projection device
and the robustness of the laser line detection algorithm
for calibration purpose are demonstrated with clinical HS
endoscopic recordings of the larynx.

2. Laser calibration hardware

2.1. Laser line projection system (LLPS)

The projection unit of the LLPS is housed in a case of
55 � 7.5 � 9 mm and is clipped to a 90� rigid endoscope
of 9 mm external diameter as depicted in Fig. 2a and b.
The projection unit is connected via a light pipe to the laser
source. The source radiates laser light of the wavelength
635 nm (GaAs) with a measured power output of 22 mW.
The principle of the laser line projection is illustrated in
Fig. 2c. A glass cube with 50% reflectivity splits up the laser
into two beams in the projection unit. The first beam is
diverted by the glass cube. The second beam is diverted
by a prism behind the glass cube. The laser beams are
focused for a projection height h � 70 mm and are radiated
in an angle of 83.2� from the projection unit. According to
Schuberth et al. (2002) this angle reduces the tilt between
the planes of the projection unit and the vocal folds, which
results in a measurement error less than 1% due to non per-
pendicular projection. Both laser beams propagate through
a diffraction plate at the bottom of the projection unit,
which generates a laser line out of each beam by construc-
tive interference. The metrical interline distance dm has to
a

b

Fig. 2. Photograph of the LLPS mounted on a rigid endoscope in (a) side view
plate. t Laser light pipe. u The endoscope has a diameter of 9 mm and a 90�
(c) illustrates the principle of the laser line projection. Subfigure (d) shows an i
and the laser lines.
be smaller than the vocal fold length. It is dm = 5.4 mm,
which is 0.7 times less than the minimal vocal fold length
in female subjects (Schuster et al., 2005).

2.2. LLPS accuracy

For calibration purpose the interline distance dm has to
be constant for the laser lines independent of the projection
height h. The LLPS accuracy depends on the beam diver-
gence of the laser lines and the spatial resolution of the
image sensor. Measuring the LLPS accuracy serves to val-
idate the parallelism specifications of the projection hard-
ware and determines, which precision can be achieved
with the LLPS in principle for high-resolution images.

For accuracy measurements, the laser lines are projected
on a planar surface from different heights h between 49 mm
and 87 mm around the assumed working height of 70 mm.
Photographs are taken with a high-resolution camera with
six million pixels that is mounted on a tripod. A workpiece
of 41.5 � 27.5 mm manufactured with a precision of 10 lm
is put beside the projected laser lines as a reference scale as
illustrated in Fig. 2d. The scaling information of the laser
line calibration is compared with the reference scale. Two
scaling factors are calculated from each photograph: First,
the side-length in pixels of the high-precision workpiece is
manually determined. This is repeated ten times to average
out measurement errors. The resulting scaling factor cr is
used as reference. Second, the scaling factor c of the laser
lines is determined. For this, the distance in pixels dp

between the two laser lines is calculated by taking the
Radon transform. The line distance dp is given by the
c

d

and (b) in view from below. r Casing of the projection unit. s Diffraction
optic. The graph paper in the background has a 1 � 1 mm scale. Subfigure
mage of the LLPS accuracy measurements with the calibration workpiece
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two highest peaks in the Radon space D(q,h), from which
the laser scaling factor c is derived. Additionally, the
Radon space D(q,h) provides information about the line
parallelism within the projection plane. It is measured as
the difference Dh of the angles that represent the two dom-
inant peaks.

3. HS image sequences

HS image sequences of the subjects’ vocal fold vibra-
tions are acquired with the HS ENDOCAM 5560 (Richard
Wolf Corp. Knittlingen, Germany) with a spatial resolu-
tion of 256 � 256 pixels and a temporal resolution of
fs = 4000 Hz. The LLPS is equipped to the HS ENDO-
CAM and projects laser lines across the vocal folds. The
unprocessed image series is denoted as eI ðx; y; tÞ. Simulta-
neously to the HS image series, the acoustical signal and
the sound pressure level is recorded. The microphone signal
is sampled with 44.1 kHz and quantized with 8 bit. An
overview of the HS recording technique is given in Eys-
holdt et al. (2003).

Fig. 3a and b depict a single image frameeI nðx; yÞ :¼ eI ðx; y; tnÞ of two HS recordings of the larynx.
a

b

Fig. 3. Two image frames eI nðx; yÞ with the parallel laser lines on the vocal
fold tissue are depicted for two different HS recordings (a) and (b). The
recording quality depends on the light reflections of the primary light
source needed for endoscopy. The mark r denotes spot-like and diffuse
reflections inside and outside the vocal fold tissue. In (b) the segmented
vocal fold edges are illustrated. The glottal axis has an angle u to the
y-axis of the image.
Small spot-like reflections are found across the images.
The laser lines with a typically width of w = 5 pixels can
be distinguished from the background by higher pixel
intensities. In the average, the laser line intensities have a
gray level scale of 38 ± 11, which is �6 units greater than
the vocal fold tissue in the neighborhood of the laser lines.
The subglottal walls of the trachea are not illuminated.
Therefore the glottal area remains dark, i.e. the gray level
keeps low. Hence, the vocal fold edge segmentation is not
influenced by the additional projected laser lines. Within
the segmented Fig. 3b there is an angle u between the glot-
tal and the y-axis of the image. This angle is given by

cos u ¼ h~e~y ;~eyi; ð1Þ

where ~e~y is the y-unit vector with respect to the eI ðx; y; tÞ
coordinate system and ~ey is the corresponding unit vector
of the glottal axis coordinate system as determined by the
glottal area segmentation (Lohscheller et al., 2007). Here,
h�, �i indicates the scalar product. An angle correction is ap-
plied by rotating Ru{�} the unprocessed image series

Iðx; y; tÞ :¼ Ru
eI ðx; y; tÞn o

; ð2Þ

in order to get the glottal axis parallel to the y-axis. The an-
gle correction standardizes the orientation in terms of the
glottal axis and supports a simplified determination of a re-
gion of interest. All line detection steps are applied to
I(x,y, t).

