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Purpose: The acoustic signal attributes of whispered speech potentially carry sufficiently distinct information to

define vowel spaces and to disambiguate consonant place and voicing, but what these attributes are and the

underlying production mechanisms are not fully known. The purpose of this study was to define segmental cues

to place and voicing of vowels and sibilant fricatives and to develop an articulatory interpretation of acoustic data.

Method: Seventeen speakers produced sustained sibilants and oral vowels, disyllabic words, sentences and read

a phonetically balanced text. All the tasks were repeated in voiced and whispered speech, and the sound source

and filter analysed using the following parameters: Fundamental frequency, spectral peak frequencies and levels,

spectral slopes, sound pressure level and durations. Logistic linear mixed-effects models were developed to

understand what acoustic signal attributes carry sufficiently distinct information to disambiguate /i, a/ and /s, ʃ/.
Results: Vowels were produced with significantly different spectral slope, sound pressure level, first and second

formant frequencies in voiced and whispered speech. The low frequencies spectral slope of voiced sibilants was

significantly different between whispered and voiced speech. The odds of choosing /a/ instead of /i/ were esti-

mated to be lower for whispered speech when compared to voiced speech. Fricatives’ broad peak frequency

was statistically significant when discriminating between /s/ and /ʃ/.
Conclusions: First formant frequency and relative duration of vowels are consistently used as height cues, and

spectral slope and broad peak frequency are attributes associated with consonantal place of articulation. The rel-

ative duration of same-place voiceless fricatives was higher than voiced fricatives both in voiced and whispered

speech. The evidence presented in this paper can be used to restore voiced speech signals, and to inform reha-

bilitation strategies that can safely explore the production mechanisms of whispering.

� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Whispered speech is used by speakers with normal laryn-
geal status to communicate across various languages and cul-
tures, and can be used for quiet and private communication, to
mediate tenderness and support social bonding (Cirillo & Todt,
2005). However, whispered speech is not used on a regular
basis because it does not “carry the communication effective-
ness that normal voice allows” (Boone et al., 2020, p. 5), so
there are no large corpora of production data from a wide
range of whispered speech tasks.

Some individuals with voice impairments use whispered
speech to communicate and can still express complex linguis-
tic information, but they usually do so with reduced intelligibility
/ understandability of speech, as well as loss of individual voice
traits and sonority properties (Boone et al., 2020). Voice disor-
ders such as vocal fold paralysis result in a voice quality that
can be described as weak and breathy whispered speech
(MacDonell & Holmes, 2007), and functional voice disorders,
more specifically, a psychogenic voice disorder such as apho-
nia results in a normal or tight (sharp and strained) whispered
speech (Baker, 2016; Boone et al., 2020; MacDonell &
Holmes, 2007). Individuals with voice impairments feel limited
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in different voice activities such as speaking and having a con-
versation, with consequences for their social integration and
socialisation (Ma et al., 2007; Mertl et al., 2018). Whispering
research is pertinent to create alternatives to restore the
speech signal of people with vocal fold paralysis or aphonia,
improving their social participation and their quality of life. This
has motivated the current study and the development of an
assistive technology (Silva et al., 2021) whose objective is to
reconstruct natural speech sounds from whispered speech in
real time (Oliveira, 2022), so to facilitate effective and comfort-
able communication by patients while using their speech pro-
duction system seamlessly.

Also, some of the production mechanisms involved in whis-
pering are not fully understood. Some aphonic patients who pro-
duce intelligible whispered speech (Boone et al., 2020, p. 81)
use laryngeal hyperfunction. Although these patients use whis-
pered speech, there is not sufficient experimental evidence “to
state unequivocally that whispering is not harmful” (Colton
et al., 2011, p. 357). In contrast, there is evidence that whispered
speech can be helpful in improving voice quality and be safely
used as part of voice rehabilitation (Scherer et al., 2016).
1.1. Production mechanisms of whispered speech

The physiology and physics of whispered speech have
been the focus of various studies (Benninger et al., 1988;
Fleischer et al., 2007; Hufnagle & Hufnagle, 1983; Monoson
& Zemlin, 1984; Rubin et al., 2006; Solomon et al., 1989;
Stathopoulos et al., 1991; Sundberg et al., 2010; Swerdlin
et al., 2010; Tsunoda et al., 1994) mostly discussing, over
the last 40 years, the role of laryngeal mechanisms and config-
urations in vocal fold tissue or supraglottic structures compres-
sion (Rubin et al., 2006). See Appendix A for a list of
publications and details about the studies. Tables A.1, A.2,
A.3 and A.4 are not exhaustive regarding studies prior to
1980 but these can be reviewed in Monoson and Zemlin
(1984).

