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Abstract

The objective of this work is to develop an automatic method
for estimating glottal opening instants (GOIs) using Hilbert en-
velope (HE). The GOIs are secondary major excitations after
glottal closure instants (GCls) during the production of voiced
speech. The HE is defined as the magnitude of complex time
function (CTF) of a given signal. The unipolar property of HE
is exploited for picking the second largest peak present in a
given glottal cycle and hypothesize as glottal opening instant
(GOI). The electroglottogram (EGG) / speech signal is first
passed through the zero frequency filtering (ZFF) method to
extract GCIs. With the help of detected GCls, the secondary
peaks present in the HE of dEGG / residual are hypothesized
as GOIs. The hypothesized GOIs are compared with secondary
peaks estimated from the dEGG / residual. The GOIs hypothe-
sized by the proposed method show less variance compared to
peak picking from dEGG / residual.

Index Terms: glottal opening instant, glottal closure instant,
Hilbert envelope, difference EGG, difference speech, residual.

1. Introduction

The glottal closure instants (GCls) and glottal opening instants
(GOls) are the primary and secondary major excitations, respec-
tively in the glottal excitation signal during production of voiced
speech [1]. Both theses instants are useful in the analysis and
processing of voiced speech. For instance, they can be used as
pitch markers for pitch synchronous analysis and prosody mod-
ification [2, 3, 4, 5]. Since GCls are primary major excitations
with associated large impulse strength, they are relatively easier
to detect and several methods exist in the literature [6, 7, 8].
There are attempts to detect GOIs [9, 10, 11]. The most re-
cent one proposes a method for detection of GOIs in the regions
of interest (ROI) from linear predication (LP) residual [12].
The regions of interest for GOIs are identified by finding the
mean smoothed signal from speech and considering negative
zero crossing. After obtaining the ROI, the peak present in the
LP residual is hypothesized as the GOI. Due to the bipolar na-
ture of the residual, there will be ambiguities in the location of
GOI and hence the variance associated with it. These issue can
be addressed with the help of Hilbert envelope (HE) [13, 8] and
hence the motivation for this work.

The HE of a given signal is defined as the magnitude of
its complex time function (CTF) [14]. The given signal acts as
the real part of CTF and Hilbert transform of given signal acts as
imaginary part of CTF. The significance of HE for epoch extrac-
tion was demonstrated earlier [15, 8]. Since HE is a magnitude
function and hence unipolar in nature. As a result, the ambigu-
ities present in locating epochs from residual due to its bipolar
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nature can be minimized [15]. We may then expect prominent
peaks around epochs in case of HE. This has been proposed
earlier for locating GCIs in [15]. The same concept can now
be extended, but for automatic detection of epochs, specifically
GOls.

The ground truth for the evaluation of methods for auto-
matic detection of GCls and GOIs from speech signal is needed.
One approach is to consider the difference of electroglottogram
(dEGQG) and mark the impulses manually. This is labor intensive
and error-prone method. Recently ZFF of electroglottogram
(EGQG) is proposed as an alternative for automatic detection of
ground truth GCIs [7]. The present work uses the refined ver-
sion of this method for obtaining ground truths for GOIs. Even
though impulse-like nature is very prominent in the location of
GCls of dEGG, it is not so prominent in case of GOIs. The ZFF
of dEGG provides GCls, not GOIs. Therefore, a refined method
is required for locating the GOls automatically. The dEGG sig-
nal is processed initially by ZFF method for locating GCIs and
are used as ground truths for further detection of GOIs. Be-
tween every pair of GCls, the largest peak is identified as the
GOI. The mean and variance values of GOIs provide the ground
truth and can be used for evaluating the proposed method.

In the proposed method, the speech and EGG are passed
through the ZFF for obtaining the reference GCls. The speech
signal is processed by linear prediction (LP) analysis to obtain
LP residual. With the help of reference GCls detected, meth-
ods are developed to locate secondary major excitation instants
from dEGG and LP residual and hypothesized as GOIs. The
secondary major excitations are also estimated using the pro-
posed Hilbert envelope approach and hypothesized as GOls.
The detected GOIs using HE of LP residual are compared with
that of LP residual. Based on this comparisons are drawn to
demonstrate significance of HE for automatic detection of GOIs
from speech signals.

