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Abstract

Pitch tracking and pitch marking (PM) are two important
speech signal analysis techniques for several applications. The
accuracy of both pitch marking and tracking is significant to
generate smooth synthesized speech by controlling the pitch
and duration of voiced speech in Text-to-Speech (TTS) system
for example. In this paper, we present a novel hybrid approach,
combining electro-glotto-graph (EGG)-based PM and speech
signal-based PM into a single framework, to acquire more
reliable and automatic PM technique. Experimental results
show that the PM performance of the suggested method is
excellent being capable of determining Glottal Closure
Instants (GCI) precisely even in the case of noisy EGG signals.

1. Introduction

Human-Computer Interaction is becoming more important in
humans every day life. Since spoken language is one of the
most natural ways of communication between humans, it is
required to be implemented also in man-machine interaction
for natural interface. In this order it is necessary to have a deep
knowledge and precise means of extraction of human speech
features. For example, intensity, spectral composition (related
to formants) voiced and unvoiced nature of speech segments
and pitches have been the main issues discussed intensively
for speech analysis and synthesis for a long time.

Regarding to pitch in particular, pitch tracking and PM are
two important discussed issues. Pitch tracking is to estimate
the instantaneous pitch frequencies along the time axis, while
PM is to assign so-called pitch marks to speech waveform
along the time axis.

There are several well known approaches for pitch
tracking and PM. One way is to use speech signals directly [1,
2,3,4,5, 6, 7] and the other is to use electro-glotto-graph
(EGG) signals [8, 9, 10], or electro magnetic (EM) sensor
signals [11]. However, since human speech is very diverse and
quasi-stationery, the result of each method slightly differ from
each other. Basically, there has been no perfect way of
automatic pitch tracking and marking. Also there is a
consistency problem of classic PM: in case of PM at the
boundary of two units, which are going to be concatenated
during synthesis, there is no guarantee that the same positions
will be marked.

To resolve this consistency problem, the pitch marks
should be assigned using a criterion to ensure robustness in
PM. Since glottal-closures have consistent positions in time,
pitch marks have to be assigned to the so-called glottal-closure
instants (GCI), which can be estimated from EGG or EM
sensor signals. However EM radar signals are known to be
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harmful to humans, and sophisticated equipments and working
conditions are required to get EM sensor signals.

On the other hand, GCI can be determined inexpensively
from EGG signals. However, EGG signals have also
disadvantages of being very low level signals (depending on
individual and sex) and very vulnerable to various noises.
Furthermore, certain parts of signals may be lost due to
imperfect contact between electrodes and human skin. The
noise-added and deformed EGG signals are shown in Fig. 1.
Several approaches have been addressed and presented to
extract GCI from EGG signals [8, 9, 10]. However, all these
methods are based on processing of ideal EGG signals, which
do not work in real situation as shown in Fig. 1.

In this talk we propose a novel approach, hybrid system,
which cross-examines both speech and recorded EGG signals
together in order to achieve improved PM accuracy.

2. Architecture

The main idea of the new approach for PM is to divide the
EGG signals into two regions and to process independently to
overcome drawbacks of noisy and low-level EGG signals. For
stable and unaltered EGG signal regions, pitch marks are
placed at GCI which are extracted from the EGG signal, while
for noisy and deformed EGG signal regions, pitch marks are
determined from the speech signal instead. Later these pitch
marks which were extracted from speech signal are going to
be synchronized to neighbor EGG-based pitch marks. The
conceptual diagram is shown in Fig. 2.

EGG Signal Preprocessing performs several operations
and filtering such as eliminating insignificant low frequency
components and noise of EGG signals. Primary Pitch
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Figure 2: Conceptual diagram of “Hybrid EGG and
Speech Signal-based Pitch Marking”

Marking places pitch marks (called EGG-based pitch marks)
extracted from EGG signals directly, while EGG Missing
Region Determination detects altered or missing regions of
the EGG signals.

Simultaneously, Conventional Pitch Marking performs
conventional PM using speech as input data. However the
generated speech-based pitch marks, which are different from
the EGG-based pitch marks, basically are assigned to other
instants than to GCI.

The role of Inserting Pitch Marks in Missing Regions of
EGG Signal is to synchronize speech-based pitch marks to
EGG-based pitch marks. Next, these adjusted speech-based
pitch marks are superimposed with the EGG-based pitch
marks for “missing regions” of EGG signal. The resulting
pitch marks are called absent modified pitch marks.

Inserting Pitch Marks in High Correlated Regions of
Speech provides an additional checkpoint of the absent
modified pitch marks and inserts additional new pitch marks
when necessary. In this order the speech signal is searched for
high correlated regions in the vicinity of pitch track
discontinuities. If such regions are detected, then additional
pitch marks are inserted not only to ensure smooth pitch tracks,
but also to keep synchronism with the initial absent modified
pitch marks at the same time.

3. EGG & Speech Signal Processing

Fig. 3 shows the output waveforms in time-domain by EGG
Signal Preprocessing. In order to assign pitch marks
precisely as well as to minimize the probability of assigning
pitch marks to wrong instants which do not correspond to
GClI, a multilevel “defending mechanism” was developed as
is described below.