Whispered speech is produced with a partially adducted
glottis, the vocal folds do not vibrate, and there is possibly
some narrowing of the vocal tract around the ventricular folds
and raising of the larynx (Matsuda & Kasuya, 1999).
Sundberg et al. (2010) described four types of whispering:
Three distinct modes, according to laryngeal adduction levels
(hypofunctional, hyperfunctional and neutral) and one directly
after a brief phonation. In this study we will be analysing neu-
tral whispering, as perceptually assessed by a voice specialist.

Evidence from whispered speech has shown that the poste-
rior cricoarytenoid (PCA) muscle has a central role in spread-
ing the glottis for voiceless speech segments, that during
whispered speech the PCA still contributes to the distinction
between voiceless and voiced consonants, and that the thy-
ropharyngeus (TP) muscle activity contributes to the supraglot-
tic constriction adjustment (impacting the first and second
formant frequencies). There was also a positive correlation
(similar activity) between glottal (PCA activity) and supra-
laryngeal (TP activity) adjustments, suggesting that turbulence
is generated between the glottis and a constriction above
(Tsunoda et al., 1994).

Whispered speech is acoustically and aerodynamically dif-
ferent from voiced speech (Scherer et al., 2016). In whispered
speech there are various spectral differences compared to
voiced speech, such as wider bandwidth / less peaky spectral
structure, loss of energy at low frequencies, a flattening of high
frequencies, lowering of speech rate and intensity, and length-
ening of syllables or other segments (Jovičić & Šarić, 2008;
Meynadier & Gaydina, 2013; Zhang & Hansen, 2007). The
sound source in whispered speech is a broad-band noise
source generated by the exhaled air passing through a con-
striction, causing turbulent aperiodic airflow (Sharifzadeh
et al., 2012; Sundberg et al., 2010). This noise source excites
the vocal tract resonators, so the spectra of whispered vowels
show amplitude peaks that are wider but comparable in mag-
nitude to voiced vowels, and it is expected that formant fre-
quency differences across vowels will be maintained
(Maurer, 2016; Sundberg et al., 2010). Zhang and Hansen
(2007) have previously used a regression line to compute
the slope of the inverse filtered (Hansen, 1989) glottal source
spectrum from 1000 Hz to 4000 Hz (Hansen & Varadarajan,
2009, p. 370) showing that the spectral slope of whispered
speech is lower (less steep) than that of voiced speech.
1.2. Previous whispered speech production studies

Studies have focused on whispered speech production by
speakers of 10 different languages (Arabic, Dutch, English,
French, German, Japanese, Polish, Serbian, Spanish and
Swedish), reporting a wide range of data for various pho-
nemes. See Appendix A for a full list of publications and details
about the studies. Most studies have only analysed audio sig-
nals but some have also focused on airflow and/or air pressure
(Konnai et al., 2017; Meynadier, 2015; Meynadier & Gaydina,
2013; Murry & Brown, 1976; Schwartz, 1972; Stathopoulos
et al., 1991; Weismer & Longstreth, 1980) during whispered
speech production. However, a larger number of studies have
only analysed sustained phones, isolated phones and sylla-
bles or nonsense words, and most speech production studies
have recruited a limited number (1 to 12) of heterogenous
speakers. The only exceptions were Kallail and Emanuel’s
(1984) study of 20 speakers that produced sustained /i, æ, ɑ,
ʌ, u/, Schwarz’s (1972) analysis of air pressure in syllables with
/i, æ, ɑ, u, p/, and a previous study (Zygis et al., 2017) of 16
Polish speakers focusing on segmental cues to intonation.

Acoustic studies have shown that there are differences in
formant patterns of voiced and whispered vowels: For exam-
ple, the first and second formant frequencies are higher in
whispered speech than in voiced speech (Maurer, 2016;
Swerdlin et al., 2010). Matsuda and Kasuya (1999) have
shown that electrical circuit speech production models that
do not introduce a significant zero in the transfer function,
incorporating weak acoustic coupling effects between the sub-
glottal system and a constriction between the false vocal folds,
can simulate the raising of the frequency of lower formants
observed in whispered speech. Furthermore, Sharifzadeh
et al. (2012) found that whispered /ə/ and /ʌ/ formant frequency
shifts from voiced reference values were more pronounced
than for other vowels. In whispered vowels there was also
more convergence of adjacent vowels, for example, /i/ and /ɪ/
first formant (F1) and second formant (F2) frequency values
were more similar in whispered speech than in voiced speech
(Sharifzadeh et al., 2012).



