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Abstract

The use of high-speed videoendoscopy (HSV) for the assessment of vocal-fold vibrations dictates the development of efficient tech-
niques for glottal image segmentation. We present a new glottal segmentation method using a local-based active contour framework. The
use of local-based features and the exploitation of the vibratory pattern allows for dealing effectively with image noise and cases where
the glottal area consists of multiple regions. A scheme for precise glottis localization is introduced, which facilitates the segmentation
procedure. The method has been tested on a database of 60 HSV recordings. Comparisons with manual verification resulted in less than
1% difference on the average glottal area. These errors mainly come from detection failure in the posterior or anterior parts of the glottal
area. Comparisons with automatic threshold-based glottal detection point out the necessity of complete frameworks for automatic detec-
tion. The glottovibrogram (GVG), a representation of glottal vibration is also presented. This easily readable representation depicts the
time-varying distance of the vocal-fold edges.
� 2011 Elsevier B.V. All rights reserved.
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1. Introduction

High-speed videoendoscopy (HSV) is the most promis-
ing approach to directly assess vocal-fold vibrations.
Despite this, its application to clinics is limited by the vast
amount of data that must be evaluated both qualitatively
and quantitatively (Deliyski and Petrushev, 2003; Deliyski
et al., 2008). There is a need to reduce the dimensionality of
the spatio-temporal information, and to efficiently repre-
sent the high-speed data in a compact, easy to use and loss-
less way. In this regard, automatic segmentation of the
glottal area is a major challenge. Recently, several methods
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have been proposed for glottal segmentation using two dif-
ferent segmentation approaches; either region-based or
model-based ones.

The most straightforward region-based methods use a
threshold or histogram approach (Kohler, 1981; Haralick
and Shapiro, 1985). Peaks and valleys in the histogram of
an image, computed from pixel color or intensity informa-
tion, are used to classify clusters within the image. The his-
togram is assumed to be at least bimodal (two peaks),
which is not the case in images with low contrast and
objects with heterogeneous profiles. The most recent use
of such an approach is found in Mehta et al. (2010), Mehta
et al. (2011). The method, however, is not automatic as it
requires visual inspection and threshold adjustments.

The second main group of region-based methods are
seeded region-growing methods (SRG). SRG methods
examine neighboring pixels of an initial set of seed points
l segmentation using local-based active contours and application to glott-
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and determine whether the neighboring pixels should be
added to the region (Adams and Bischof, 1994; Mehnert
and Jackway, 1997). Such a method requires robust criteria
and relatively clear edges in order to converge to the region
of interest. A SRG method was proposed by Yan et al.
(2006) for glottis segmentation. An initial region of interest
has to be defined manually and the seed points are com-
puted by assuming a Rayleigh distribution of intensity.
The proposed method neither takes advantage of the vibra-
tion pattern nor considers special constraints for frames
depicting closed glottis. A supervised SRG method was
presented by Lohscheller et al. (2007). In this study, seed
points are defined by the user in a single selected image.
The use of a two-dimensional threshold matrix is proposed
as the stopping criteria. The seeding procedure is reiterated
within the glottal cycle intervals. The segmentation is
supervised and certain parameters are chosen during the
process. A recent SRG-based method was developed by
Demeyer et al. (2009). The seed point for the region-grow-
ing method is defined as the maximal response of a lapla-
cian of a gaussian filter. Intensity is used as the sole
homogeneity criterion. Size is uncertain and can be under-
estimated. This method is applied to periodic frames, where
the glottis is supposed to be at maximum opening. The
region-growing results are propagated to the rest of the
sequence using a level-set method. Parameters are chosen
empirically.

Model-based methods, such as active contours, make
use of the idea that objects of interest have some kind
of repetitive form of representation. Active contours, also
known as snakes, are mainly used to dynamically locate
the contour of an object. A snake is an energy-minimizing
spline guided by external constraint forces and influenced
by image forces that pull it towards desired features, such
as lines and edges (Kass et al., 1988). By properly choos-
ing an initial contour near the object of interest, the
model will converge to the desired solution. An energy
function is associated with the curve in terms of its shape
and distance from desired image features. The problem of
object detection is thus treated as an energy minimization
problem. Marendic et al. (2001) were the first to present
an active contour algorithm for vocal-fold extraction from
high-speed video data. The vocal-fold vibratory pattern is
taken into consideration to reinitialize the algorithm.
They applied their algorithm in one sequence, using
empirically chosen parameters. Allin et al. (2004) used a
snake-based segmentation for the medial edges of the
vocal folds. Although they used data from a low-speed
stroboscopic system, their approach is interesting because
they use the Fischer linear discriminant to achieve a
coarse segmentation of the sequence. This method
demands the training of a color classifier for each
sequence from more than one frame. Then, active con-
tours are used to refine the result. Lohscheller et al.
(2004) used a combination of threshold technique and
active contour to segment the pseudoglottis. The most
recently developed method that uses active contours is
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presented in Moukalled et al. (2009). They employed a
pair of open-curve snakes on the digital kymographic
sequences. This method requires the user to define the
posterior and anterior points in an image and to verify
the segmentation result of one DKG frame, before it
propagates to the rest of the sequence. The segmentation
results are applied to the HSV sequences once the seg-
mentation is completed.