Besides the laser lines, there are periodically returning
light spots on the vocal folds in the endoscopic video. In
Fig. 4, every second image is grabbed out of the glottic
cycle. During the opening phase the vocal folds move apart
and thereby minimize the tissue area from which the laser
lines are reflected. Thus, the shortest laser lines are found
in the maximal open glottis. Short laser lines correspond
to less calibration information and therefore increase the
uncertainty of the line detection in the corresponding
image frames. The spot-like reflections can be mistaken
for short laser lines and hence they are an error source
for the line detection.

4. Detection of parallel laser lines

As a precondition for calibration, the laser lines have to
be automatically detected, especially when applied to a
large number of clinical recordings. In the following an
automated laser line detection is presented that calculates
a metrical scaling factor c for HS image data. An overview
of the algorithm is schematized in Fig. 5.

4.1. Data reduction: region of interest (ROI)

Laser lines can only be used for calibration purposes if
they are directly located on the vocal folds. Hence, it is
valuable to limit the search space to the vocal fold region
within the image data. The segmented vocal fold edges
are used to define two ROIs – one for the left and one



Fig. 4. One period of vocal fold oscillations is shown for every second image eI ðx; y; tÞ of the glottal section. The vocal fold tissue reflects the parallel laser
lines. There are also spot-like reflections, which are marked by white arrows.

Fig. 5. Overview of the algorithm used for laser line detection.
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for the right vocal fold. The ROIs are two rectangles as
illustrated in Fig. 6. The yROI-range is calculated from
the length yl: = yv � yd, which is the difference of the extre-
mal ventral and dorsal y-coordinate of the glottis in the
complete open state. A safety margin of one third of yl is
added to yROI to assure that the ROI length covers the
vocal fold length. The ROI width xw for one vocal fold is
estimated by a ROI width/length relation of 0.3, which is
Fig. 6. Two rectangles define the ROIs for the laser line detection. The
glottal gap between the left and right vocal fold is excluded, since the laser
lines are only reflected from the vocal fold tissue. The ROIs are calculated
from the coordinates of the segmented vocal fold edges. Two vertical scan
lines AA0 and BB0 for the kymogram construction are exemplarily drawn.
in the same order of magnitude as the measured width/
length quotients of the glottal area (Arndt and Schäfer,
1994). The maximal xr and minimal xl positions of the seg-
mented right and left vocal fold edges are expanded by xw

in order to obtain the xROI-range.
The restriction to the ROIs partly eliminates common

disturbances of the endoscopic recordings. Especially, the
influence of overexposure is suppressed, which primarily
appears at the edges of the image data. Additionally, the
reduction to the ROIs speeds up computation time.

4.2. Data representation: kymogram construction

Within HS recordings succeeding frames are highly cor-
related. An analyzing method that makes use of this HS
characteristic is a kymogram representation of the video
data. For example Wittenberg et al. (1995) and Mergell
et al. (2000) used the kymographic principle for displaying
and investigating the motion of the vocal fold edges in
detail. To do so, the kymogram is constructed from the
recorded video I(x,y, t) by reducing the dimensionality of
the original data, to a two-dimensional subspace by keep-
ing the y-coordinate at a fixed position. Hence, a kymo-
gram provides a localized view on the recorded sequence.

Here, the data representation by a kymogram is utilized
to transfer the line detection problem to the ty-plane of the
HS image sequence I(x,y, t). For this, a vertical scan line
(constant x = Xi-coordinate) is taken from a frame of the
endoscopic image series at the time t = t0. Further N � 1
vertical lines are concatenated side by side from subsequent
frames each at the same Xi-coordinate. A new image builds
up, the kymogram KX iðt; yÞ, in which the abscissa is a time
axis:

KX iðt; yÞ ¼ IðX i; y; t0Þ; IðX i; y; t1Þ; . . . ; IðX i; y; tN�1Þ½ �: ð3Þ
In order to facilitate the visual assessment and to make use
of the entire range of intensity values a contrast enhance-
ment is applied. The input pixel intensity pin is linearly
stretched to the output pixel intensity pout by

pout ¼ ðpin � aÞ 2
z � 1

b� a
; ð4Þ

with a :¼ minfKX iðt; yÞg, b :¼ maxfKX iðt; yÞg, and z de-
notes the number of bits for the graylevel scale. Kymo-
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grams are generated for each xROI -coordinate. They com-
pose a set of 2xw kymograms.

The kymogram representation is beneficial for the laser
line detection, if the number of frames on which the laser
lines are visible on the vocal folds exceeds the line length
within a single frame of the HS image series. Then
KX iðt; yÞ results in an elongated laser line representation,
which facilitates a robust detection of the lines. A time span
of 32 ms, which corresponds to N = 128 (32 ms � 4000 Hz)
frames, ensures on the one hand an elongated line represen-
tation compared to typical laser line lengths of <70 pixels
in a single frame for the used HS camera. On the other
hand, 32 ms is in the same order of magnitude as typical
time constants for muscle contraction and mechanical
delays (Perlman and Alipour-Haghighi, 1988) and thus suf-
ficiently short to provide a constant distance between the
endoscope and the vocal fold plane. The benefit of a con-
stant distance is that the laser lines possess a horizontal ori-
entation within a kymogram KX iðt; yÞ regardless of the
orientation in the angle corrected image frames In(x,y).