L.M.T. Jesus et al. / Journal of Phonetics 97 (2023) 101223 3
Duration and fundamental frequency (fo) are also used as
complementary (to formant frequencies) features to discrimi-
nate vowels (Heeren, 2015). Intrinsic fo has been shown
(Jacewicz & Fox, 2015) to be positively correlated to vowel
height, a phenomenon that plays out across more than 30 lan-
guages (Whalen & Levitt, 1995). Open vowels have been
shown to be longer than close vowels, and height-related
vowel duration differences are used in different languages as
a secondary feature to enhance contrast (Cho, 2015). Vowels’
intrinsic duration has also been shown to be conditioned by
physiological factors (Holt et al., 2015): Vowels that are pro-
duced with a low jaw are longer than those produced with high
jaw position. Durational differences have also been observed
in consonants of different languages: Voiced obstruents are
typically shorter than voiceless obstruent with the same place
of articulation (Pape & Jesus, 2015; Smith, 1997; Stevens
et al., 1992).

Jovičić and Šarić (2008) studied the acoustics of whispered
consonants, measuring duration and intensity. Results
revealed that whispered phonologically voiced consonants
were longer and had lower intensity than their voiced cognates
(reduced in intensity as much as 25 dB), but phonologically
voiceless consonants were produced with almost unchanged
intensity.

Heeren (2015) studied whispered /f/ and /s/ with different
pitch targets for intonational (as opposed to tonal) purposes
and compared them to the acoustic characteristics of fricatives
produced in voiced speech, searching for compensatory cues
to pitch. She found that there was no difference between nor-
mal and whispered speech in the relative duration of the frica-
tives, and that the fricatives’ intensity was lower in whispered
speech. She concluded that acoustic correlates of pitch targets
were of a secondary nature. Heeren (2015) also estimated the
centre of gravity (CoG) of time-averaged spectra over the
whole duration of fricatives, concluding that the CoG was sys-
tematically lower for whispered speech than voiced speech.

Zygis et al. (2017) have shown that spectral features of
fricatives are used as segmental cues to intonation both in
voiced and whispered speech. They used the CoG, its stan-
dard deviation, skewness and kurtosis, two spectral regression
slopes (m1 – the slope of the spectral regression line for the
frequency range between 0.5 and 3 kHz; m2 – the slope of
the spectral regression line for the range between 3 and
11 kHz); and the frequency of the highest spectral peak of
the frication noise in the range of 2–4 kHz.

According to Jesus and Shadle (2002, pp. 447–449), the
broad peak for fricatives with a localised source (which is the
case of the sibilant fricatives that we have analysed in this
paper) will interact with m1; the predicted effects are that an
increase in m1 will be correlated with either a more posterior
place or greater source strength, because a more posterior
place (or rounding) lowers the frequency of the broad peak
(FBP) and a greater source strength increases the broad peak
level (LBP). The predicted effects of a higher source strength on
m2 are that it will became less negative (high frequencies
spectral slope will increase).

There have been some studies focusing on the laryngeal
articulation used to contrast phonologically voiced with phono-
logically voiceless obstruents in whispered speech. To the best
of our knowledge, Slis and Cohen (1969a, 1969b) were the
first to explore the acoustical differences between voiced and
whispered productions of /p, b/, /t, d/, /f, v/ and /s, z/ pairs,
and to propose an articulatory model (Slis & Cohen, 1969b)
supporting the view that the action of the pharyngeal constric-
tors differs in voiced vs voiceless pairs in both speech modes.
Their “elaborate” model of articulation (Slis & Cohen, 1969b)
was mostly based on what the literature, at the time, allowed
them to identify distinct pharyngeal constrictor muscle, pharyn-
geal wall and laryngeal attributes in voiced/voiceless pairs. Slis
and Cohen (1969b) concluded that the voiced-voiceless dis-
tinction works similarly in voiced and whispered speech.

The voiced/voiceless contrast in whispered obstruents has
also been studied in various aerodynamic studies, such as
Murry and Brown’s (1976) analysis of intraoral pressure, find-
ing that the peak values for /p, b/ and /t, d/, were not signifi-
cantly different in voiced and whispered speech. Weismer
and Longstreth (1980) also analysed /pa/ and /ba/ syllables
produced by American English (AE) speakers in a carrier sen-
tence, with results showing the intraoral peak pressure was not
significantly different in the voiced and whispered speech but
the oral peak airflow at stop release was significantly lower
in whispered than in voiced speech.