The active contour based approach seems appropriate
for the purpose of automatic segmentation with no user
intervention. Recent refinements of the image processing
technique can be applied to improve the dynamic glottal-
edge detection. We propose to explore the applicability of
the local region-based framework which has been proposed
by Lankton and Tannenbaum (2008). This method allows
the foreground and background to be modelled in terms
of smaller local regions, instead of representing them with
global statistics. This allows us to deal with inhomogeneity,
common in medical images. The energy function is com-
puted locally and energy minimization is performed by fit-
ting a model to each local region.

The segmented glottal area of the entire high-speed
sequence can be transformed into a two-dimensional repre-
sentation. The first attempt of glottal shape representation
was made by Westphal and Childers (1983). The Phono-
vibrogram representation (PVG) presented by Lohscheller
et al. (2008) transforms vocal-fold movements into geomet-
ric objects. PVG requires one to calculate the distance of
the edges to the glottal axis, a method very sensitive to
the accuracy of glottal-axis detection. Therefore, we pres-
ent a recently proposed approach to Lohscheller’s two-
dimensional representation of the glottal area’s shape, the
Glottovibrogram (GVG) (Karakozoglou, 2010; Einig,
2010; Döllinger et al., 2011).

A new method for fully automatic detection of glottal
edges is described in Section 2. In Section 3 the GVG rep-
resentation is presented. The database and evaluation pro-
cedure are given in Section 4. Section 5 presents the
segmentation evaluation and applications to glottovibrog-
raphy. Finally, Section 6 concludes this work.

2. Algorithm for glottal detection

The proposed method is described in the present section
and depicted in Fig. 1. The procedure is typical for segmen-
tation without user intervention, as it has also been pre-
sented by Demeyer et al. (2009).

2.1. Glottis localization and landmark frames

In a first step, the algorithm selects the region of interest
and extracts useful information about the glottal cycles.

The open glottis is the darkest region in an image and
the one that varies the most in time. Within each glottal
cycle, the frame with maximal glottal opening can be
detected as the one for which the sum of pixel intensities
is minimum. Such a frame is labeled as a landmark frame
l segmentation using local-based active contours and application to glott-
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Fig. 1. Outline of the glottal detection algorithm.

Fig. 2. Size reduction by glottis localization. (a) The bounding box on the
original image (256 � 256 pixels). (b) The cropped image (202 � 89 pixels)
and the bounding box surrounding the glottal area. The original sequence
is reconstructed from the cropped video sequence without any loss.
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(Eq. (1)). The landmark frames represent the maximal open
states of the glottal cycle within the sequence under consid-
eration. The same intuition for frames depicting maximal
glottal area has also been used with some variations in pre-
vious studies (Demeyer et al., 2009; Lohscheller et al.,
2007). To ensure that all selected landmark frames repre-
sent maximal glottal areas, the ones with high overall inten-
sities are checked and those that correspond to high overall
mean intensities are supressed.

Ilandmark ¼ argmin
i¼1::k

X
x

X
y

I iðx; yÞ
 !

ð1Þ

The region of interest covers only a part of the entire im-
age. For localization and computational reasons, there is
no need to process the entire image. The image size of
the high-speed sequences is 256 � 256 pixels. The glottal
area, and so the region of interest, usually covers less
than 25% of the entire image size in the present data-
base. However, camera tuning for the same purpose is
similar, since recording usually involves the entirety of
the larynx for multiple studies, for both medical doctors
and researchers. Edge-based morphological processing of
a landmark frame is applied to each landmark frame in
order to find a large, nearly vertically oriented area. A
Sobel filter is used to detect strong edges in the vertical
direction. A morphological closing is then performed
on the gradient map, so as to connect small related re-
gions. These regions are detected by connected compo-
nent analysis (Samet and Tamminen, 1988). The object
with the largest area and vertical orientation is selected.
A rectangular area surrounding the selected area is com-
puted, termed the bounding box. This step allows for a
reduction in the amount of data to be processed and
treatment of larger video sequences. The coordinates of
the cropped rectangle are stored, and they are used to
apply the segmentation result to the initial sequence.
An example is presented in Fig. 2(a). To locate the glot-
tis with higher accuracy, the same edge-based processing
is applied to get a tighter bounding box surrounding the
glottal region in each landmark frame. The bounding
box remains steady within each glottal cycle in order
to compensate for glottal drift and/or movements of
the endoscope (see Fig. 2(b)).
Please cite this article in press as: Karakozoglou, S.Z. et al., Automatic glotta
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It is also necessary to determine whether the glottis
exists in all images or not. In an active contour framework,
the algorithm may evolve into excrescences if further con-
straints are not applied. This is solved with two techniques.
First, the pixel intensities of each image are taken into
account. If the minimum pixel intensity in the image per-
sists over a global threshold, defined as the median of the
pixels intensities of the entire sequence, a glottal opening
is assumed to be absent. Second, the bounding box is com-
puted. If it is centered far from the bounding box of the
landmark frame, or if it does not exist, it is assumed that
there is no glottal opening. When both of these conditions
occur simultaneously, the frame is excluded from further
processing.

