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Abstract
In order to improve the acoustic characterization of breathy 
and whispery segments, we proposed a normalized breathiness 
power measure (NBP) by embedding a mid-frequency voicing
measure (F1F3syn) in its formulation. A partial inverse 
filtering pre-processing and a sub-band periodicity-based 
frequency boundary selection approach were also proposed for 
improving the performance of the F1F3syn and NBP measures. 
Improvements from 70 to 83% on detection of 
breathy/whispery segments are achieved by the proposed NBP
measure relative to previous methods, for a false detection rate
of 10% in modal and rough segments.
Index Terms: breathy voice, whispery voice, breathiness 
power, voice quality, expressive speech

1. Introduction
Breathy and whispery voices are voice qualities characterized 
by an auditory impression of turbulent noise, caused by an air 
escape through the glottis during phonation [1]. They may 
carry important linguistic and paralinguistic information 
(intentions, attitudes and emotions), depending on the 
language [2-5]. In our previous work, we have shown that 
breathiness does not necessarily occur over a whole utterance,
but rather it was found to dynamically change within an 
utterance. Further, we observed that the dynamic patterns of 
the breathiness may differ for the expression of different
paralinguistic information related to emotions and attitudes 
(such as surprise, admiration, excitement, calling attention, 
diffidence, and disappointment) in Japanese spontaneous 
dialogue speech [5].

Thus, with the aim of achieving an appropriate expression 
or recognition of linguistic or paralinguistic information 
carried by speech, in the present work we focus on the 
problem of finding an appropriate acoustic characterization of 
segments containing breathiness.

Although the terms “breathy” and “whispery” voices can 
be distinctively defined in terms of the phonation settings [1], 
they are often confused, probably because they are similarly 
characterized by the auditory impression of turbulent noise 
(aspiration noise) [6]. Further, the terms “whisper” and 
“whispery voice” are also distinguished by absence/presence 
of voicing (vibration of the vocal folds) during phonation.

In this paper, we use the terms “breathy” and “breathiness” 
in a broad sense, including all voice qualities (“breathy voice”,
“whispery voice” and “whisper”), where turbulent noise is 
audibly perceived in vowel segments.

Acoustically, both whispery and breathy voices are 
characterized by an increase of the noisy (turbulent, non-
harmonic) components in the frequency bands around the third 
formant [7,8]. Fig. 1 shows the spectrogram of an utterance 
containing breathiness. Note that the horizontal (harmonic) 
lines are prominent in the low frequency components, while 
the turbulent (non-harmonic) noise is prominent in the higher 
frequency components.

Figure 1: Spectrogram of an utterance containing 
breathiness (harmonicity in low-frequency bands and 
turbulent noise in mid-frequency bands).

There are a number of acoustic parameters reported in the 
literature, which try to characterize the acoustic properties of 
breathy voices. For example, H1-A3 (difference between the 
amplitudes of the first harmonic and the third formant) [9] and 
NAQ (normalized amplitude quotient of the glottal waveform 
and its derivative waveform) [10] characterize only the 
spectral slope properties of breathy voice. Other parameters 
such as HNR (harmonics-to-noise ratio), GNE (glottal-to-noise 
excitation ratio) [11], and faperiodic (boundary frequency 
between harmonic and aperiodic components) [12] reflect the 
effects of the aspiration noise components in breathy voice.
However, HNR and faperiodic depend on harmonicity 
information, being less reliable in segments where pitch 
changes, or where glottal pulses are irregular. The GNE
measure is more robust to such segments, but depends on 
vocal tract inverse filtering to get estimates of the glottal 
excitation, being less reliable in high-pitched voices. In our 
previous work, we proposed a measure for aspiration noise 
characterization called F1F3syn, which is a synchronization 
measure between the amplitude envelopes of the first and third 
formant frequency band signals [5]. Finally, although the 
focus is not on breathiness characterization, other related 
works on discrimination between whisper and normal 
phonation can also be cited [13-14]. 

The parameters cited above provide some information 
about presence of breathiness. However, they do not provide 
information about its intensity. Also, they may fail to 
distinguish breathiness from unvoiced consonants and non-
speech segments. A breathiness power measure has also been 
proposed in our previous work in order to quantify the 
intensity (power) of breathiness in the utterance [5]. However, 
its performance on automatic detection has not been evaluated.
Finally, it is also worth to mention that MFCCs, which are 
common features used in speech recognition, are not 
appropriate for breathiness characterization, since they lose 
information about harmonicity over the frequency bands.