First the EGG signal is delayed about 1ms in order to
compensate the inherent lag of the simultaneously recorded
speech signal relative to the recorded EGG signal.

The EGG delayed signal is band-pass filtered in order to
lessen its undesirable frequency components, who’s type may
be classified as low frequency components due to involuntary
muscle activity or neck movements and high frequency
components due to noise. The lower and upper cutoff
frequencies of the band-pass filter are tuned to 50Hz and
1000Hz respectively. After filtering, a low level DC

component is added to the output signal in order to create a
threshold prior to further processing.

The Zero Crossing Instants (ZCR) of the EGG band-pass
signal are considered EGG band-pass-based candidate pitch
marks. Based on this data, a rectangular pulse train called
EGG band-pass-based candidate window is generated
creating a 2 ms wide virtual window around each above pitch
mark which will be used for later validation.

The EGG delayed signal is passed also through a second
band-pass filter, called special band-pass filter, which damps
frequency components less (10dB at 5500 Hz) than the
previous band-pass filter over 1000 Hz. The ZCR of the EGG
special band-pass signal are considered EGG special band-
pass-based candidate pitch marks.

The first defending mechanism against wrongly assigned
pitch marks is implemented by performing logical AND
operation between the EGG band-pass-based candidate
window and the EGG special band-pass-based candidate
pitch marks, resulting in EGG-based candidate pitch marks.

Fig. 4 presents other waveforms related to further
Preprocessing and Primary Pitch Marking. Based on the
EGG-based candidate pitch marks, a rectangular pulse train
called EGG-based candidate window is generated to create
another 1.75 ms wide virtual window around each EGG-
based candidate pitch mark.

On the other hand the EGG special band-passed signal is
differentiated so that the resulting signal contains prominent
peaks which are localized at GCI. The second defending
mechanism is implemented by searching for these local
maximum points inside the positive pulses of the EGG-based
candidate window only. The third defending mechanism
applies a threshold to the above peaks of the EGG special
band-pass differentiated signal, considering only those which
exceed the established minimum value as valid GCI. The
pitch marks assigned at this point are called EGG-based pitch
marks, and are finally assigned.

In case of altered EGG signal due to loose electrical
contact between electrodes and skin, the EGG delayed signal
is high-pass filtered first and then differentiated. “EGG
missing” status is considered for regions where the EGG
high-pass differentiated signal contains compact regions of
minimum 10 ms duration and in which the absolute value of
samples does not exceed a given threshold.

On the other hand, Conventional automatic Pitch
Marking is performed using the speech signal. The generated
speech-based pitch marks are basically not assigned to GCI,
being placed close to significant peaks of the speech signal [2,
3, 5], to other instants as center of gravity [4, 7] or to peaks of
wavelet transforms [6] depending on the type of conventional
pitch marking approaches. This implies that basically the
speech-based pitch marks are not synchronized to the EGG-
based pitch marks. However individual pairs of pitch periods
related to the above two set of pitch marks are very close .

Given the above de-synchronization, the first role of
Inserting Pitch Marks in Missing Regions of EGG Signal
block is to adapt and synchronize speech-based pitch marks
to EGG-based pitch marks in the vicinity of “EGG missing
regions”. The second role of this block is to superimpose the
synchronized speech-based pitch marks with EGG-based
pitch marks for EGG missing regions to which EGG-based
pitch marks couldn’t be assigned. The resulting pitch marks
are called absent modified pitch marks.

There are three different cases how to insert speech-based
pitch marks in “missing regions” of EGG-based pitch marks.
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Figure 3: Time-domain waveforms related to EGG Signal
pre-processing

One case is when the “EGG missing region” is located
between two voiced regions of EGG-based pitch marks.
Taking into account that speech-based pitch marks have not
only different absolute positions relative to the EGG-based
pitch marks but may have also slightly different relative
positions resulting in slightly different pitch periods, insertion
of pitch marks means also compensation
(stretching/compression) of pitch periods.

First the closest set of speech-based pitch marks which
optimally overlap with “EGG missing region” is selected.
Next the relative positions of the selected speech-based pitch
marks are adjusted proportionally to modify their total
duration so as to equalize the duration of “EGG missing
region”. Finally, the adjusted speech-based pitch marks are
overlapped with EGG-based pitch marks, resulting in the so-
called absent modified pitch marks.

The next case is when the “EGG missing region” is
located between a voiced region and an unvoiced region of
EGG-based pitch marks, while the third case is when the
“EGG missing region” is located between an unvoiced region
and a voiced region of EGG-based pitch marks. For these two
cases, the “EGG missing region” is connected only at one of
boundaries (left or right) to the valid EGG-based pitch marks.
Therefore the optimally selected speech-based pitch marks
can be synchronized and inserted only by a shifting operation,
without any stretching/compressing which is different from
the first case.