More recently, Meynadier and Gaydina (2013) observed
that in French /p, b, f, v, s, z, ʃ, ʒ/, the [±voice] feature is asso-
ciated with distinct glottal constrictions, even when the vocal
folds do not vibrate (Meynadier, 2015). Voicing assimilation
in /sb/ Spanish consonant clusters has also been shown to
be maintained in whispered speech (Kohlberger &
Strycharczuk, 2015).
1.3. This study’s aims

The current study takes a fresh look at how speakers cope
with the partial information available in whispered speech. We
aim to compare the characteristics of voiced and whispered
speech in different speech tasks, produced by a large number
of speakers (when compared to previous studies), from the
same dialectal region (in Portugal) and age group (young
adults to control for voice changes with age). Acoustic differ-
ences between sustained vowels /i, a, ɔ, u/ and fricatives /s,
z, ʃ, ʒ/, and the same segments in isolated words, sentences
and a phonetically balanced text, were analysed. Various tasks
have been used in previous studies (see Appendix A for a list
of speech tasks), so in order to be able to compare these with
our results, a range of speech tasks has been explored. The
vowels were chosen to cover the European Portuguese (EP)
vowel space previously described by Escudero et al. (2009).
The sibilants /s, z, ʃ, ʒ/ were studied in search of changes/
adaptations in place of articulation and voicing cues in different
tasks.

We envision that the evidence discussed in this paper will
impact the way whispered speech is used by voice specialists
in clinical practice (Colton et al., 2011), and improve recon-
structed voiced speech from whispered speech samples
(Konno et al., 2016; Morris & Clements, 2002; Sharifzadeh
et al., 2010) and automatic whispered speech recognition
accuracy (Ito et al., 2005; Marković et al., 2013; Zhang &
Hansen, 2007; Zhou et al., 2019). We have therefore collected
data that will help define whispered speech production models
based on the Source-Filter Theory of Speech Production
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(Fant, 1970) and control acoustic models of noise sources
(Narayanan & Alwan, 2000).

2. Research questions

This study’s overarching research question stems from
Lindblom’s (1996) view that speech production is a highly
adaptable process, and that plasticity and economy are key
to speech production and perception, especially when the
acoustic speech signal is deprived of some of its cues (as in
whispered speech). Therefore, our question could be set to
Lindblom’s (1996) analysis of multidimensional clusters of
acoustic cues:

Which acoustic signal attributes carry sufficiently distinct informa-
tion to differentiate vowel height and to disambiguate consonant
place and voicing in whispered speech?

In this study, speech segments that allow the exploration of
such a question included phonemes that define the extremes
of the vowel space; in EP they are /i, a, ɔ, u/. No other vowels
were analysed since it has been shown that the remaining
vowels falling within the vowel space area can be perceived
using the available signal-plus-knowledge-mechanism1

(Lindblom, 1996). The sibilants /s, z, ʃ, ʒ/ were also included
in search of changes/ adaptations in place of articulation during
whispered speech (Zygis et al., 2017) and to explore cues to
voicing when the vocal folds do not vibrate.

The first three formant frequencies of close-front unrounded
/i/ and open-front unrounded /a/ vowels can be reliably affili-
ated with specific front or back cavity resonances (Kent &
Rountrey, 2020), and the broad spectral peak of alveolar /s/
and postalveolar /ʃ/ fricatives results from a front cavity reso-
nance (Perkell, 2012). Therefore, the frequency of these spec-
tral peaks will be used to propose an articulatory interpretation
of the acoustic data, based on a mixed-effects logistic regres-
sion (MELR) model.

Specific research questions were:

1. Are vowels produced with significantly different formant frequen-
cies, spectral slopes and sound pressure levels in voiced and whis-
pered speech?
Hypothesis H1.1: The back cavity used to produce whispered
vowels is shorter than in voiced speech.
Hypothesis H1.2: Whispered vowels are produced with a flatter
spectrum and a lower sound pressure level than voiced vowels.

Significantly different F1 and F2 formant frequencies (more specifi-
cally higher formant frequencies), spectral slope and sound pres-
sure level have been previously observed in whispered speech,
for example, in English (Sharifzadeh et al., 2012) and Polish
(Zygis et al., 2017). The back cavity is likely to be shorter in whis-
pered speech since, as in a previous study (Matsuda & Kasuya,
1999), raising of the larynx has been observed during whispered
speech production.

2. Are the vowels’ F1 frequency shifts in whispered speech (relative to
same-sex reference voiced F1 frequency values) correlated to the
voiced speech fo values?
Hypothesis H2: There is a positive correlation between fo values
and F1 frequency shifts in whispered speech.
1 “The reason why speech perception succeeds in coping with partial information is that
percepts are never completely ‘‘raw’’ records of the physical signal” (Lindblom, 1996, p.
1684). They are the product of the information available in the acoustic signal, plus the
knowledge each “listener invokes to modulate the stimulus” (Lindblom, 1996, p. 1686).
A perceptual compensation process for the missing fundamental
has been shown (Higashikawa & Minifie, 1999) to be at play in
whispered speech, i.e., formant frequency shifts may be used to
replace source information in whispered speech.

3. Are the vowel space areas of voiced and whispered speech signif-
icantly different?
Hypothesis H3: There is a compression of the vowel space in
whispered speech, when compared to voiced speech.

