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This paper describes a multiscale product method (MPM) for open quotient measure in voiced speech. The method is based on
determining the glottal closing and opening instants. The proposed approach consists of making the products of wavelet transform
of speech signal at different scales in order to enhance the edge detection and parameter estimation. We show that the proposed
method is effective and robust for detecting speech singularity. Accurate estimation of glottal closing instants (GCIs) and opening
instants (GOIs) is important in a wide range of speech processing tasks. In this paper, accurate estimation of GCIs and GOIs is
used to measure the local open quotient (Oq) which is the ratio of the open time by the pitch period. Multiscale product operates
automatically on speech signal; the reference electroglottogram (EGG) signal is used for performance evaluation. The ratio of good
GCI detection is 95.5% and that of GOI is 76%. The pitch period relative error is 2.6% and the open phase relative error is 5.6%.
The relative error measured on open quotient reaches 3% for the whole Keele database.
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1. INTRODUCTION

Voiced speech is produced through the excitation of the vo-
cal tract with quasiperiodic vibrations of the vocal folds at the
glottis constituting the glottal volume velocity waveform or
the glottal airflow. These vibrations produce the glottis open-
ing and closing within each pitch period. The glottal closing
is related to the maximum excitation energy, enabling the
glottal pulse to exhibit a maximum magnitude, which after
being distorted and delayed by the vocal tract can be visible
in the speech waveform. The glottal closing instant (GCI) is
a significant moment in a pitch period, and it is therefore
treated as an event or epoch [1, 2]. This marks the beginning
of the closed phase that can be essential in speaker verifica-
tion, speech recognition, speech synthesis and modification,
and low-bit-rate coder [3].

An important parameter of the glottal flow is the open
quotient (Oq) defined as the ratio of the duration of the open
phase to that of the pitch period. A change of the Oq sub-
stantially changes the spectrum of the excitation; it is also
highly correlated to physiological constraints, as is the case
in different phonation types. Accurate measurement of the

open quotient may require precise opening and closing in-
stants. These instants can be located by filming the vocal fold
vibration with a high-speed motion camera. Although this
method was useful in quantifying the timing characteristics
of vocal fold vibration, the process has proved uncomfort-
able, time-consuming, and expensive [4]. Inverse filtering of
speech signal and electroglottography (EGG) also provide in-
formation about vocal fold motion avoiding the pitfalls of
high-speed motion filming.

Over the last decades, attempts have been made to lo-
cate the GCI, but little work has been done in the detec-
tion of the GOI. These approaches can be classified as sin-
gle or dual channel analysis. Previous methods had mostly
focused on the dual channel approach. In those methods,
the laryngograph is used to detect the closed phase by lo-
cating the GOI. In each period, the derivative of EGG sig-
nal (DEGG) shows two opposite peaks. The stronger peak
corresponds to the GCI and the weaker one corresponds to
the GOI [5]. However, the technique is not appropriate for
speech analysis outside laboratory conditions. Single chan-
nel analysis uses only the speech signal to locate the GCI
and GOI. Most of the single channel methods that rely on
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using the speech signal alone have proved unreliable in locat-
ing the closed phase. Because of the difficulty in locating the
GOI, many of these techniques merely rely on estimating the
GCI and assuming that an ad hoc choice of post-GCI interval
length will lie within the closed phase. These lengths are gen-
erally chosen to be either a fixed constant length (e.g., 2 mil-
liseconds) or a percentage of the pitch period (e.g., 30%). The
work presented in [6] outlines a method used for automatic
closed phase location by excluding the intervals that are not
included in the closed phase; the indicator used is the log
determinant of the Kalman filter which estimates error co-
variance matrix. Recent work has evaluated the DYPSA algo-
rithm for GCI detection using APLAWD and SAM databases
[7]. In [8], open quotient is estimated by second-order linear
prediction of the inverse filtered speech signal. The estima-
tion is presented with rough precision.

In this paper, a new approach for open quotient esti-
mation is put forward. The method uses the detected GCI
and GOI from the speech signal, obtained as the product
of wavelet transform coefficients at three dyadic scales. The
open quotient ratio is derived from the estimation of the
pitch period and the corresponding opening time obtained
from GCI and GOI.

The paper is organized as follows. In Section 2, we
present the method of multiscale product of wavelet trans-
forms. In Section 3, we evaluate the multiscale product
method for GCI and GOI detection. In Section 4, we deter-
mine the pitch period from the detected GCIs. The open time
interval, derived from successive GOI and GCI, is divided by
the pitch period to calculate the open quotient. Finally, in
Section 5 we give the conclusion.