The rest of the paper is organized as follows: Section 2 de-
scribes EGG signal, GCI, GOI, issues in detecting GOIs and HE
method for detecting GOIs from dEGG. The proposed method
for detection of GOI is described in Section 3. The experimen-
tal results and discussions are given in Section 4. The summary
of current work and scope for future work are given in Section
5.

2. Estimationg of Glottal Opening Instants
from EGG using HE

This section briefly describes the nature of EGG signal, GCI,
GOI, HE method for the detection of GOI from dEGG.
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Figure 1: Glottal wave and its Derivative. (a) A voiced segment
of EGG (b) its derivative indicating the discontinuities at GCIs
and GOls locations.

2.1. Nature of EGG Signal

The EGG signal gives information about contact area present
between vocal folds during production of voiced speech. Fig-
ure 1(a) shows a segment of EGG signal. The large values in the
EGG signal indicate opening phase of glottal cycle and hence
less contact area between vocal folds. Similarly, the small val-
ues in the EGG signal indicate closing phase of glottal cycle
and hence more contact area between vocal folds. Each of these
phases in a glottal cycle are preceded by their onset and can be
attributed to glottal opening instant and glottal closing instant
respectively.

2.2. Glottal Closing and Opening Instants in EGG

The onsets of sharp impulse like discontinuities in the dEGG
are known to be GClIs and the locations correspond to the peak
with opposite polarity between successive GCls are known as
GOI [9]. Figure 1 plots a segment of EGG corresponds to a
voiced speech and its derivative (AEGG). The negative peaks in
the Figure 1 (b) indicate the GCIs and positive peaks having less
amplitude compared to GCIs peaks, are indicated as the GOlIs.
The discontinuities associated with GOIs are not so prominent
as that of the GCIs. Hence the automatic estimation of GOls is a
challenging task. In the present work the GCI locations are esti-
mated initially and the positive peaks between successive GCls
are estimated to be as GOIs. As ZFF method provides accurate
estimates of GCIs in speech and EGG, GClIs are estimated from
the EGG using ZFF method.

In ZFF method, the dEGG is passed through a cascade of
two zero frequency resonators [7]. As a zero frequency res-
onator (ZFR) is equivalent to a double integrator (cumulative
sum), the zero frequency resonator output signal for dEGG
is equivalent to four times integration or cumulative summa-
tion. This operation is represented mathematically by the input-
output relation in Equation 1,

4
y(n) ==Y ary(n—k) +a(n) (1
k=1
where a1 =4, a2 = -6, as =4, a4 =-1 and x(n) is the dEGG.
As the ZFR output is a polynomial growing function, the
trend in the ZFR output is removed by local mean subtraction
operation given in Equation 2,
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Figure 2: Estimation of GCIs from dEGG by ZFF. (a) A voiced
segment of dEGG, (b) its ZFR output and (c) ZFFS of dEGG.
The positive zero crossings of dEGG are marked using ’arrows’

9(n) = y(n) — y(n) @

where g(n) = QNlj Zf:_N y(n) and 2N + 1 corresponds to
average pitch period computed over a longer segment of dEGG.
7(n) is termed as the zero frequency filtered signal (ZFFS). The
negative to positive zero crossings in the ZFFS are hypothe-
sized as GClIs. Figure 3 plots a segment of dEGG, ZFR output
and ZFFS of dEGG. The estimated GClIs obtained by negative
to positive zero crossings in the ZFFS corresponds to negative
peaks in dEGG.

Once the GClIs are obtained by ZFF of dEGG signal, the
GOlIs are obtained by picking peaks between successive GCI
locations. These GOIs estimated from dEGG peaks are used as
reference GOIs for HE based GOI estimation.

2.3. Evidence of GCIs and GOIs in Hilbert Envelope of
dEGG

Hilbert envelope is the magnitude of complex time function
having signal and its Hilbert transformation as real and imag-
inary parts, respectively [14, 16]. The Hilbert envelope of a
discrete time sequence s(n) is given by,

hln] = [sa(n)] - 3
where s, (n) is complex time function can be computed as fol-
lows,

sa(n) = s(n) + jsn(n) )

where sp(n) is Hilbert transform of s(n). The Hilbert trans-
form is computed as

sn(n) = IDFT(Su(w)), Q)
where .
o= { BhiTiz o
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Figure 3: Evidences of GOIs in HE of dEGG. (a) A voiced
segment of dEGG and (b) Corresponding Hilbert envelope. The
secondary peaks in HE of dEGG indicate GOls and are marked
using ’arrows’

and S(w) is DFT of s(n). DFT refers to discrete Fourier trans-
form and IDFT refers to inverse of DFT.