Fig. 7a illustrates the kymogram construction for two
vertical scan lines AA0 and BB0 each at a different x = Xi-
coordinate. Fig. 7b depicts the kymogram KAA0 ðt; yÞ. The
lines can be viewed as the two brightest horizontal lines.
The laser line lengths are longer in the kymogram represen-
tation compared to the lengths within a frame In(x,y) of the
recording. Fig. 7c shows the kymogram KBB0 ðt; yÞ. The scan
line BB0 crosses a reflection, which is located between the
laser lines. The reflection dominates the intensity values
in KBB0 ðt; yÞ, which is an artifact.

4.3. Line detection step 1: kymogram analysis

As the calibration marks are lines the Radon transform
is suitable to detect them (Leavers, 1992). The Radon
Fig. 7. A zoomed part of the glottis with the vertical scan lines AA0 and BB0 is
subfigures (b) and (c). The time course of the pixel intensity can be viewed. In
frames of the image data. In (b) the two brightest horizontal lines correspond t
visible.
transform maps two dimensional images to a parameter
domain D(q,h), where lines can be identified as peaks.
Here, q is the distance of a straight line to the origin and
h denotes the angle of the corresponding normal vector
in the Hessian normal form

q ¼ t cos hþ y sin h: ð5Þ
Since the laser lines are known to be horizontal in a kymo-
gram KX iðt; yÞ, the parameter range for the transformation
angle can be fixed to h = 90�. Hence, the normal form of
Eq. (5) reveals the identity of q = y for h = 90�. Conse-
quently, the Radon transform of KX iðt; yÞ is given by its
row sum

DX iðq ¼ y; h ¼ 90�Þ :¼
XN�1

n¼0

K 0X i
ðt; yÞ

�����
t¼nDT s

: ð6Þ

The normalization of Eq. (6) to the row length N yields the
temporal mean of the Radon peak profile

rX iðyÞ :¼ 1

N
DX iðq ¼ y; h ¼ 90�Þ: ð7Þ

The Radon peak profile for the two kymograms KAA0 ðt; yÞ
and KBB0 ðt; yÞ is shown in Fig. 8. Positive and negative
peaks form out in rAA0 ðyÞ and rBB0 ðyÞ and correspond to
bright and dark line structures within the kymograms.
Detecting laser lines means finding appropriate positive
peaks. A Radon peak profile contains many local extrema
and it has to be decided, which maxima belong to laser
lines. On the basis of the peak values alone a decision is
inappropriate, since the laser lines do not correspond
mandatorily to the largest maxima. Within a kymogram
also artifacts occur, which can dominate the peak profile,
exemplarily shown in rBB0 ðyÞ. In order to facilitate the peak
detection in the transformation domain following prepro-
cessing steps are applied to each kymogram KX iðt; yÞ.
depicted in subfigure (a). Contrast enhanced kymograms are shown in the
the kymogram representation the laser line length is longer than in single

o the laser lines. In (c) a disturbing reflection between the two laser lines is



Fig. 8. The kymograms KAA0 ðt; yÞ and KBB0 ðt; yÞ and the corresponding Radon peak profiles. Positive peaks identify bright line structures within the
kymograms and negative peaks identify dark line structures.
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4.3.1. Smoothing

As a first step, periodically returning reflections within a
kymogram KX iðt; yÞ are reduced by applying a two-dimen-
sional (space � time) median filter. The filter size is 3 � fs/
(4 � f0), where f0 is the fundamental frequency of the vocal
fold oscillation. The spatial filter length of 3 pixels is less
than the typical line width w = 5 pixels and thus prevents
to smooth out laser induced intensity changes along the
y-axis. The temporal filter length is coupled to the funda-
mental frequency f0, since the periodicity of the light spots
depends on the frequency of the vibrating vocal fold tissue.
To suppress the light spots the temporal filter length is set
to a fourth of the oscillation period. The median filtering
preserves the line edges and smooths out isolated light
spots in KX iðt; yÞ. Fig. 9 shows the smoothed versions of
the two examples KAA0 ðt; yÞ and KBB0 ðt; yÞ.

4.3.2. Gradient information

Since laser lines exhibit a characteristic progression of
an increase followed by a decrease in the intensity values
along the y-axis, derivative information of KX iðt; yÞ can
be used to increase the detection robustness. The intensity
changes along the y-axis are emphasized by calculating the
derivative of the median filtered kymogram KX iðt; yÞ as

K 0X i
ðt; yÞ :¼ o

oy
KX iðt; yÞ

¼ 1

w
KX iðt; Y jþsÞ � KX iðt; Y j�sÞ
� �

; ð8Þ

where KX iðt; Y jÞ is the Yjth pixel of the median filtered
kymogram and s = (w � 1)/2 is the laser line half-width.
A similar procedure to incorporate gradient information
for making a Hough-based needle detection robust in ultra-
sound images was presented in Okazawa et al. (2006). In
Fig. 10 the derivative data of the two examples KAA0 ðt; yÞ
and KBB0 ðt; yÞ is shown. Line structures can be identified
by a positive peak immediately followed by a negative peak.