2. GCI AND GOI DETECTION FROM SPEECH

According to Mallat [9], the wavelet transforms have shown
excellent capacities for the detection of singularities in sig-
nals. At the glottal closing instant, the glottal pulse exhibits a
peak which can be regarded as transient phenomenon carry-
ing information about the vibration of the vocal folds. Mo-
tivated by the use of wavelet transform to detect and charac-
terize signal singularities, various works have developed algo-
rithms based on wavelet transform to locate GCI. However,
one-scale analysis does not give a good precision for GCI de-
tection. So, decision algorithm using multiple scales is pro-
posed by different works to circumvent this problem [10–12].
These works confirm that wavelet transform modulus max-
ima coincide in most cases with GCI, which is given by the
derivative minima of EGG signal. Besides, the methods de-
veloped in [10, 11] are not able to detect the GOI. In [12], we
propose a new approach based on multiscale analysis for GOI
detection; however, for a better localization, the used wavelet
needs to be modified. In [13], we have shown that opening
instant on EGG signal is less abrupt than the closing instant.
Thus, the glottal flow presents approximately the same be-
havior in the neighborhood of these instants. These singu-
larities are smoothed by the effect of the vocal tract causing
the speech signal to present smoothed singularities at these
instants. It is then more difficult to detect them especially at

GOI. Thus, the GOI localization is generally more challeng-
ing than that of GCI.

In this paper, we propose a novel approach in speech sig-
nal analysis. This method is used in image processing to im-
prove edge detection. This approach is based on the mul-
tiplication of wavelet transform coefficients at some scales.
It attempts to enhance the peaks of the gradients caused by
true edges, while suppressing false peaks caused by noise.
Xu et al. [14] rely on the variations in scale of the wavelet
transform. They use multiplication of wavelet transform of
the image at adjacent scales to distinguish important edges
from noise. Sadler and Swami [15] have studied multiscale
product method of signal in presence of noise. In wavelet do-
main, it is well known that edge structures are present at each
subband, while noise decreases rapidly along the scales. It
has been observed that multiplying the adjacent scales could
sharpen edges while smoothing out noise [14, 15].

Consider a multiscale analysis of a function f (n) by gen-
erating the product of the wavelet transforms at some dyadic
adjacent scales given by

p(n) =
∏

j

W2 j f (n). (1)

Here, W2 j f (n) represents the wavelet transform of the func-
tion f (n) at scale 2 j given by the following equation:

W2 j f (n) = f∗ψ2 j (n), (2)

with

ψ2 j (t) =
1√
2 j
ψ
(−t

2 j

)
. (3)

The expression given by (1) is distinctly a nonlinear func-
tion. The product p(n) reveals peaks at signal edges and
has relatively small values elsewhere. Although particular
smoothing levels may not be optimal, the nonlinear combi-
nation tends to reinforce the peaks while suppressing spuri-
ous peaks.

The signal peaks will align across scales for the first few
scales. This is because increasing the amount of smoothing
will spread the response and cause singularities separated in
time to interact. Thus, choosing very large scales will result
in misaligned peaks in the product. An odd number of terms
preserve the sign of the edge in the product. The efficiency of
the multiscale product method (MPM) to improve the edge
detection has encouraged us to apply it on speech signals to
outperform the wavelet transform precision in weak singu-
larity detection as GOI.

The proposed multiscale analysis is operated with a
quadratic spline wavelet whose spectrum ψ̂(w) is given by

ψ̂(w) = iw
(

sin(w/4)
w/4

)4

. (4)

At the top of Figure 1, we show the cubic spline smoothing
function followed by its quadratic spline wavelet derivative.
Wavelet transforms are operated for the following dyadic
scales 1/2, 1, and 2 corresponding to the respective j values
−1, 0, and 1.
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Figure 1: A cubic spline smoothing function (at the top) followed
by its quadratic spline wavelet derivative.

Figure 2 depicts a vowel /o/ uttered by a female speaker
followed by its wavelet transforms at three successive dyadic
scales, the multiscale product and finally the DEGG. This
figure depicts a simple case of a vowel without noise where
GCI and GOI given by the MP match perfectly with GCI and
GOI given by the DEGG. We note in the cross-scale product
two types of peaks; minima corresponding to GCIs are the
most distinguishable, and maxima related to GOIs are con-
siderably weaker but discernible. The GCI is detected using
the MATLAB codes of “findpeaks” file for minima detection
available in [16]. The GOI is the maximum detected in the
interval [t1, t2[, where t1 = 0, 8 GCI (k) + 0, 2 GCI (k + 1) and
t2 = GCI (k + 1).

Figure 3 depicts a complex case corresponding to a voiced
fricative /z/ being naturally noisy. We can clearly see the ef-
fect of the product on suppressing the additional noise peaks,
and consequently the best detection of GOI. We note the ef-
ficiency of the MPM to strengthen the GCI and its ability to
detect GOIs that become clear. A block diagram describing
the GCI and GOI detection is given by Figure 4.