Simple contrast enhancement is also performed on the
high-speed video sequences. In order to improve the local
contrast in the images, bringing out more detail in the glot-
tal area while avoiding significant noise introduction, the
contrast limited adaptive histogram equalization algorithm
(CLAHE) was used (Zuiderveld, 1994). It consists of a gen-
eralized version of adaptive histogram equalization that
computes several histograms, each corresponding to a dis-
tinct section of the image, which are then used to redistrib-
ute the lightness values of the image, thus compensating for
noise amplification.

The enhanced video sequence is used for the following
steps of the algorithm. The automatic active-contours
framework dictates the knowledge of landmark frames,
as well as information about the area and shape of the
object of interest. Each landmark frame is therefore used
as a reference for the segmentation propagation within
each glottal cycle, as explained in the following sections.
2.2. Glottis segmentation: main principles

The segmentation method used in this work is based on
the framework proposed by Lankton and Tannenbaum
(2008), referred to as local region-based framework for
guiding active contours. The approach models the fore-
ground and background in terms of smaller local regions,
since foreground and background regions cannot always
l segmentation using local-based active contours and application to glott-

http://dx.doi.org/10.1016/j.specom.2011.07.010


4 S.Z. Karakozoglou et al. / Speech Communication xxx (2011) xxx–xxx
be represented with global statistics. This framework
provides correct conversion in instances of inhomogeneity
which are common in medical images. In the present
method, the constant intensity Chan–Vese model is used
(Chan and Vese, 2001). This approach models the fore-
ground and background as constant intensities represented
by their means. Mean intensities of exterior (v) and interior
(u) regions are computed in proximity of the curve (locality
defined by H/ðyÞ, where H is the approximation of the
smooth Heavyside function and /(y) is the level set func-
tion Sethian, 1999), allowing us to ignore any inhomogene-
ities distant from the glottal area (Eq. (2)). Furthermore,
the use of local information allows the curve to split or
merge, using only the contribution of the neighbourhod
statistics for a given point I(x,y), where x, y are indepen-
dent spatial coordinates.
E ¼
Z

Xy

H/ðyÞðIðyÞ � uÞ2 þ ð1�HðyÞÞðIðyÞ � vÞ2
� �

dy

ð2Þ

The size of local neighborhoods is defined by the size of the
bounding box for each frame; the size is equal to 1/3 of the
smallest dimension of the bounding box. Due to inhomoge-
neities which may occur in the image, the local region is re-
stricted to the smallest possible size so as to ensure
maximal separability. The above parameters are applied
to every frame of the sequence.

The initial contour curve is of major importance in
active contour methods. Correct curve placement facilitates
the segmentation procedure and points out the object of
interest. The initial mask for the landmark frames is there-
fore chosen differently than for the rest of the sequence.
The initial mask of landmark frames must be computed.
For the remaining sequences, the final contour from the
previous treated frame is used. Once the initial mask for
a frame is chosen, the algorithm runs until convergence;
either until no changes are observed in the contour, or
150 iterations are reached.

The aforementioned segmentation procedure is applied
to each frame of the HSV sequence with the same param-
eters. In order to automatically segment the entire
sequence, the framework dictates the initialization of the
segmentation procedure at the landmark frames of each
glottal cycle, as presented in the following section.