4.3.3. Thresholding

The peaks in the derivatives K 0X i
ðt; yÞ are disturbed by

background noise. A threshold operation is applied to sep-
arate the noise from the signal components. It is assumed,
that the highest and lowest peaks in the derivative K 0X i

ðt; yÞ
correspond to line structures, whereas smaller intensity



Fig. 9. Median filtered kymograms KAA0 ðt; yÞ and KBB0 ðt; yÞ and the corresponding Radon peak profiles. Local extrema are reduced compared to Fig. 8.
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changes result from the background noise. The less fre-
quent positive and negative peaks should be preserved
and the more frequent noise values are eliminated. For this
purpose, a lower and upper bound for the thresholding is
determined by calculating the 0.15 and the 0.85 percentile
of the values in K 0X i

ðt; yÞ. The values that lie within these
threshold levels belong to noise and are set to zero. The val-
ues <0.15 belong to negative peaks and values >0.85
belong to positive peaks. Fig. 11 illustrates the effect of
the threshold operation.
4.3.4. Identifying line structures

Line structures in the threshold-clipped derivative
K 0X i
ðt; yÞ are characterized by positive peak values rX iðY þj Þ

immediately followed by negative peak values rX iðY �j Þ.
The index j numbers the individual peaks within one kymo-
gram. Other intensity changes for example light overexpo-
sure at the epiglottis do not possess this characteristic.
Hence, intensity changes that do not match a laser line pro-
file can be filtered out if the following inequality is not
fulfilled

arg rX iðY �j Þ
� �

� arg rX iðY þj Þ
� �

< 2w: ð9Þ
This is demonstrated in Fig. 12a and b for the two Radon
peak profiles of Fig. 11. Contemplable regions of width 2w

are marked by gray color and the corresponding positive
and negative peaks by �-marks. The artifact reflection
within the kymogram KBB0 ðt; yÞ is still existent and needs
to be eliminated in further processing steps. From the
remaining peaks possible candidates for being a point of
a laser line are calculated as

cX iY j :¼ 1

2
argðrX iðY þj ÞÞ þ argðrX iðY �j ÞÞ
h i

: ð10Þ

The candidates cX iY j of a single kymogram KX iðt; yÞ serve as
initial segmentation result of the associated Xi-coordinate
in the HS image series I(x,y, t).

The candidate detection is not only applied to one or to
two specific kymograms KX iðt; yÞ. It is applied to all 2xw

kymograms of the xROI-range.
4.4. Line detection step 2: determining valid laser lines

4.4.1. Candidate assignment

The described line detection exploits only the informa-
tion in the spatio-temporal ty-plane of the HS video to



Fig. 10. Derivative of the kymograms KAA0 ðt; yÞ and KBB0 ðt; yÞ and the corresponding Radon peak profiles. Line structures are apparent as a change from a
positive peak immediately followed by a negative peak.
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obtain the candidates cX iY j . Now, the information in the
xy-plane is used to connect the candidates cX iY j in spatial
dimension, which were determined independent from each
other for the different Xi-coordinates. The aim is to assign
candidates cX iY j to one of the laser lines or to reject them as
artifacts or outliers. The candidates cX iY j are gathered in a
binary image

Bðx; yÞ :¼
1 if cX iY j9 for x ¼ X i ^ y ¼ Y j

0 otherwise

�
ð11Þ

for all x and y-coordinates. Adjacent candidates form out
line paths, whereas artifact and outlier candidates have a
more clustered shape within B(x,y). This is illustrated in
Fig. 13. The dominant line paths in B(x,y) are assumed
to be the laser lines. They are identified by a Hough trans-
form, which maps each image point of the binary image
B(x,y) to a parameter domain D(q,h), like the Radon
transform does for graylevel images. In order to make
the Hough transform robust against lines with wiggles
(Toft, 1996b), the width of the transformation core is
raised from one pixel to a width of 2k + 1 as proposed
by Deans (1983). Here, k denotes the additional one-sided
bandwidth and it is set to k = 1 pixel.
The estimation of the line parameters is limited by the dis-
cretization of the calculation of the Hough transformation.
By applying a least-square line fitting this could be circum-
vented. Although, the Hough transformation does explicitly
not estimate parameters in the least-square sense, it is rea-
sonable that considering the lateral resolution of the images
and the accuracy of the parallel projection of the laser lines
the benefit of a least-square estimate of the line parameters is
doubtable. Using the parameters estimated by the Hough
transformation furthermore provides a very robust estimate
of the line parameters: Rousseeuw and Leroy (1987) reports
an excellent robustness of the Hough transformation in
case of low-level noise. The breakdown occurred at 90%,
i.e. stable parameter estimation was obtained until 90% of
the data set was contaminated by outliers. Most other tech-
niques do not attain a breakdown point of 30%.

The global maximum in the parameter domain D(q,h)
represents the dominant line path of B(x,y). The corre-
sponding coordinates q1 and h1 are obtained as

ðq1; h1Þ ¼ arg max
q;h

Dðq; hÞ: ð12Þ

The parallelism of the laser lines implies that the normal
angle h2 of the second line is identical to the first line



Fig. 11. Thresholded derivative of kymograms KAA0 ðt; yÞ and KBB0 ðt; yÞ and the corresponding Radon peak profiles. The threshold operation suppresses
the frequent values belonging to noise, whereas the dominant peaks are kept.