Inserting Pitch Marks in High Correlated Regions of
Speech performs an additional checking of the absent
modified pitch marks and inserts additional new pitch marks
when necessary. The two main cases when additional pitch
marks need to be inserted are the followings.

One case is when the Conventional Pitch Marking
misses to detect some pitch marks. If the position of a missed
speech-based pitch mark overlaps with an altered region of
EGG signal, then actually a wrong set of speech-based pitch
mark is used for recovering. Thus missed pitch marks may be
inherited from speech-based pitch marks and transferred to
the absent modified pitch marks. The detection and recovering
of these missing pitch marks is one task of the Inserting
Pitch Marks in High Correlated Regions of Speech block.

Figure 4: Time-domain waveforms related to EGG Signal
pre-processing and primary pitch marking

The other case when additional pitch marks may be
inserted happens at regions with mixed excitation or to avoid
pitch (octave) jumps or to smooth the pitch track. Smoothed
pitch tracks are required to facilitate training of prosody
modules and to enhance the quality of pitch-and- duration
modified speech signal in synthesis. In this order the task of
the block is to search for high correlated regions of the speech
signal iteratively in the vicinity of pitch track discontinuities
of the absent modified pitch marks. If such regions are
detected, pitch marks are inserted so as to smoothen the pitch
tracks and to keep synchronism with the initial absent
modified pitch marks. The resulting pitch marks are called
correlation modified pitch marks.

Fig. 5 shows details about this procedure. In phase one
(applied for the case of high-low-low or high-low-high type
of pitch discontinuities) additional pitch marks are searched
and assigned in a forward direction in time axis. In this order,
the iterative search for additional pitch marks starts from the
left boundary of the “pitch discontinuity region.” A next pitch
mark is detected by searching for the local maximum point of
the autocorrelation function of the windowed speech signal.
As for window, a symmetrical Hanning window is used. The
window length is adapted to be equal to the previous pitch
period. The next pitch mark is expected to be placed at a
distance similar to the previous pitch period, to the right from
the current pitch mark. Local maximum point of the
autocorrelation function is searched back-and-forward around
25% of the expected pitch period relative to the expected next
pitch mark.

This step is iterated until reaching the right boundary of
the “pitch discontinuity region” by searching for other right
side placed candidate pitch marks inside the “pitch
discontinuity region”. In case that the peak of normalized
autocorrelation function becomes less then 0.8, the iterative
search stops and pitch mark is not assigned.

In phase two, (applied for the case of low-low-high or
high-low-high type of pitch discontinuities) additional pitch
marks are searched and assigned in a similar manner but in a
reverse (backward) direction. In this time , the iterative search
for additional pitch marks starts from the right boundary of
the “pitch discontinuity region.”
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Figure 5: Time-domain waveforms related to Inserting Pitch
Marks in High Correlated Regions of Speech

The distance between last forward assigned pitch mark
and last backward assigned pitch mark may be different from
case to case. If this distance is larger than the maximum
admitted pitch period for the given male or female voice, the
related region is considered unvoiced and additional
processing is not performed. In this case forward and
backward assigned pitch marks are simply superimposed. Fig.
5 shows more complicated case when forward and backward
assigned pitch marks overlap. In this case, additional
processing is required to generate a unique and optimal set of
pitch marks by choosing the closest pair of forward and
backward assigned pitch marks as a junction point. The
related forward and backward assigned pitch marks are
selected and concatenated into so-called assigned pitch marks.
The individual pitch periods of the assigned pitch marks are
equi-proportionally adjusted so that their total duration should
be equal to the duration of “pitch discontinuity region.”

Finally, assigned pitch marks are superimposed with
absent modified pitch marks, resulting in so-called correlation
modified pitch marks, which are the output pitch marks of the
whole procedure.

4. Experimental Results - Evaluation

In order to evaluate the recovering performance of missing
pitch marks due to altered EGG signal of the above proposed
method, five different places of an EGG signal have been
artificially altered (completely deleted). PM was performed in
two ways, one based on the artificially altered EGG signal
and the related speech signal, the other one based on the

original, - not artificially altered - EGG and speech signals as
for reference.

The positions of the two sets of pitch marks, obtained in
the above two ways, were compared and statistically analyzed
as shown in Table 1.

Table I: Performance evaluation - results of statistical analysis

region length of deleted region RMSE
[sample] [ms] [pitches ] | [sample]

1 5,892 368 100 1.700

2 2,457 153 46 0.807

3 4,259 266 71 0.692

4 2,750 171 41 1.577

5 2,344 145 39 1.198

Total 17,702 1,106 297 1.311

5. Conclusions

The root mean square error (RMSE) for the entire five regions,
obtained by comparing with the instances of pitch marks
which were determined in the two above different ways, was
1.311 samples (at 16KHz sampling rate). This is just slightly
higher than the inherent quantization step of one sample of
discrete time systems. Furthermore, this test was performed by
simulating extremely severe conditions by deleting the EGG
signal over much longer regions than it may be altered in real
case. In conclusion the pitch marking and recovering
performance of the proposed method is high enough,
satisfying all practical and theoretical requirements.
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