2.3. Segmentation of landmark frames

The segmentation algorithm starts from the landmark
frames of a sequence. The glottis is an object with a heter-
ogeneous feature profile. Even though it is darker than the
surrounding tissues, there might be regions where local sta-
tistics do not provide substantial similarity criteria. As the
initial contour curve is crucial in active contour methods,
we propose the use of two automatic methods for curve ini-
tialization on landmark frames.
Please cite this article in press as: Karakozoglou, S.Z. et al., Automatic glotta
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Algorithm 1. Pseudocode for Segmentation of Landmark
Frames. To refers to the total number of Landmark
frames. The function ActiveContours refers to the
algorithm suggested by Lankton and Tannenbaum (2008)

Algorithm 1 depicts the segmentation of landmark
frames. The initial contour is estimated with two methods.
The first method consists of finding the intensity threshold
within the bounding box of each landmark frame. In cases
of high contrast, the glottal region is much darker and rel-
atively homogeneous so that a threshold is sufficient for ini-
tial discrimination. The threshold is found by selecting the
minimum of a smoothed bimodal histogram. This is also
referred as the mode method (Glasbey, 1993). However,
the assumption of the bimodal histogram is not always
valid, as it depends on the statistics of the image. To
address this problem we suggest the use of a localization-
based map (second method). For this purpose, an ellipse
is computed, whose center is located on the center of the
bounding box and its size is proportional to the bounding
box’s size. Its orientation is based on the orientation of the
glottis computed during the localization. This ellipse-
shaped mask covers the glottal area and points out with
good accuracy where the active contours should converge.
The computation of the final contour is performed as
described in Section 2.2. Comparison of the computed con-
tours using the above two methods is based on the orienta-
tion and maximal separability of the object relative to the
background in terms of intensity. The computed contour
which best fits the above criteria is then used as the segmen-
tation mask of the frame and also for the propagation of
the segmentation to the remaining elements of the
sequence. The segmentation propagation procedure is pre-
sented in the following section. Fig. 3 provides an example
of comparison between the two methods for the segmenta-
tion of landmark frames. In Fig. 4 an example of segmen-
tation on a single landmark frame is shown, beginning
from the ellipse-shaped initial mask.
l segmentation using local-based active contours and application to glott-
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Fig. 3. The process of curve initialization: (a) curve initialization by
thresholding; the initial curve and the final curve and (b) curve initialization
by ellipse; the initial curve and the final curve. For each landmark frame, the
regions defined by segmentation algorithm convergence are compared. The
contour that best fits the glottal area is used for propagation.
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2.4. Propagation of segmentation

Once all landmark frames have been segmented, the
remaining frames are processed. To ensure temporal
consistency, the segmentation is propagated by using as ini-
tial mask for the kth frame the segmentation result from the
(k � 1)th (forward) or the (k + 1)th frame (backward),
depending the position of the landmark frame (Algorithm 2).

Algorithm 2. Pseudocode for Segmentation Propagation
1 The GVG is presently included in the PVGA analyzer software. This
appeared to the authors following a personal communication with Prof.
Lohscheller at the 9th International Conference on Advances in Quanti-
tative Laryngology, Voice and Speech Research, September 2010.
2.5. Post-processing

There may be cases where the segmentation may con-
verge to inconsistent regions. As such, only contours which
are present within the limits of the bounding boxes are
retained, in order to suppress undesired contours. To ensure
maximal separability in terms of local statistics, the mean
intensity of the segmented regions with respect to its sur-
roundings is compared. More specifically, if the mean inten-
sity of a segmented region is significantly higher than the
surroundings or other regions within the same image, the
region is then excluded as it will most likely have not cap-
tured the glottal area. Furthermore, for each segmented
object whose histogram is found to be bimodal with a high
intensity threshold, a threshold segmentation is then
applied, in order to capture the homogeneous region with
low intensity. The segmentation matrix was finally
smoothed in order to exclude holes in the found regions.

3. Glottovibrograms: a new proposal for data visualization

Dimensionality reduction is the most important aspect of
high-speed visualization. Spatio-temporal information must
be represented without loss of information. In Lohscheller
et al. (2008) the Phonovibrogram (PVG) was introduced,
which is a further development of spatio-temporal plots of
vocal-fold vibrations (Neubauer et al., 2001). The PVG is
a 2-D diagram of vocal-fold vibrations. This representation
transforms vocal-fold movements into well-defined geomet-
ric objects, thus allowing direct assessment of the vocal-fold
dynamics of an entire video sequence in a single image.
However, PVG visualizes the deflections of the medial
vocal-fold edges from the glottal axis. This representation
Please cite this article in press as: Karakozoglou, S.Z. et al., Automatic glotta
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can be difficult to interpret and strongly depends on the
detection of the glottal axis. Therefore the method is
adapted to allow for a better visualization of the deflection
between the medial vocal-fold edges. This visual representa-
tion is termed the Glottovibrogram1 (GVG). It has been
independently proposed recently by two research groups
(Karakozoglou, 2010; Einig, 2010; Döllinger et al., 2011).