Fig. 12. Temporal mean of the Radon peak profile rX i ðyÞ. The subfigures (a) and (b) depict the Radon profile belonging to the kymograms constructed
along the AA0 and BB0 scan line. Lines are characterized by an increase of rX i ðyÞ to a positive peak followed by a decrease to a negative peak within the
width of 2w. These regions are marked by gray color.
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(h2 = h1). Thus, the line parameter q2 is found at the second
largest local maximum along the angle h1

q2 ¼ arg max
q;q6¼q1

Dðq; h1Þ: ð13Þ
To derive an absolute scale from the endoscopic image
sequence I(x,y, t) the pixel distance dp and the metrical
distance dm between both laser lines have to be re-
lated to each other. The distance dm is known from



Fig. 13. Binary image B(x,y) of the laser line candidates cX iY j for the
kymogram example KBB0 ðt; yÞ, which contains an artifact due to a
prominent and wide-spread reflection.

Fig. 14. A part of the image frame In(x,y) that contains two laser lines and
an artifact reflection. (a) Depicts the raw image. (b) The candidates cX iY j

are overlaid on In(x,y). They label the laser pixels but also the reflection
and some outliers as indicated by the white arrows. (c) After an estimate of
the line positioning via the Hough transform, only those points are kept
that contribute to the line.
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the LLPS specifications. The distance dp is calculated
as

dp ¼ jq1 � q2j ð14Þ
from the determined line parameters. The quotient between
the metrical and the pixel distance, yields the scaling factor

c ¼ dm=dp ð15Þ
for the observed image frames I(x,y, t).

4.4.2. Consistency check

The final step is a consistency check on the calculated
parameters. It decides whether to accept or reject the
results as valid for calibration. The decision bases on the
characteristics of the determined candidates cX iY j and on
a priori information about the LLPS as well as the HS
recording specifications.

Based on the estimated parameters (q1,h1) and (q2, h2)
the candidates cX iY j are separated into two pixel sets Ls(x,y)
with s 2 {1,2} for the first and second laser line, respec-
tively. A candidate cX iY j , represented by B(x,y), is assigned
to one of the laser line sets Ls(x,y), if its (Xi,Yj)-coordinate
corresponds to one of the estimated line parameters (qs,hs):

Lsðx ¼ X i; y ¼ Y jÞ

¼
BðX i; Y jÞ if qs ¼ X i cos hs þ Y j sin hs

reject otherwise 8i; j; s 2 f1; 2g

�
ð16Þ

This criterion sorts out artifacts and outliers and keeps
only those candidates cX iY j that contributed to the Hough
line estimation. This is exemplarily demonstrated in
Fig. 14a–c. Fig. 14a shows the glottal section of a frame
In(x,y) with two laser lines and an artifact reflection. The
laser line candidates cX iY j , gathered in B(x,y), are overlaid
in Fig. 14b. Most of the candidates cX iY j mark the brightest
path of the laser lines along the x-coordinate. However,
there are also candidates cX iY j that label the artifact reflec-
tion. There are further candidates cX iY j , the so-called outli-
ers, as exemplarily indicated by two white arrows. Fig. 14c
displays the effect of the artifact and outlier elimination
given in Eq. (16). From the original candidates cX iY j only
those points survived that mark the brightest path of each
laser line.

Following assumptions are made for the consistency
check: The ROI has the width 2xw and covers the vocal
folds. Ideally, the projected laser lines and the related pixels
Ls(x,y) cover the entire ROI width, while specular reflec-
tions on the vocal fold tissue are spatially limited. Further
on, line structures differentiate from specular reflections in
Ls(x,y) by a larger number of connected pixels Cs in the
neighborhood. Falsely incorporated light reflections have
normally a reduced number of connected neighbor pixels
Cs. Thus, the number of pixels jLs(x,y)j related to the
ROI width multiplicated with the connection length Cs

serve as consistency criterion

Zs ¼
jLsðx; yÞj

2xw
� Cs; s 2 f0; 1g: ð17Þ

Classification on data sets with a decision tree (Mierswa
et al., 2006; Hand et al., 2001) revealed to discard line sets
Ls(x,y) for values Zs < 1.09. Beyond the characteristic of
the line set Ls(x,y), the knowledge about the recording spec-
ifications are incorporated to reject unreasonable pixel dis-
tances dp. The result is only accepted if dp is within a 15%
region around the expected value. Otherwise the distance
dp is discarded and the calibration is marked as invalid.

5. Validation

The line detection method was validated by a manual
segmentation of the laser lines done by experts within HS
recordings of the vocal folds. A group of 12 experts consist-
ing of medical doctors and image processing practitioners
familiar with HS image series were asked to mark both
laser lines in a single frame of ten different HS videos.
The interline distances dE

p as determined by the individual
experts were evaluated for (1) the inter-rater reliability
and (2) the group average was compared to the outcome



Table 1
Measurement accuracy of the LLPS for high-resolution images

h dm Dh � 10�2 jcr � cj � 10�3

49 5.43 5.93 0.9
58 5.53 8.06 0.4
68 5.33 4.43 0.9
79 5.37 3.46 1.6
87 5.34 2.84 0.4
mean 5.40 ± 0.08 4.94 ± 2.10 0.84 ± 0.49

The projection height h and the determined laser line distance dm are given
in mm. Dh measures in degree the parallelism of the laser lines in the xy-
plane. The unit of the scaling factor cr of the high-precision workpiece and
the metrical scaling factor c as determined with the LLPS is mm/pixel.

Fig. 15. Comparison of the interline distance dE
p as manually determined

by an expert group and the interline distance dp as automatically
determined from the line detection algorithm.
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of the interline distance dp that was automatically com-
puted from the proposed line detection.