In the present work, we propose improved versions of both 
F1F3syn, and breathiness power measure, with regard to the 
previous work in [5], and evaluate their performance for 
automatic detection.

2. The proposed breathiness power 
measure

Fig. 2 shows a block diagram for the proposed normalized 
breathiness power (NBP) measure. It is basically a measure of 
the mid-frequency power, biased by the F1F3syn value, as 
described below.
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The F1F3syn measure is defined as the cross-correlation 
between the amplitude envelopes of the signals filtered around 
the first and third formant frequency bands [5]. It is based on 
the idea that the vocal tract responses for a glottal excitation 
are synchronized along a large frequency range in modal 
phonation, and unsynchronized in breathy segments, where a 
turbulent noise excitation is prominent around the third 
formant. Amplitude envelopes are computed by the Hilbert 
envelopes [15]. F1F3syn values are computed for a 32ms 
frame length in 10ms frame intervals. Cross-correlation is 
calculated in the 25ms center region of the frame, where the 
signals are more stable. Values close to 1 are obtained when 
there is synchronization (as in modal voices), and close to 0 
are obtained otherwise (as in breathy voices). The frequency 
ranges for F1 and F3 bands will be discussed later in Section 4.

Figure 2: Block diagram of breathiness power computation.

In the present work, we introduce a partial inverse filtering 
processing prior to the F1F3syn computation. The inverse 
filtering process is to reduce the effects of vocal tract 
resonances in the subsequent processing. However, inverse 
filtering is not robust especially in high-pitched signals. Thus, 
we propose the use of a partial inverse filtering, according to 
the following expression. 

)()()( fSwfSfS LPCIFIF �� , (1)

where S(f) is the power spectrum of the input signal, SLPC(f) is 
the LPC smoothed spectrum (computed from 18-order LPC 
analysis), wIF is the weighting factor which controls the degree 
of inverse filtering, and SIF(f) is the inverse-filtered output 
power spectrum.

For the intensity of breathiness, we have defined a 
breathiness power measure in our previous work [5], as the 
power of the F3 band constrained by thresholds on F1F3syn
(which can be interpreted as a mid-frequency voicing
measure) and fricative power measures. In the present work, 
we redefine a normalized breathiness power measure (NBP)
by embedding the F1F3syn measure in its formulation,
according to the following expression:

|)31|1(log10 10 synFFwPNBP voicingMF ���� , (2)

where PMF is the power of the mid-frequency band in dB, 
normalized (subtracted) by the maximum value of the whole-
band power in the utterance, and wvoicing is a weighting factor 
for the contribution of F1F3syn measure. The motivation of 
this formulation and the use of the weighting factor wvoicing is 
to convert a 0 ~ 1 scale to a power scale in dB. With this 
formulation, the mid-frequency power will be biased by larger 
negative amounts as the F1F3syn value becomes closer to 1, 
i.e., when breathiness is absent.

For the mid-frequency band, we have used a fixed range of 
1500 ~ 4000 Hz in our previous work, which is the same for 
the F3 band used in the F1F3syn computation [5]. However, 
we observed in whispery voices that the turbulent noise
components can be stronger even in lower frequencies around 
1000 Hz (as the example in Fig. 1). Thus, in the present work, 
we proposed the use of variable frequency ranges, by looking 

at harmonicity (periodicity) information in the mid-frequency 
band. The frequency bands were sub-divided in 100 ~ 500 Hz, 
500 ~ 1500 Hz, 1500 ~ 2500 Hz and 2500 ~ 4000 Hz, and 
periodicity was computed in each sub-band, by classical 
methods of picking the maximum peak in the autocorrelation 
function (normalized by the value in zero lag) of the amplitude 
envelopes. The frequency bands were then scanned from high 
to low frequencies until periodicity is found (since frequency 
bands where turbulent noise is prominent are aperiodic). The 
lower boundary for the mid-frequency band is then obtained in 
a way to include all sub-bands with low periodicity.

Thus, NBP is expected to have high values in breathy/
whispery segments, low values in segments where turbulent 
noise components cannot be clearly perceived, and null values 
in segments with harmonicity over the whole F3 band.

3. Speech data and annotation data
Utterances extracted from two databases of spontaneous 
speech were used in the present work. One is the JST/CREST 
ESP expressive speech database [16] and the other is the CSJ 
(Corpus of Spontaneous Japanese) speech corpus [17].
Dialogue speech data of several male and female speakers 
aging from 20s to 40s are used. The utterance units provided 
by each database were used. 