Instead of measuring the distance between the glottal
symmetry axis and the vocal-fold contours, as proposed by
Lohscheller et al. (2008), the distance between the vocal-fold
contours themselves is calculated, specifically the distance of
points found across the glottal axis perpendicular to the glot-
tal axis line (Eq. (3) and Fig. 5). The GVG offers a more rep-
resentative image of the vibration, even in the presence of
artifacts. Glottal axis detection is of major importance and
cannot be avoided. The detection of the glottal axis strongly
depends on the geometry of the detected glottal area, as the
axis is the area’s symmetry line. Visualizing the deflection of
the vocal-fold edges, instead of their deflection from the
glottal axis, provides a more intuitive representation of
vocal-fold vibration evolution as would be shown in a
HSV sequence. By calculating the distances of the vocal-fold
edges, we have managed to depict a well-shaped form of the
vocal-fold vibration, even when detection errors occur.

dglðm; tÞ ¼ kcLðm; tÞ � cRðm; tÞk2; 8m ð3Þ

The GVG computation is based on the PVG formulation
explicitly presented in Lohscheller et al. (2008). For the
GVG representation, the vocal-fold edges cL,R(m, t) are
equidistantly sampled with m 2 [0,M]. For each image
I(x,y, t), the distances dgl(m, t) are computed among points
perpendicular to the glottal axis (Eq. (3)). The distances
dgl(m, t) between the left cL(m, t) and right cR(m, t) vocal-
fold edges are stored in matrix Dgl, which is color coded
for visualization (grayscale colormap). The distances are
normalized within the interval [0,1], with 0 corresponding
to zero distance and 1 corresponding to maximal distance.
l segmentation using local-based active contours and application to glott-
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Fig. 4. Curve evolution in a landmark frame. From the ellipse-shaped curve (iteration #1), the curve evolves until it converges to the medial vocal-fold
edges (iteration #150). Curves are shown at 30 iteration intervals.

Fig. 5. Linked contours with corresponding glottal axis.

Fig. 6. Glottovibrogram of a high-speed sequence. Black corresponds to zero distance between the vocal-fold edges and white corresponds to the
maximum observed distance. Sequence 1; see Appendix.
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An example of the GVG representation is shown in Fig. 6.
It presents the glottal movement on a 125 ms high-speed se-
quence, which corresponds to 14 glottal cycles. Time is pre-
sented on the x-axis, while distances dgl(m, t) between left
and right vocal-fold edges are the y-axis. For each cycle,
the depicted glottal movement is a zipper-like posterior-
to-anterior opening followed by an abrupt closure. The
remaining gray area in the top part of Fig. 6 corresponds
to a permanent glottal chink, i.e. an absence of glottal clo-
sure in the posterior part of the glottis.

Visualization of the velocity pattern along the length of
the vocal-folds is interesting. By computing the derivative
of the distance, we can depict the speed profile of the vibra-
tions on this representation. This can be done by superim-
posing the visualization of the derivative of the Dgl matrix
on the GVG representation. An example of this joint rep-
resentation is shown in Fig. 7.

4. Material and methods

4.1. Database

The data used during this work were taken from a high-
speed database recorded at the University Medical Center
Please cite this article in press as: Karakozoglou, S.Z. et al., Automatic glotta
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Hamburg-Eppendorf (UKE) in Hamburg, Germany, by
the team of Prof. Hess (Frank Müller and Götz Schade)
and co-author Dr. Henrich. It consists of synchronized
high-speed video, audio, and EGG recordings of two male
subjects; one speaker (S1) and one singer (S2), performing
different voice qualities, pitches, and transitions.

For the high-speed recordings, a rigid endoscope (Wolf
90 E 60491) equipped with a continuous light source (Wolf
5131) driven by optic fiber was used. The data were
recorded at 4000 fps. Along with the high-speed recording,
the glottal contact signal was acquired by an electroglot-
tograh (Glottal Enterprises, EL-2 type Rothenberg,
1992). Electroglottography (EGG) is the most common
non-invasive technique for measuring variations in vocal-
fold contact area by passing a small-intensity high-fre-
quency current between two electrodes secured around
the neck at the level of the larynx (Gilbert et al., 1984;
Childers and Krishnamurthy, 1985; Scherer et al., 1988).
The EGG and audio signals were sampled at 44170 Hz,
directly on the medical platform. Real-time monitoring of
the EGG signal was performed for each recording with
an A/D oscilloscope. The purpose of the experiment was
to compare EGG features and glottal behavior in different
spoken and sung situations.
l segmentation using local-based active contours and application to glott-
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Fig. 7. GVG with maximum speed profile of a video sequence. Red regions correspond to points where the vocal-folds move with maximum velocity.
Sequence 1; see Appendix. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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For the purpose of this work, 60 recordings from this
database were used. Sequences were chosen from the mid-
dle of the recorded sequence. Each sequence contained 501
frames, corresponding to roughly 125 ms.