Therefore the magnitude of complex time function sq(n) is
given by,

(N

Figure 3 plots a voiced segment of dEGG and correspond-
ing HE of dEGG. The evidence of GCI and GOls can be ob-
served as the primary and secondary peaks in the HE and cor-
responds to the peaks in dEGG. Hence GOlIs can be estimated
from HE of dEGG by picking the secondary peaks. Since we
have an efficient and reliable method like ZFF for estimating
GCls, the secondary peaks from HE of dEGG can be estimated
by the knowledge of the estimated GCls from dEGG. The GOIs
are estimated to be locations corresponding to peaks between
successive GCls.

2.4. GOI estimation using HE of dEGG

The GOI performance is evaluated across CMU-Arctic database
having simultaneous speech and EGG recordings [17]. The
CMU Arctic database consists of three speakers (two males
and one female) with 1132 phonetically balanced utterances for
each speaker. All the utterances are down sampled to 8 kHz
from the original sampling rate of 32 kHz. The GOIs estimated
using HE of dEGG are compared with reference GOIs obtained
by direct peak picking of secondary peaks between two suc-
cessive GCIs in dEGG. The performance measures used for
GOl estimation are GOI identification rate (IDR), GOI miss rate
(MR), false alarm rate (FAR) and GOI identification accuracy.
These performance measures are described in [18] for eval-
uating GCI estimation performance. The description of each
measure is as follows:

e Larynx cycle: The range of sample (1/2) (I,—1 + 1)<
n <(1/2)(lr+1+1-) where I, I, _1 and [,y are the cur-
rent, preceding and succeeding reference GOI locations,
respectively

o Identification Rate (IDR): The percentage of larynx cy-
cles for which exactly one GOI is detected.

46

Table 1: Performance evaluation of GOI estimation by the ZFF
of HE of dEGG.

CMU-Arctic Spkr | IDR (%) | MR (%) | FAR (%) | IDA (ms)
BDL 99.80 0.15 0.05 0.36
JMK 99.96 0.02 0.02 0.37
SLT 99.99 0.01 0.01 0.44
Tot. Avg 99.91 0.05 0.03 0.39

e Miss Rate (MR): The percentage of larynx cycles for
which no GOI is detected.

e False Alarm Rate (FAR): The percentage of larynx cy-
cles for which more than one GOl is detected.

e Identification Error (¢): The timing error between refer-
ence and detected GOl in larynx cycles for which exactly
one GOI was detected.

e Identification Accuracy (o) (IDA): The standard devia-
tion of identification error (. Small values of ¢ indicate
high accuracy of identification.

Table 1 shows the GOI estimation performance for HE of
dEGG. The effectiveness GOI estimation from HE of dEGG is
confirmed by the higher IDR and IDA, and lower MR and FAR.
The results presented in Table 1 confirms the significance of HE
for the reliable estimation of GOIs. The merit of using HE is its
unipolar nature and hence less ambiguity in locating the peaks.
This is because, the direct peak picking from the signal may
have some ambiguity due to multiple peaks present around the
GOlIs. Thus HE can be used for locating the GOls.

3. Estimation of GOIs from Speech using
HE

The GCI and GOI are not directly evident in the speech signal
due to dominance of vocal tract information. For this, vocal
tract and excitation source information needs to be separated.
One way is to perform LP analysis and inverse filtering to ob-
tain LP residual. For a proper LP order, the LP residual mostly
contains source information. In particular, the large error re-
gions during voiced speech can be attributed to GCIs and GOls.

Figure 4 plots LP residual and HE of LP residual for a
voiced segment of speech. The LP residual is obtained by 10*"
order LP analysis of speech with frame size of 20 ms and a
frame shift of 10 ms. The GClIs in LP residual are charac-
terized by the largest impulse like discontinuities around GCI
locations. The evidence of GOIs in the LP residual can be ob-
served by weaker impulses between successive GCI locations.
The evidence of GOIs in LP residual of Figure 4(b) can be ob-
served by comparing the secondary peaks in dEGG plot shown
in Figure 4(d). However, the peak locations are ambiguous due
to the bipolar nature of LP residual. The approximate GOI lo-
cations can be estimated from the absolute of LP residual using
the GCIs. Hence, the locations of largest impulse in the abso-
lute of LP residual between successive GCls are hypothesized
as reference GOI locations.