6. Application to clinical data

In order to demonstrate the robustness as well as the
clinical applicability of the LLPS and the proposed line
detection, the algorithm was evaluated within 10 HS
recordings of volunteers with a normal voice production.
In order to validate the decision performance of the pro-
posed algorithm 25 HS sections are chosen from the 10
HS recordings. The 25 HS sections are comprised of three
types. In the first ten sections #1–#10 both laser lines are
reflected from the vocal fold tissue as confirmed by visual
inspection. The next five sections #11–#15 contain only
one laser line and in the last ten sections #16–#25 no laser
line is reflected from the vocal fold tissue.

7. Results

Firstly, the results of the LLPS accuracy measurements
with a high-resolution camera are presented. Secondly, the
results of the cross validation between the line detection
and the manual segmentation are given. Thirdly, the appli-
cability of the proposed algorithm is demonstrated with 25
sections of HS recordings. Finally, the laryngeal magni-
tudes, glottal area, vocal fold length, oscillation amplitude,
velocity, and acceleration are given in metrical units for
LLPS calibrated HS recordings.

7.1. LLPS accuracy

The accuracy measurements serve to validate the paral-
lelism specifications of the LLPS hardware and determine
which precision can be achieved with the LLPS in principle
for high-resolution images. Table 1 summarizes the accu-
racy measurements for different projection heights h. The
interline distance is in the average dm = 5.4 ± 0.08 mm
and is identical to the given specification value of the
LLPS. The parallelism of both laser lines in the xy-plane
is measured with the Dh beam divergence term. The aver-
age value is Dh = 4.94 � 10�2�. Therefore, the laser lines of
the LLPS are regarded as parallel in the projected plane.
The difference between the two scaling factors cr and c gives
the attainable accuracy of the LLPS for high-resolution
images. The mean difference is (0.84 ± 0.49) � 10�3 mm/
pixel. Thus, the LLPS hardware allows precise metric cali-
bration down to the lm region.

Besides the production tolerance of the LLPS the spatial
resolution of the recording unit influences the attainable
accuracy. The spatial resolution of the HS camera sensor
is with 256 � 256 pixels less than the high-resolution
images used for the accuracy measurements. An average
height h of 70 mm from the LLPS to the glottal plane
results in a recording area of 28 � 28 mm. Hence, the
attainable accuracy reaches 28/256 � 0.1 mm/pixel, which
is by a factor of 0.1/0.84 � 10�3 � 119 worse than the accu-
racy as determined with the high-resolution images, but
still in the submillimeter region. Besides the spatial resolu-
tion also the tilt angle contributes to measurement errors.
According to Schuberth et al. (2002) the tilt angle error is
in the range of 1%. Since the glottal length is the largest
magnitude an upper bound for the tilt error is calculated
as 0.1 mm for a typical 10 mm visible glottal length. The
total error for glottal length measurements is the sum of
the spatial resolution and the tilt angle error and is less
than 0.2 mm.

7.2. Validation

For evaluation purpose the outcome of the automatic
line detection to the manual segmentation results was com-
pared. Fig. 15 illustrates the interrater reliability for ten
images taken from different clinical HS recordings. The
expert deviation of the interline distance dE

p are character-
ized as boxplots. The between expert variance amounts
0.84 pixel in the average. In addition, the calculated line
distances dp of the detection algorithm are drawn in as 	-
marks. The difference between dp and the mean estimates
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of the manual segmentation dE
p amounts 0.83 pixel with a

variance of ±0.74 pixel. Hence, the line detection algorithm
differs only in the order of 1 pixel from the expert group.
This results in a total relative error of 1.8% between the
manual and the automatic segmentation yielding a differ-
ence of 0.02 mm referring to typical vocal fold deflections
of �10 pixels. Since the line detection finds values close
to the manual segmentation its application to HS record-
ings yields valid results.

7.3. LLPS calibrated clinical recordings

The results concerning the consistency check is illus-
trated in Fig. 16. Each HS recording has two bars associ-
ated with the first (dark gray) and the second (light gray)
laser line. An identification is valid if the consistency for
both laser lines is greater than the decision tree determined
boundary Zs > 1.09 and the distance error is less than 15%.
These boundaries are sketched as planes in Fig. 16 and sep-
arate a region of acceptance from the illustrated space.
Only the HS recording sections #1–#10 that really contain
two laser lines on the vocal fold are within the region. All
other recordings #11–#25 are correctly discarded from cal-
ibration, due to the associated consistency values Zs and/or
the distance error.

Figs. 17 and 18 show the line detection results of the HS
sections #1–#10. All of the images are contrast enhanced
and a Gamma correction was applied to increase the visi-
bility condition. Column A depicts an angle corrected
image frame In(x,y) of the HS recording and displays infor-
mation about the line detection. Values given are the num-
ber of detected lines, the scaling factor c, the rotation angle
Fig. 16. The space to accept or discard the laser lines for the 25 HS
sections. The decision to reject located lines depends on the distance error
and the consistency value Zs. The sections #1–#10 have two laser lines on
the vocal folds. The determined calibration marks fulfill the requirements
of a line and are in the region of acceptance. The sections #11–#25 are
correctly discarded from calibration, since they contain only one or no
laser line calibration mark on the vocal folds.
of the glottal axis u, the pixel distance dp between the laser
lines, and the consistency values Zs for both laser lines. The
rectangle covers the ROIs and additional the omitted glot-
tal gap. A zoomed version of this area is depicted in Col-
umn B. The area mainly encloses the vocal folds. In
column C the initial laser point candidates cX iY j as derived
from the kymograms Ki(t,y) are overlaid as white points on
the zoomed image frame. The main portion of the points
represents the brightest path of the two laser lines. The
remaining points are outliers and artifacts. They mark
intensity changes that are similar to the laser line character-
istic. Column D shows the line positions and the pixel line
distances as calculated with the Hough transform of the
point set B(xi,yj). For all 10 HS sections #1–#10 the detec-
tion result for both laser lines is reasonable as indicated by
visual inspection of Figs. 17 and 18.