4.2. Manual segmentation

Automatic segmentation results have been manually
verified and corrected if necessary with an interactive tool
adapted from (Henrich, 2001; Bailly, 2009). The tool con-
sists of an interface implemented in Matlab which interacts
with the given input and treats the contour using Bezier
splines (Bezier, 1972). The video and segmentation quality
was subjectively evaluated by 13 participants, seven of
whom were familiar with voice analysis and image process-
ing. The connected time contour was used in order to pro-
vide users as much information as possible on the nature of
the task.

For all 60 high-speed video sequences, participants
were asked to rate the video quality (lighting conditions,
contrast relative to the discrimination of the glottal area),
as well as the segmentation quality (tracking of vocal-fold
movements, irrelevant excrescences). The user was pre-
sented with a sequence of frames which were consecutively
Fig. 8. Segmentation errors and manual evaluation of early convergence: (a) c
detected and (b) corrected contour; the contour now tracks the entire glottal
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evaluated. If the contour correctly followed the glottal
area, the user advanced to the following frame. In the con-
trary case, the user could control the contour and correct
it using the mouse. Two examples of the interactive tool
are presented in Figs. 8 and 9. When the sequence process-
ing terminated, the user was asked to evaluate the video
and segmentation quality on a 5-point scale, with 1 repre-
senting very bad quality and 5 very good quality. On aver-
age, each sequence required about 15 min to be fully
processed.

4.3. Automatic threshold detection

The proposed automatic glottal detection method has
been compared to a fully-automatic threshold-based
method. We selected the most recent one, presented by
Mehta et al. (2010), Mehta et al. (2011). Similarly to the
method used by Mehta et al. (2010), Mehta et al. (2011),
the intensity threshold for each glottal cycle is estimated as
the minimum between the first two peaks of a smoothed
intensity histogram. The high-speed sequence processing is
kept identical up to the segmentation procedure. However,
for the purpose of comparison, no post-processing user
adjustment of the threshold was made.
omputed contour on a image; the anterior part of the glottis has not been
area.

l segmentation using local-based active contours and application to glott-
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Fig. 9. Segmentation errors and manual evaluation of excrescences: (a) computed contour on a image; the contour includes an irrelevant anterior region
and (b) corrected contour; the contour now tracks the entire glottal area.
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5. Results

5.1. Evaluation

5.1.1. Comparison between manual and automatic

segmentation
The manual verification of the automatic segmentation

resulted in a number of interesting findings. Concerning
the subjective evaluation on a 5-point scale (1 – very bad
quality to 5 – very good quality), video quality was rated
4.2 ± 0.7 (mean value ± standard deviation) and segmenta-
tion quality 4.2 ± 1.0. In 71% of the sequences, the segmen-
tation was rated equal to or higher than the video quality,
while 93% were characterized as more than acceptable
(average to very good).

Concerning the qualitative evaluation based on manual
correction of the segmentation, the absolute segmentation
Fig. 10. Glottal detection error from the active contour method (red histogra
presents significantly lower error of segmentation. (For interpretation of the r
version of this article.)

Please cite this article in press as: Karakozoglou, S.Z. et al., Automatic glotta
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error (by considering the absolute differences) for the entire
database was 4 ± 18 pixels (mean value ± standard
deviation).

The majority of segmentation errors occurred either in
the posterior or anterior part of the glottal area. Either
the active contours converged before the actual vocal-fold
edges, or they included surrounding areas. As evaluated in
most cases, the contour satisfactorily tracked the glottal
area, despite errors around the edges. Two cases where
the segmentation procedure failed to effectively track the
glottal area are presented in Figs. 8 and 9.

An important aspect in evaluating the segmentation
results concerns the static phases of glottal opening and clos-
ing instants. The segmentation procedure needs to meet the
demands for the glottal source analysis. For that reason, the
amount of error relative to the glottal instants was also inves-
tigated. The absolute segmentation error on closing and
m) and the threshold-based one (blue histogram). Active contour method
eferences to colour in this figure legend, the reader is referred to the web

l segmentation using local-based active contours and application to glott-
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Fig. 11. Four examples of comparisons of glottal detection between active contour (left) and threshold-based method (right).

Table 1
Characteristic glottal behaviors observed in the HSV database (first row)
and corresponding GVG images. These prototypic examples are extracted
from the database presented in Table A.1.
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opening instants on the entire database was 3 ± 10 pixels
(mean value ± standard deviation), based on results
acquired from the manual correction of the segmentation.