It is not clear from previous research if whispered vowel space
areas are smaller than in voiced speech, but shifts in the position
of the vowel spaces have been observed, due to changes in both
F1 and F2 frequencies, that point to that being a hypothesis
(Sharifzadeh et al., 2012).

4. Are close /i, u/ vowel durations significantly shorter than close/open-
mid vowels /a, ɔ/ both in voiced and whispered speech?
Hypothesis H4: Intrinsic vowel durations (Abramson & Ren, 1990;
Holt et al., 2015) are observed both in voiced and whispered
speech.

5. Are the fricatives produced with significantly different spectral
slopes, sound pressure level, broad peak (frequency and level)
and durations in voiced and whispered speech?
Hypothesis H5.1: Fricatives are produced in whispered speech
with a lower noise source strength to that used for voiced speech.
It has been previously shown (Jesus & Shadle, 2002) that greater
noise source strength is related to higher spectral slopes, sound
pressure level and broad spectral peak level.
Hypothesis H5.2: The relative duration of same-place and speech
mode phonologically voiceless fricatives is significantly higher
than phonologically voiced fricatives (Pape & Jesus, 2015;
Smith, 1997; Stevens et al., 1992) both in voiced and whispered
speech.

6. What acoustic signal attributes (in words, sentences and text tasks)
carry sufficiently distinct information to disambiguate /i/ from /a/
(vowel height) and /s/ from /ʃ/ (fricative place of articulation), both
in voiced and whispered speech? F1, F2 and relative durations of
vowels, will be considered as predictors in a MELR model for the
vowels, and the low frequencies spectral slope (m1), broad peak
frequency (FBP) and relative durations of fricatives will be consid-
ered as predictors in a MELR model for the fricatives.
Hypothesis H6.1: F1, F2 and relative durations carry sufficiently
distinct information to disambiguate /i/ from /a/.
Hypothesis H6.2: m1, FBP and the relative durations carry suffi-
ciently distinct information to disambiguate /s/ from /ʃ/.

The explanatory power (Eisenhauer, 2009) of each predic-
tor or independent variable will also be estimated for each of
the MELR models developed. We are not considering vowels
/u, ɔ/ because they involve rounding and protrusion of the lips.
These are likely to be confounding effects, or even the main
effects on formant frequencies (Titze, 2000).

The reason why we will be focusing on /i, a, s, ʃ/ as the
speech materials to explore question 6 has to do with one of
the aims of this paper: To produce new evidence regarding
whispered speech, based on materials that voice specialists
use routinely in clinical assessment (Jesus, Belo et al., 2017).
These include sustained vowels and fricatives, and the same
phonemes in sentences and a phonetically balanced text.
Since most reference values used in acoustic voice evaluation
are based on sustained productions (Jesus, Belo et al., 2017),
determining which speech patterns hold as we use increasingly
realistic tasks (sustained ? words? sentences? text) could
help define what phonetic correlates constitute the multidimen-
sional “cloud” (Lindblom, 1996) of sufficiently distinct informa-
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tion to disambiguate between /i/ and /a/, and between /s/ and /
ʃ/, both in voiced and whispered speech.
Table 1
Portuguese disyllabic words with fricatives.

Fricative Word initial Word medial Word final

[s] <sala> [ˈsalɐ] <assa> [ˈasɐ] <face> [ˈfas]
[z] <zaro> [ˈzaɾu] <asa> [ˈazɐ] <vaze> [ˈvaz]
[ʃ] <chama> [ˈʃɐmɐ] <acha> [ˈaʃɐ] <ache> [ˈaʃ]
[ʒ] <jarra> [ˈʒaʁɐ] <haja> [ˈaʒɐ] <laje> [ˈlaʒ]
3. Method

Ethical permission (Parecer N� P523-10/2018, dated
21/11/2018) was obtained from an independent ethics commit-
tee (Comissão de Ética da Unidade Investigação em Ciências
da Saúde – Enfermagem da Escola Superior de Enfermagem
de Coimbra, Coimbra, Portugal), and informed consent was
collected from all participants prior to data collection.

3.1. Participants and the recording conditions

Seventeen (17) participants (9 male speakers and 8 female
speakers; 22 to 33 years of age; Mean = 26 years; Standard
Deviation of the Mean (Std) = 3 years) were recruited using
convenience sampling in the districts of Aveiro and Coimbra
in Portugal. They were all from the same dialectal region in
Portugal (Dialetos Setentrionais / North-western Dialects)
and had not spent extended periods of time in other regions
(Pape & Jesus, 2015).