For the cases of a single and no laser line on the vocal
folds, the line detection result is exemplarily depicted for
HS sections #13 and #16 in Fig. 19. The line detection cor-
rectly estimates the number of laser lines to one for HS sec-
tion #13 and identifies no laser line in the HS section #16.

7.4. Metrical units of laryngeal magnitudes

Vocal fold deflections and velocities of a 30 ms time
span are exemplarily illustrated in Fig. 20 for the LLPS cal-
ibrated recording number #5. The velocities are calculated
as time derivatives of the deflections. For the left side the
velocities are positive for the opening phase, while the
velocities are negative for the closing phase. For the right
side it is vice versa. From the graph the impact velocities
can be extracted, which are the velocities at the beginning
of collision between the left and right vocal folds. This
velocity may play a role in the genesis of vocal fold
nodules.

In Fig. 21a and b a deflection–velocity plot is presented
for the recording numbers #8 and #10. The range of values
differs between the two individuals. For each subject the
dorsal, medial, and ventral parts exhibit their own charac-
teristic in the plot. This demonstrates the variability of
vocal fold oscillation patterns even for subjects with a nor-
mal voice production.

For the HS sections #1–#10, the maximum deflection in
mm of the vocal fold edges from the glottal axis and the
associated peak velocity in m/s at three different positions
along the vocal folds are plotted in Fig. 22. There is a linear
trend to an increased velocity for an increased deflection at
all three vocal fold positions in Fig. 22a. In the average the
deflection amounts 0.49 ± 0.21 mm, 0.57 ± 0.22 mm, and
0.51 ± 0.16 mm for the dorsal, medial, and ventral posi-
tion. The averaged corresponding peak velocity is
0.84 ± 0.24 m/s, 1.06 ± 0.23 m/s, and 1.01 ± 0.33 m/s.
The ordinate of Fig. 22b depicts the maximum deflection
and the abscissa designates the vibration frequency of the
vocal folds. The frequency ranges from 180 Hz to 473 Hz
and is identical for the dorsal, medial and ventral positions
in the analyzed HS sections. The maximum deflection dif-



Fig. 17. The first five (#1–#5) results of the laser line detection. Column A shows a single frame In(x,y) of the HS recording. The white rectangle describes
the calculated ROI with the gap of the glottis. The lower part of the image contains following information: number of detected lines, the scaling factor c,
the rotation angle of the glottal axis u, the pixel distance between the lines dp, the consistency values Z1 and Z2 to reject laser lines. Column B is a zoomed
version of the framed area in column A. Column C depicts the candidates cX iY j overlaid on the image of Column B. Column D illustrates the location of
the laser lines as determined via Hough transform on the binary image B(xi,yj).
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fers for the three vocal fold positions. The sound pressure
level is given in dB and the measured values for each HS
section are depicted in Fig. 22b. The sound pressure level
ranged from 70 dB to 83 dB. The deflection shows a ten-
dency to decrease with an increased fundamental frequency
and to increase with an increased sound pressure level.

The acceleration of the vocal fold edges is measured
besides the deflection and velocity. The root mean square
(RMS) acceleration for the dorsal, medial, and, ventral
position amounts 829 ± 232 m/s2, 1029 ± 288 m/s2, and
981 ± 270 m/s2. The averaged visible glottal length is mea-
sured to yl = 8.55 ± 1.03 mm and averaged the glottal area
for the maximum open condition during phonation
amounts 9.0 ± 2.77 mm2.

8. Discussion

The ability of an individual to produce speech becomes
more important in modern service-oriented societies
(Ruben, 2000). Hoarseness – as a common symptom of a
voice disorder – restricts the communication skills. Laryn-
goscopic HS recordings provide the basis for the diagnosis



Fig. 18. The second five (#6–#10) line detection results. Explanations are given in the caption of Fig. 17.
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of voice disorders, although they deliver only relative
dimensions of the vocal fold dynamics. However, metrical
calibrated recordings are essential for the clinical use in
order to compare different recordings of normal and path-
ologic vibration dynamics among each other. Moreover, an
automated calibration helps to clarify the genesis of vocal
fold nodules or supports their prognosis. Hence, getting
metrical data out of laryngoscopic recordings is a growing
research field (Herzon and Zealear, 1997; Hertegård et al.,
1998; Schuberth et al., 2002; Schade et al., 2004).

The application of the LLPS enables metrical calibra-
tion of laryngoscopic image sequences by projecting paral-
lel laser lines across the vocal folds. The line projection is a
novelty compared to existing laser projection systems that
project only one single or two laser spots onto the vocal
folds (Larsson and Hertegård, 2004; Schade et al., 2004).
As an advantage, the laser lines are more silhouetted
against spot-like light reflections due to their line character-
istic. Therefore, ambiguities between the laser marks and
the specular reflections of the primary endoscope light
source are systematically reduced. The algorithm delivers
stable results even in the case of low contrast between the
laser lines and the vocal folds. A further advantage of laser
lines compared to laser spots is the simplified positioning of
the calibration marks onto the vocal folds, which is espe-
cially sophisticated for the examiner in small larynges. In



Fig. 19. The laser line detection result for recording #13 and #16. The vocal fold tissue reflects only a single and no laser line, respectively. The proposed
line detection identifies these cases and marks the HS section as invalid for the calibration.