Figure 4(c) plots HE of LP residual. The evidence of GOIs
in HE can observed as secondary peaks between successive
largest peaks which correspond to GCIs. By comparing Fig-
ure 4(b) and (c), it can be observed that secondary peak in HE
of LP residual is more prominent and less ambiguous than sec-
ondary peaks of impulse location in LP residual. Also compari-
son with Figure 4(d) confirms that there is no much deviation of
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Figure 4: Evidences of GOIs in LP residual and HE of LP resid-
ual. (a) A voiced segment of speech, (b) LP residual, (c) the HE
of LP residual and reference dEGG segment .

Table 2: Performance evaluation of GOI estimation by the ZFF
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Figure 5: GOI estimation using HE of LP residual. (a) A voiced
segment of LP residual, (b) the zero frequency filtered signal (c)
Estimated GClIs from the positive zero crossings of ZFFS, (d)
HE of LP residual (e) Estimated GOIs by picking secondary
peaks from HE between successive GCls .

Table 3: Comparative results of GOI estimation.

of HE of LP residual. CMU-Arctic Spkr Method IDR (%) | MR (%) | FAR (%) | IDA (ms)
Proposed 99.03 0.72 0.25 1.09
CMU-Arctic Spkr | IDR (%) | MR (%) | FAR (%) | IDA (ms) BDL MBS+LPres | 96.74 2.62 0.65 1.24
BDL 99.03 0.72 0.25 1.09 DYPSA 96.30 1.68 2.01 1.12
JMK 98.81 0.75 0.46 0.87 Proposed 98.81 0.75 0.46 0.87
SLT 9997 0.01 0.02 0.54 JMK MBS+LPres 98.50 0.99 0.50 1.05
DYPSA 97.30 1.60 0.02 0.54
Tot. Avg 99.36 0.49 0.24 0.83 Proposed 3957 0.0 0.0 054
SLT MBS+LPres 99.47 0.49 0.50 0.65
DYPSA 98.26 0.34 0.86 0.65

GOIs in HE of LP residual [15] with that of true GOI locations
in dEGG.

Figure 5 plots the segment of LP residual, ZFFS obtained
by ZFF of difference speech, estimated GCls by the positive
zero crossings of ZFFS, HE of LP residual for picking sec-
ondary peaks corresponds to GOIs and Estimated GOIs. The
GCls estimated by ZFF of speech are used for estimating GOIs
from HE of LP residual. GOIs are estimated by picking peaks
between successive GCI locations in the HE of LP residual. Fig-
ure 5(e) plots estimated GOI sequence.

Table 2, presents the IDR, MR, FAR and IDA obtained for
the estimated GOIs when compared with reference GOIs ob-
tained by picking the secondary impulse location between suc-
cessive GCls in the absolute of LP residual. It has to be ob-
served that the IDR, MR, FAR and IDA are comparable with
that obtained for the dEGG case.

The proposed method is compared with the existing meth-
ods in the literature reported in [12, 18]. The comparison re-
sults are given in the Table 3. The proposed method provides
improved performance compared to these two recent methods.
The proposed method is closely comparable with method in
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[12], since this method also detects the GOIs from LP resid-
ual. The merit of the current method is avoiding locating region
of interest and searching for peak. Also, the HE instead of LP
residual reduces the ambiguities associated with the location as
reported in [15]. Hence the improvement in the performance.

4. Summary and Conclusions

This work proposed a method for the detection of GOIs in EGG
and speech using Hilbert envelope. The unipolar nature of HE
is exploited for estimating the locations of GOIs. The proposed
HE based method provides reduces ambiguity in the location of
GOl and also provides improved performance.

The peak in the HE is better compared to LP residual peak,
but still it may not actually correspond to the exact location of
GOlIs as indicated by the large value of IDA in case of speech.
The future work should focus on reducing this IDA. Also meth-
ods may be developed for detection of GOIs from speech than
its LP residual.
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