In the present work, we used 1134 utterances, where 
breathiness was perceived by two subjects. We remind that the 
term “breathiness” is used to indicate all speech segments 
where turbulent noise is perceived in vowel segments, 
including breathy voice, whispery voice, (unvoiced) whisper, 
and (unvoiced) aspirated sounds. These utterances were also 
used for analyzing the paralinguistic roles of breathiness in our 
previous work [5]. Speech samples can be listened at 
<http://www.irc.atr.jp/~carlos/breathywhispery/>.

For the utterances where breathiness was perceived, 
segmentation and annotation of voice quality and specific 
phonemes was conducted by an expert in voice quality 
classification (the first author), based on visual inspection of 
the spectrograms and on auditory impression. The segment 
categories are “br/wh voiced” (for breathy and whispery 
voiced segments), “br/wh” (for unvoiced whispered or 
aspirated segments), “br/wh?” (for segments with acoustic and 
auditory properties intermediate between breathy/whispery 
and other voice qualities), “modal” (for normal phonation in 
voiced segments), “fricative” (for fricative/affricative 
consonants), “aspirated consonant” (for /h/), “rough” (for 
rough quality segments, including vocal fry, creaky, and 
diplophonic segments, which are phonation types often 
accompanied by some irregularity in periodicity), and “no 
label” (for non-labeled segments, which may include non-
speech, plosive consonants and other voiced segments). The 
resulting number of frames are 2801 (“br/wh”), 8997 (“br/wh 
voiced”), 5918 (“br/wh?”), 1607 (“modal”), 1708 (”rough”), 
3503 (“fric”), 1111 (“asp cons”), and 37211 (“no label”).

4. Analysis and evaluation of the proposed 
acoustic parameters

4.1. Analysis of the acoustic parameters
Fig. 3 shows the distributions of the proposed acoustic 
parameters F1F3syn, PMF and NBP, for each segment type,
by setting wIF to 0.5, F1 band to 100~1500Hz, F3 band to 
1500~2500Hz, and wvoicing to 5 (which will be shown in 
Section 4.2 to provide the best detection performance). The 
distributions are normalized by the total length for each 
segment type.
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The distributions of F1F3syn in the top panel of Fig. 3 
show concentration in high values for “modal” and “rough” 
segments, concentration in low values for “br/wh” and 
“br/wh voiced”, and in intermediate values for “br/wh?”, 
indicating consistency with the manual labels. However, 
“fricative” and “aspirated consonant” also show distributions 
similar with the breathy categories, indicating that the only 
use of F1F3syn is not enough for their discrimination, as 
pointed in the introduction. Thus, the F1F3syn measure can 
be interpreted as a degree of voicing in the F3 band. Another 
problem is that “no label” (non-breathy unlabeled segments) 
also has poor discrimination by F1F3syn.

The middle and bottom panels of Fig. 3 show 
distributions for the normalized mid-frequency power PMF
(which is equivalent to NBP with wvoicing = 0), and NBP with 
wvoicing = 5. A much clearer separation between the 
distributions of breathy and all non-breathy segments can be 
observed for NBP (bottom panel). It can be noted that the 
distributions of “modal”, “rough” and “no label” are largely 
shifted to the left side of the NBP plot, thanks for the 
inclusion of F1F3syn in its formulation. These results also 
suggest that NBP can potentially be used to quantify the 
intensity of perceived breathiness.

It can also be noted that a high percentage of “modal”,
“rough” and “no label” segments have null breathiness power
values, thanks to the periodicity constraints for the frequency 
boundary selection of the mid-frequency band. 

Figure 3: Normalized distributions of the acoustic 
parameters: F1F3syn (top), PMF (NBP with 
w_voicing=0) (mid), and NBP with w_voicing=5
(bottom), for each segment type.

4.2. Detection of breathy/whispery segments by the 
proposed acoustic parameters
Fig. 4 shows the detection rates of breathiness, by using 
different parameters for computation of F1F3syn and NBP
measures. The detection rates are shown in terms of ROC 
(receiver operating characteristic) curves, obtained by 
gradually changing the threshold of a specific parameter. The 
vertical axis shows the correct detection rates in “br/wh” and 
“br/wh voiced” segments (i.e., true positive rates), and the 
horizontal axis shows the false detection rates in “modal” and 
“rough” segments (i.e., false positive rates).