Fig. 20. Vocal fold deflections and velocities in metrical units for 30 ms of
the recording number #5. One time instant is marked, which shows the
beginning of collision between the left and right vocal fold side.

Fig. 21. Deflection–velocity profile of the left vocal fold for all time samples of on
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contrast using laser lines, the laser spots can easily drift
away into the glottis, which means that no calibration
information is visible within the recorded images.

The measurement precision of the LLPS hardware is in
the lm region as shown with the accuracy measurements.
The projected laser lines are parallel independent from
the projection height. In HS recordings the spatial resolu-
tion of the HS camera sensor limits the attainable LLPS
precision. Improving the spatial camera resolution of clin-
ically available HS systems will yield in more precise mea-
surements. There is a potential to be better by a factor of
119 as the accuracy measurements show. However, the
measurement error due to the tilt angle in the HS record-
ings persists, which limits the accuracy in the LLPS mea-
surement technique in general. Nevertheless, the LLPS
coupled to the endoscopic HS camera enables high-preci-
sion measurements of laryngeal magnitudes in the submil-
limeter region.

The automated laser line detection is a two-stage pro-
cess, which uses temporal and spatial characteristics of
e HS recording. (a) HS recording number #8. (b) HS recording number #10.



Fig. 22. Calibrated measures of vocal fold dynamics extracted at a dorsal, medial, and ventral position for the HS sections #1–#10. (a) Peak velocity over
maximum deflection of the vocal fold edges from the glottal axis. (b) Maximum deflection over vibration frequency. The given numbers denote the sound
pressure level in dB.
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the projected laser lines one after another. The detection
method involves basic image transforms and morphological
operations, which are parameter controlled. The robustness
of the line detection depends on the selection of these
parameters. One of the parameters is regulated in depen-
dence of the vocal folds vibration frequency, since periodi-
cally returning light spots arise due to their cyclic opening
and closing. The other parameters could be suitable
adjusted, since a priori knowledge about the recording spec-
ifications and the LLPS is available. For example, the laser
line width w within the recordings is approximately known.
If the spatial resolution of the camera or the dispersion of
the projected laser lines improves, the corresponding
parameters can easily be tuned to the new specifications.

From a computational point of view, the detection of
the laser lines in each kymogram is advantageously com-
pared to the detection in every frame of the raw image ser-
ies. Not only one frame/kymogram is processed but a
sequence/set is used to detect the laser lines. There is a gain
factor as long as the number of processed frames N is
greater than the number of kymograms 2xw in the kymo-
gram set. In the average the factor is N/2xw � 128/
70 = 1.8 within the processed data sets. Further on, the
parallel laser lines are not strictly horizontal in the raw
data. For a sufficient accurate Radon transformation of a
raw image the discrete spacing has to be Dh = 0.33� and
Dq = 0.7 pixel after Toft (1996a). Within a kymogram,
however, the laser lines are known to be horizontal. This
a priori knowledge is used to limit the transformation
range to a single discrete angle of h = 90� and a discrete
spacing of Dq = 1 pixel for the distances to the origin.
Hence, the Radon transform of 2xw kymogram images
with a priori knowledge is by a factor of N

2xw
� 1

Dq �
1
Dh � 180 � 128

70
� 1

0:7
� 1

0:33
� 180 ¼ 1403 less than a Radon trans-

form of the whole 180� angle range on N = 128 single
image frames.

The automatically measured values of vocal fold length,
oscillation amplitude, and velocity agree with the values
known from the literature (Schuberth et al., 2002; Schuster
et al., 2005; Larsson and Hertegård, 2004; Schade et al.,
2005). We measured a RMS acceleration of 1000 m/s2. Tit-
ze et al. (2003) derived a RMS acceleration of 2256 m/s2

from empirical rules for viscosity and vocal fold deforma-
tion, which is even higher than our measurements. Döllin-
ger et al. (2005) measured a peak acceleration of an in vivo
canine vocal fold to 620 m/s2. The comparison with the lit-
erature values confirms the LLPS measured accelerations
of the vocal fold edges. In a further study, a database with
the metrical measurements of vocal fold vibrations will be
built up for the quantitative comparison of normal and
pathological vibration behavior.

9. Conclusion

The metrical measurement of vocal fold magnitudes in
endoscopic high-speed recordings is enabled by a device that
projects parallel laser line calibration marks onto vocal
folds. The line characteristics of the calibration marks help
to distinguish from common light disturbances in laryngo-
scopic imaging. The proposed line detection algorithm suc-
cessively uses the temporal and spatial calibration
information of the laser lines in the recorded image
sequences. The algorithm is robust and automatically deci-
des if the laser lines are on the vocal folds, as shown with real
clinical endoscopic recordings. The laser line projector com-
bined with the detection algorithm allows to derive metrical
measurements of vocal fold dimensions and dynamics
within the glottal plane of laryngoscopic recordings.
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Hoppe, U., Rosanowski, F., Döllinger, M., Lohscheller, J., Eysholdt, U.,
2003. Visualization of the laryngeal motorics during a glissando. J.
Voice 17, 370–376.

Illingworth, J., Kittler, J., 1988. A survey of the Hough transform. CVGIP
44, 87–116.

Jiang, J.J., Shah, A.G., Hess, M.M., Verdolini, K., Banzali Jr., F.M.,
Hanson, D.G., 2006. Vocal fold impact stress analysis. J. Voice 15,
4–14.
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