The following inclusion criteria were used: No history of
voice disorders; no vocal pathology at the time of the record-
ings as assessed by a Voice Specialist using a standardised
case history form (Ferreira et al., 2014); no upper respiratory
tract infection on recording day; Portuguese as first language
and from the centre of Portugal, where the Dialetos Setentrion-
ais Setentrionais (North-western Dialects) are spoken accord-
ing to Segura (2013). Exclusion criteria included: Impairments
in oro-motor structure and function; use of orthodontic (correc-
tion) devices; respiratory pathology; laryngopharyngeal reflux;
fluency disorders; having been submitted to vocal laryngeal
surgery; not being able to produce all the vocal tasks (particu-
larly whispering).

Participants were seated in a quiet room, with a background
noise level of 15.1 dB (A-weighted time-averaged / equivalent
sound pressure level – LAeq), and recorded using a head-
mounted Sennheiser Ear Set 1 condenser microphone. Acous-
tic data was sampled at 48000 Hz with 16 bits per sample.

A similar screening and training procedure to that previously
used (Konnai et al., 2017) to ensure participants can discrimi-
nate and produce voiced and whispered speech was adopted
in this study. Since no images of the glottal configurations were
available at the time of data acquisition a Voice Specialist per-
ceptually monitored and identified deviations from the targeted
neutral whispering, also described by Konnai et al. (2017) as
normal adduction and medium loudness of whispered speech.

3.2. Corpus

Materials included four sustained sibilants, four sustained
oral vowels, 12 disyllabic words, six sentences used by clin-
icians to evaluate voice quality (Jesus, Tavares et al., 2017,
p. 223) and a phonetically balanced text (Jesus et al., 2015).

For the purpose of the present study, we only analysed the
four sibilant fricatives /s, z, ʃ, ʒ/ and the four oral vowels /i, a, ɔ,
u/ that define the corners of the EP vowel space (Escudero
et al., 2009). The twelve (12) CVCV disyllabic real words,
shown in Table 1, had the fricatives in initial, mid and final word
positions. In EP, the syllable type CV is the most frequent
(Vigário et al., 2006), so the four sibilants were combined with
/a/ and /ɐ/ to maintain a stable vowel height environment
(open-mid to open) across the syllables. The same vowels
and fricatives (/i, a, ɔ, u, s, z, ʃ, ʒ/) were also analysed in six
sentences and a phonetically balanced text that are part of
the speech materials used regularly in Portugal to evaluate
voice quality (Jesus et al., 2022).

All the tasks were repeated three times in voiced speech
and three times in whispered speech (Zygis et al., 2017),
except the text that was read once in each speech mode.
For some speakers, whispering can be more traumatic to the
larynx than voiced speech (Rubin et al., 2006), so the tasks
were carefully selected to provide information about voicing
versus whispering mechanisms, without causing vocal fatigue
and all recordings were made in the presence of a Voice Spe-
cialist. Changing speech mode frequently and in a short period
of time could be difficult and confusing (Zygis et al., 2017) so
all the tasks, one at a time, were recorded first in voiced
speech and then in whispered speech.

More specifically, the full database has 54 files per partici-
pant (27 in voiced speech and 27 in whispered speech)
containing:

� Four (4) sustained sibilants – /s, z, ʃ, ʒ/
� Four (4) sustained EP oral vowels – /i, a, ɔ, u/
� Twelve (12) disyllabic real words with sibilant fricatives in initial,
medial and final word positions (shown in Table 1)

� Six (6) CAPE-V phrases (Jesus, Tavares et al., 2017, p. 223)
o <A Marta e o avô vivem naquele casarão rosa velho> [ɐ ˈmaɾtɐ i

u ɐˈvo ˈvivɐ~j nɐˈkelɨ kɐzɐˈɾɐ~w ˈʁɔzɐ ˈveʎu] – Production of every
Portuguese oral vowel

o <Sofia saiu cedo da sala> [suˈfiɐ sɐˈiw ˈsedu dɐ ˈsalɐ] – Easy
onset with /s/ (words with /s/ at syllable onset)

o <A asa do avião andava avariada> [ɐ ˈazɐ du ɐviˈɐ~w ɐ~ˈdavɐ
ɐvɐɾiˈadɐ] – All voiced

o <Agora é hora de acabar> [ɐˈɡɔɾɐ e ˈɔɾɐ dɨ ɐkɐˈbaɾ] – Elicits
hard glottal attack

o <Minha mãe mandou-me embora> [ˈmiɲɐ mɐ~j mɐ~ˈdomɨ ~eˈbɔɾɐ]
– Nasal sounds

o <O Tiago comeu quatro peras> [u tiˈaɡu kuˈmew kuˈatɾu ˈpeɾɐʃ]
– Weighted with voiceless stops

� European Portuguese phonetically balanced text (“The North Wind
and the Sun”) with 98 words and 196 syllables (Jesus et al., 2015)