Figure 4: Breathiness detection performances based on 
F1F3syn by setting different weights for partial 
inverse filtering (top), F1F3syn by setting different 
frequency ranges for F1 and F3 bands (mid), and NBP
by setting different voicing weights (bottom).

Firstly, the effects of the partial inverse filtering on the 
F1F3syn performance were investigated. The top panel of Fig. 
4 shows the breathiness detection performances by F1F3syn,
computed by setting different weighting factors for the partial 
inverse filtering (wIF), which is a pre-processing for F1F3syn
computation. The baseline of wIF = 0 is equivalent to the case 
with no inverse filtering. The results show that better detection 
performances are achieved for partial inverse filtering (i.e., wIF
between 0 and 1). Note that the detection performance for wIF
= 1, which is equivalent to the conventional inverse filtering,
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is even worse than the baseline of not using inverse filtering. 
This is probably because our dataset contain many high-
pitched utterances, where the conventional inverse filtering 
has bad performance. These results indicate the effectiveness 
of the proposed partial inverse filtering approach. A wIF of 0.5 
was found to produce the best performance, so that this 
weighting factor is used in the subsequent analysis.

The effects of the frequency ranges for F1 and F3 bands 
on the F1F3syn performance were also investigated. The 
middle panel in Fig. 4 shows the breathiness detection
performances by F1F3syn, computed by setting different 
frequency ranges for the F1 and F3 bands in the F1F3syn
computation. The weighting factor for partial inverse filtering 
(wIF) is fixed to 0.5. The baseline is 100~1500Hz for F1 band 
and 1500~4000Hz for F3 band (as in our previous work). 
Results show that for false detection rates lower than 0.3, the 
best performance is achieved by the range of 100~1500 Hz for 
F1 band, and 1500~2500 Hz for F3 band. This frequency
ranges are used in the subsequent analysis.

The results shown in top and middle panels of Fig. 4 were 
for breathiness detection based on the F1F3syn measure. In 
the bottom panel of Fig. 4, detection performances based on 
the NBP measure are shown. The performances are shown for 
NBP computed by setting different weighting factors for 
voicing (wvoicing), which controls the degree of power reduction 
in the F3 band for high F1F3syn values. It can be observed 
that the performance increases as the weighting factor 
increases, showing the effectiveness of the proposed approach. 
It can also be noted that performance improvement is saturated 
for wvoicing larger than 5. For comparison, the baseline curve is
shown for our previous method for breathiness power measure, 
which is obtained by setting a threshold for F1F3syn for 
constraining the validity of the power measure (in contrast to 
the proposed approach of embedding F1F3syn in the 
breathiness power computation). The baseline curve is 
obtained by setting wvoicing = 0, and F1F3syn threshold of 0.45 
(which produced the best performance by the previous 
method). It is clear that the proposed NBP measure highly 
increases the detection performance compared to the baseline 
method. For example, for a false detection rate of 0.1, the 
correct detection rate is increased from 0.7 to 0.82, by the 
proposed method.

Fig. 5 shows detection rates (true positive rates for 
“br/wh”, and “br/wh voiced”, and false positive rates for 
“modal”, “rough”, “fricative” and “no label”) for all segment 
types, for different NBP thresholds, by setting wIF=0.5 and 
wvoicing =5. It can be observed that NBP is also effective for 
reducing (false) detection rates in “no label” segments 
(including non-labeled modal and non-speech segments). False 
detection rates are also reduced in “fricative” and “aspirated 
consonants”, but still can be improved.

Figure 5: Detection rates of breathiness for each 
segment type, for different NBP thresholds, by setting 
wIF=0.5 and wvoicing =5.

5. Conclusions
In order to improve the acoustic characterization of breathy 
and whispery segments, we proposed a normalized breathiness 
power measure (NBP) by embedding a mid-frequency voicing 
measure (F1F3syn) in the breathiness power formulation. A
partial inverse filtering pre-processing and a sub-band 
periodicity-based frequency boundary selection approach were 
also proposed for improving the performance of the F1F3syn
and NBP measures.

Evaluation on breathiness detection showed improvements 
on correct detection rates from 70 to 83% in breathy/whispery 
segments, for a low false detection rate of 10% in modal and 
rough segments, by the NBP measure compared to previous 
methods. Analysis results showed that the intensity of 
breathiness can potentially be characterized by the NBP
measure.

In future work, we intend to use the proposed parameters 
to characterize the dynamics of breathiness along the 
utterances expressing different types of paralinguistic 
information.
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