3. EVALUATION RESULTS

To experiment with the proposed method, we use the Keele
University database. Estimation of GCIs and GOIs is oper-
ated for voiced speech signal. Keele database includes both
acoustic speech and laryngograph signals. Five adult female
and five adult male speakers are recorded in low ambient
noise using a sound proof room. Each utterance consists of
the same phonetically balanced English text. In each case,
the acoustic and laryngograph signals are time-synchronized,
and they share the same sampling rate value of 20 KHz [17].
The EGG signal proves to be the best estimate of the vocal
cord activity, because it is not modified by the vocal tract. The
glottal closing presents a discontinuity in the kinetics of the
vocal cord obtained by the DEGG that is used as a reference
in all vocal experiments. Based on studies on pitch detection,
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Figure 2: GOI and GCI detection for a vowel /o/ uttered by a female
speaker. At the top, speech signal followed by its wavelet transforms
at scales 1/2, 1, and 2, the multiscale product, and the DEGG signal.
Solid lines indicate GCI and dotted ones indicate GOI.

−1

1
0

0

−1

1

−2

2

0

−5

5

0

−5

5

0

−1

1

0

0 100 300 400 500200 600 700 800 900

0 100 300 400 500200 600 700 800 900

0 100 300 400 500200 600 700 800 900

0 100 300 400 500200 600 700 800 900

0 100 300 400 500200 600 700 800 900

0 100 300 400 500200 600 700 800 900

Samples ( f s = 20 KHz )

Figure 3: GOI and GCI detection for a voiced fricative /z/ uttered
by a male speaker. At the top, speech signal followed by its wavelet
transforms at scales 1/2, 1, and 2, the multiscale product, and the
DEGG signal. Solid lines indicate GCI and dotted ones indicate
GOI.

the evaluation uses four criteria: the number of missing mea-
sures, the number of gross errors, the number of fine errors,
and the number of good detection processes. Referring to Kr-
ishnamurthy and Childers, the DEGG signal gives the glot-
tal closing instant with an accuracy of two sample points at
10 KHz [18]. Tolerance of 5 samples is generally accepted at
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Figure 4: Block diagram describing the process to get the GCI, the
GOI, and the open quotient from the multiscale product p(n).

Table 1: GCI and GOI detection performances on Keele database.

GD % FE % GE % MR %

GCI 95.5 2.1 0.9 1.5

GOI 76 9.5 4.5 10

20 KHz for good detection (GD). As for the limit between
gross error (GE) and fine error (FE), we take 1 millisecond
according to Rabiner et al. [19]. The speech and EGG signals
are time-aligned to compensate for the observed larynx-to-
microphone time delay.

Results reported in Table 1 show that the multiscale
product method presents rates of good detection reaching
95.5% for GCIs and 76% for GOIs, with an accuracy of 0.25
millisecond, determined on the Keele database. The audi-
tory model and inverse filtering have been also applied on
Keele database; they give less GCI detection performance
than MPM.

4. OPEN QUOTIENT MEASURES

The open quotient (Oq) is the ratio of the duration of the
open glottal phase to the duration of the pitch period. Pitch
period is the time separating two successive GCIs. Hence,
the kth pitch period of the speech signals is given by the
following expression: T(k) = GCI (k + 1) − GCI (k). The
measures of pitch period T(k) are obtained with a relative
error of 2.6% for the entire Keele database, corresponding
to an RMS of 0.21 millisecond. The duration of the open
phase is given by the following expression: TO(k) = GCI (k+
1) − GOI (k). The open phase is obtained with a relative
error of 5.6% corresponding to an RMS value of 0.27 mil-
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Figure 5: Oq estimation from speech signal in dotted line and EGG
signal in solid line of vowel /o/ of speaker f1.

lisecond. Given the pitch period T(k) and the open phase
TO(k), the open quotient is given by the following equa-
tion: Oq = TO(k)/T(k). The open quotient is obtained
with a relative error of 3% in the case of no GCI or missing
GOI.

Figure 5 gives an example (utterance of vowel /o/ of
speaker f1) of comparative measures of Oq parameter de-
termined by the multiscale product of speech signal and the
DEGG signal.

5. CONCLUSIONS

In this paper, we propose a method for estimating glottal
closing and glottal opening instants from speech signal. This
method is based on the detection of minima and maxima
given by the product of wavelet transform coefficients of dif-
ferent scales. These minima and maxima correspond, respec-
tively, to GCIs and GOIs. MP is obtained by the product of
three successive scale wavelet coefficients using the quadratic
spline wavelet. The obtained performance is up to 95.5% for
GCI detection with an accuracy of 0.25 millisecond, deter-
mined on the Keele database. However, 76% of the GOIs are
identified with the same accuracy. The described method for
GCI detection outperforms other methods in the literature
such as inverse filtering and auditory model. So, significant
enhancement in performance is given by the MPM for iden-
tifying GCIs and GOIs in voiced speech. Furthermore, it of-
fers a good measure of the pitch period, obtained as the dis-
tance between two successive GCIs with a relative error of
2.6%. It also offers a measure of the open phase, defined as
the distance between the GOI and the next GCI with a rel-
ative error of 5.6%. Finally, the open quotient which is the
ratio of the open phase to the pitch period is obtained with
a good relative error of 3% determined on the whole Keele
database.
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