3.3. Data segmentation and annotation

The start and end of all the phones from sustained and word
materials (8 sustained fricatives and oral vowels; all phones in
12 disyllabic words) were manually annotated using previously
described criteria (Lousada et al., 2010; Pape & Jesus, 2015)
based on perceptual and acoustic analysis. All of the produc-
tions of /i, a, ɔ, u/ and /s, z, ʃ, ʒ/ in sentences and the phonet-
ically balanced text were also annotated.
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Evidence used to annotate voiced vowel boundaries
included: Both waveform and spectrogram in Praat’s 6.0.47
SoundEditor (wideband spectrogram, with default settings,
e.g., view range 0 to 5000 Hz) were used to analyse the peri-
odicity of the acoustic signal, F2 amplitude and the fo track,
together with constant auditory monitoring (over headphones)
of all recordings. Fricatives produced in voiced speech mode
were annotated using spectrograms with a wider view range
(0 to 16000 Hz).

The segmentation process in whispered speech is distinct
from voiced speech (Jovičić & Šarić, 2008), demanding man-
ual / laborious processes (Meynadier & Gaydina, 2013;
Sharifzadeh et al., 2010). Segmentation involves the visual
inspection of waveforms and formant structure in spectro-
grams (F2 and F3 onset and offset) and changes in intensity
(Heeren, 2015). Praat’s default spectrogram settings were only
changed regarding the view range, that was set to 0 to
16000 Hz, both for vowels and fricatives. The main acoustic
anchors used to annotate whispered speech were the wave-
forms and spectrograms of frication noise. Phones produced
with a hard or abrupt glottal attack were not annotated.

The second author carried out all phonetic annotations and
transcriptions. In addition, the productions of two randomly
selected participants were annotated and transcribed, by a
trained phonetician not involved in the study and blind to its
aims. Point-to-point reliability was 92.34 %, a value that was
considered adequate for the objective of this study. Two partic-
ipants represent 12 % of speech samples, and this percentage
is equivalent to what is reported when checking reliability in
other whispered speech studies (Heeren & Heuven, 2014;
Jovičić & Šarić, 2008).
3.4. Acoustic analysis

The purpose of our acoustic analysis was to characterise
the laryngeal and supralaryngeal sound sources, and filter dur-
ing voiced and whispered speech production. The first author
designed, programmed and carried out all the acoustic analy-
sis. All of the measured parameters are defined in detail below.

The parameters used to analyse the source of vowels were:
Fundamental frequency (fo) – Hz [only for voiced vowels to
control for reported formant frequency biased estimation espe-
cially when fo is high and/or the F1 frequency is low (Shadle
et al., 2016, p. 713) and to analyse possible correlations
between fo in voiced speech and first/second formant fre-
quency values in whispered speech]; spectral slope (m) –
dB/kHz2; sound pressure level (SPL) – dB.

The parameters used to analyse the filter characteristics of
vowels were: First formant frequency (F1) – Hz; second for-
mant frequency (F2) – Hz; third formant frequency (F3) – Hz.
For a close-front unrounded vowel such as /i/, F1 is the visible
outcome of a Helmholtz resonance, F2 can be affiliated with
the first back-cavity resonance and F3 is a consequence of
the first front-cavity resonance. For an open-front unrounded
vowel such as /a/, F1 is affiliated with the first back cavity res-
onance, F2 with the first front cavity resonance and F3 with the
second back cavity resonance (Titze, 2000; Whalen et al.,
2022).

The parameters used to analyse the source of fricatives
were (Jesus & Shadle, 2002; Zygis et al., 2017): Low frequen-
cies spectral slope (m1) – dB/kHz2; high frequencies spectral
slope (m2) – dB/kHz2; sound pressure level (SPL) – dB.

The broad peak frequency (FBP) – kHz and the broad peak
level (LBP) – dB/kHz were also analysed since they are
expected to correspond to the first front cavity resonance
(Jesus & Shadle, 2002, p. 447), i.e., fricative filter
characteristics.

We also extracted absolute durations of /i, a, ɔ, u/ and /s, z,
ʃ, ʒ/ as in previous studies (Escudero et al., 2009; Jesus &
Shadle, 2003), and calculated the following relative durations
to control for possible speech-rate effects: Phone to word-
length ratio of the word task; phone to sentence-length ratio
in the sentence reading task; phone to text-length ratio (includ-
ing pauses) in the phonetically-balanced text reading task.