5.1.2. Comparison with threshold-based detection

The active contour method was evaluated in comparison
to fully-automatic threshold-based glottal detection. Fig. 10
shows histograms of the mean segmentation errors for both
methods. It is clear that the active contour method has very
low error. Indeed, the relative error in glottal detection
between the active contour method and the manual one
was 1.35 ± 5%, whereas the relative error between the
threshold-based method and the manual one is 69 ± 63%.
As already mentioned by Mehta et al. (2011), the thresh-
old-based method usually requires user intervention by
visual validation or manual threshold adjustment in order
to deal with illumination inconsistency and arytenoid hoo-
ding, characterized by the standard deviation of this meth-
od’s error. When applied in an fully automatic way,
without considering the continuity of the vibratory pattern,
this method results in false or imprecise area detections.
Fig. 11 presents four examples of glottal detection compari-
sons between active contour and threshold-based method on
frames with maximal glottal opening. In Figs. 11(a),(b)
results are comparable. Fig. 11(c) presents a case where
threshold-based detection includes a large inconsistent sur-
rounding area and the latter shows a case where threshold-
based detection does not detect the anterior part of the
glottis.

5.2. Application to glottovibrography

The GVG representation is a compact form of assess-
ment of the entire database. Table 1 depicts characteristic
Please cite this article in press as: Karakozoglou, S.Z. et al., Automatic glotta
ovibrography, Speech Comm. (2011), doi:10.1016/j.specom.2011.07.010
GVG representations derived from the database. Each col-
umn represents different samples from the same glottal
behavior. GVG thumbnails for the entire database are
included in the Appendix.

Using this representation, deflections of the glottal area
are depicted within a single image. By computing the dis-
tance of the vocal-fold edges, the exact physiological
behavior of the vocal folds is clearly evident. From the pos-
terior to the anterior part of the glottis, we can observe the
shape of the vocal-fold edges and visualize on a single
image the glottal dynamic of an entire HSV sequence.
The GVG visualization can delineate the vocal-folds
l segmentation using local-based active contours and application to glott-
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vibratory pattern in cases where the PVG fails to be clear
due to poor detection of the glottal axis. Erroneous place-
ment of the glottal axis results in miscalculation of the
deflection of vocal-fold edges from the glottal axis. There-
fore, the PVG representation is blurry, while the GVG
Fig. 12. GVG (upper panel) and PVG (lower panel) in a case of partial glot
horizontal line in the PVG represents the posterior part of the vocal-fold edge
frames of the sequence along with the glottal contour and the glottal axis are p
see Appendix. (For interpretation of the references to colour in this figure leg

Fig. 13. GVG (upper panel) and PVG (lower panel) in a case of no medial open
vocal-fold edges. Within one glottal cycle, marked between the red lines in the G
black line) and the glottal axis (dotted black line) are presented. One out of e
interpretation of the references to colour in this figure legend, the reader is re

Please cite this article in press as: Karakozoglou, S.Z. et al., Automatic glotta
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captures more precisely the deflection of vocal-fold edges.
By implementing GVG and PVG algorithms for segmented
HSV sequences, we can observe the representation differ-
ences of the two visualizations. In Figs. 12 and 13 two
examples are shown, where the vibratory pattern is more
tal closing. The opening and closing phases are distinguishable. The red
s. Within one glottal cycle, marked between the red lines in the GVG, full
resented. One out of every four frames are shown for clarity. Sequence 14;
end, the reader is referred to the web version of this article.)

ing. The red horizontal line in the PVG represents the posterior part of the
VG, full frames of the sequence along with the glottal contour (continuous
very four frames are shown for clarity. Sequence 16; see Appendix. (For
ferred to the web version of this article.)

l segmentation using local-based active contours and application to glott-
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Fig. 14. Synchronous representation of DEGG, GLA signals and GVG with maximum speed profile in the case of an incomplete glottal closing. Sequence
2; see Appendix.

Fig. 15. Synchronous representation of DEGG, GLA signals and GVG with maximum speed profile in the case of no medial opening. Sequence 25; see
Appendix.
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distinctly represented in the GVG rather than the corre-
sponding PVG representation. Fig. 12 presents a case of
partial glottal closing. Fig. 13 presents a case of no medial
opening. This is a case of a vibratory pattern which consists
of the zipper-like movement in two distinct regions. In the
PVG representation, the left and right vocal-fold edges are
not distinct due to the false placement of the glottal axis. In
contrast, in the GVG representation, the two regions and
their evolution are easier to observe. The asymmetry of
the vibration is evident in the GVG representation; the
vocal folds close faster than they open. The two glottal
regions never merge completely.

6. Conclusion and perspectives

The most powerful way of precisely capturing vocal-fold
vibrations is high-speed videoendoscopy. We present a new
segmentation method which consists of a local-based active
contour method for automatic segmentation with no user
intervention. The local-based scheme is the first to be used
in glottis segmentation, taking into consideration the inho-
Please cite this article in press as: Karakozoglou, S.Z. et al., Automatic glotta
ovibrography, Speech Comm. (2011), doi:10.1016/j.specom.2011.07.010
mogeneous nature of medical images. The presented frame-
work consists of distinct steps, which are optimized to give
maximum information. A precise scheme for glottis locali-
zation is introduced, which facilitates the automatic seg-
mentation procedure. The local-based framework deals
effectively with various image qualities and surrounding
clutter and is versatile enough to split and merge, so as
to track the various vibratory patterns.

The use of the presented glottovibrogram proposes an
effective and compact alternative to the time-consuming
visualization of high-speed sequences. GVG, being an
improvement of previous visualizations, addresses the
problem of glottal-axis detection by proposing a represen-
tative form of vocal-fold vibration.

A database of 60 recordings of high-speed sequences
is used to investigate the segmentation’s discriminative
power, that is its ability to correctly discriminate the object
of interest from the background. Validation of the glottis
segmentation scheme is made by manual verification and
by automatic threshold-based glottal detection. GVG is
compared to the existing PVG representation and is shown
l segmentation using local-based active contours and application to glott-
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Table A.1
GVG thumbnails of the UKE database, corresponding to 35 ms. The high-speed sequence indices are shown below each thumbnail with information on
the speech or singing condition.
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to provide a clear representation of vocal-fold vibration
while reducing error from glottal-axis detection.

Several data may be extracted from high-speed sequences,
such as GVG or the relative glottal area (GLA) computed on
high-speed sequences by the sum of pixels assigned to the
detected glottal area in each frame. Results can be compared
to other glottal-activity signals for a more complete assess-
ment of vocal-fold vibration, for evaluating the use of
high-speed data for voice processing and the nature of infor-
Please cite this article in press as: Karakozoglou, S.Z. et al., Automatic glotta
ovibrography, Speech Comm. (2011), doi:10.1016/j.specom.2011.07.010
mation. EGG, for instance, is the most common non-inva-
sive investigation technique of glottal contact. Its
derivative (DEGG) can advantageously be used for the anal-
ysis of glottal activity (Henrich et al., 2004).

The recordings used in this study also included EGG
signals, which enable us to simultaneously represent
DEGG, GLA and GVG signals. Figs. 14 and 15 present
a comparison between the glottal closing and opening
instants measured on DEGG signals and the features
l segmentation using local-based active contours and application to glott-
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observed on the detected glottal area (GLA signal), as well
as on the GVG visualization with maximum speed profile.
The green crosses and lines indicate the positions of glottal
closing instants (GCI), while the red marks indicate the
positions of glottal opening instants (GOI). Glottal closing
instants are defined as the instants the glottal area
decreases with highest velocity (Childers et al., 1990; Chil-
ders, 1995). They are also related to abrupt increases in
glottal contact and coincide with a local maximum in the
DEGG signal (Henrich et al., 2004). In both cases here,
which present abrupt closures, a strong coincidence is
observed between the DEGG peaks and the rapid increase
in glottal contact. Similarly, when glottal opening is
abrupt, as is the case in Fig. 15, GOIs are related to the
instant of decrease in contact. However, when glottal open-
ing is smoother, as in Fig. 14 where gradual posterior-to-
anterior openings can be observed, GOIs are related to
the instants of decrease in contact in the median part of
the glottis. These images represent a first attempt towards
bridging EGG and image based glottal analysis. Future
work will be devoted to systematic comparisons of EGG
and GVG representations.
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Appendix A

The high-speed database used in this paper is pre-
sented in Table A.1, by means of the new GVG visuali-
zation of glottal dynamics introduced in Section 3. Time
is represented on the x-axis. Glottal-edges distance along
the vocal-fold length is represented on the y-axis, from
the anterior part (bottom of each image) to the posterior
part (top of each image) of the glottis. Black corresponds
to zero distance and white to maximal distance. Subject
S1 produced speech samples only (sequences 1 to 19
and 57 to 60). Subject S2 produced singing samples
(sequences 20 to 35, 53 to 56) and speech samples
(sequences 36 to 52). Speech samples consisted of sus-
taining a given voice quality (breathy, normal, pressed,
creaky), and producing up and down glides. Singing
samples consisted of glissandos and sustained sounds at
a given pitch and laryngeal mechanism (M1 is synony-
mous of modal laryngeal register, M2 of falsetto one.
See Roubeau et al., 2009).
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