Summarising, the following parameters were extracted:
Vowel /i, a, ɔ, u/ fundamental frequency (fo), first formant fre-
quency (F1), second formant frequency (F2), third formant fre-
quency (F3), spectral slope (m), sound pressure level (SPL)
and absolute and relative durations; fricative /s, z, ʃ, ʒ/ low fre-
quencies spectral slope (m1), high frequencies spectral slope
(m2), sound pressure level (SPL), broad peak frequency
(FBP), broad peak level (LBP), absolute and relative durations.
3.4.1. Analysis of vowels

All annotated segments of vowels /i, a, ɔ, u/ for each partic-
ipant were analysed automatically with a Praat script written
specifically for this purpose. Formant data (Burris et al.,
2014; Derdemezis et al., 2016; Kent & Rountrey, 2020; Kent
& Vorperian, 2018; Shadle et al., 2016; Whalen et al., 2022)
was extracted using the following Praat function: To Formant

(burg). . . 0.01 5 5500 0.025 50 [Time step(s); Maximum
number of formants; Maximum formant (Hz); Window length
(s); Pre-emphasis from (Hz)]. The parameterisation of the
Praat scripting language function used to extract fo data was:
To Pitch (cc). . . 0 75 15 no 0.03 0.45 0.15 0.35 0.14 500
[Time step (s); Pitch floor (Hz); Max. number of candidates;
Very accurate; Silence threshold; Voicing threshold; Octave
cost; Octave-jump cost; Voiced / unvoiced cost; Pitch ceiling
(Hz)]. The pitch-tracking parametrisation was the same as
Praat’s SoundEditor window defaults except for the Octave
cost that has been increased from 0.01 to 0.15 so that the cur-
rent fo results would be comparable to those available from a
large open access resource for voice clinicians and speech
research (Jesus, Belo et al., 2017) that includes sustained /
a, i, u/, and the same sentences and phonetically balanced text
as those used to extract the current data. The same cross-
correlation method used by Escudero et al. (2009) to estimate
EP vowel formant frequencies was used here to allow compar-
isons between studies and because it is adequate for measur-
ing short vowels (Escudero et al., 2009, p. 1381) such as those
produced in words, sentences and the phonetically balanced
text by the speakers recruited for the current study.

All vowels with a duration of less than 50 ms were excluded
from the analysis process (Lee et al., 1999, p. 1457), corre-
sponding to 17 % of the total number of the vowels that fell
below this criterion. Various reduction processes (Bisol &
Veloso, 2016) were observed and it was not possible to obtain
reliable estimates of fo, F1, F2 and F3.

For all vowels, a section of Praat’s SoundEditor window
corresponding to the segment that had just been analysed
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was visually monitored manually. Automatic measures result-
ing from Praat’s formant tracker were verified against grey-
scale wide and narrow band spectrograms (Sharifzadeh
et al., 2012). Those samples that did not allow the correct iden-
tification of the periods, yield accurate formants estimates in
Praat or show clear formant structure in the spectrogram, were
dropped out of the database (Lee et al., 1999, p. 1457). No
manual estimations of formant frequency values were used.

Median fo and formant frequency values were calculated
over a 46 ms window centred in the middle of the vowel, a pro-
cess that has previously been used to produce representative
fo and formant frequencies (Lee et al., 1999, p. 1457). Using
the median instead of the mean has been claimed to reduce
fo estimation errors (Escudero et al., 2009, p. 1381) in a refer-
ence study of the acoustics of Portuguese vowels and the glo-
bal medians of the fo, F1, F2 and F3 tracks have been used to
analyse the largest American English acoustic developmental
database (Lee et al., 1999).

The SPL was calculated with Matlab 9.5.0.944444
(R2018b) using: SPL = 10 � log10((Pa/Paref)

2), where
Paref = 20 � 10-6 Pa is the reference pressure for SPL. Since
this equation provides instantaneous pressure values, in order
to produce a time-smoothed SPL track (along with the fo, F1, F2

and F3 provided by a Praat script), the envelope of the pres-
sure signal was extracted by rectifying and low-pass filtering
the signal with a first order lowpass Butterworth filter: but-
ter(1,8/(48000/2),'low'). Again, median SPL values over the
same 46 ms window centred in the middle of the vowel were
obtained in order to allow further statistical analysis over the
same time-frame as fo, F1, F2 and F3.

The spectral slope (m) was also calculated from Welch’s
power spectral density (PSD) estimates over 46 ms (2048
samples) Hamming windows at the centre of every vowel using
Matlab’s Signal Processing Toolbox Version 8.1 (R2018b)
pwelch function (segments with1024 samples, with 128 over-
lapped samples and a 1024 samples Discrete Fourier Trans-
form were used). A regression line was then fit to the PSD
from 300 Hz (above the highest fo registered in the database)
to 3000 Hz (just above the highest F2 value for all speakers)
using Matlab’s polyfit function. The slope of this regression
line (m) was extracted in order to capture previously reported
(Sharifzadeh et al., 2012, pp. e49–e50) equivalent levels of
the first and second formant peaks in whispered speech,
hypothesized to contrast with the usual -12 dB/octave spectral
slope of voiced speech (Titze, 2000, p. 131).

Since one of the aims of this study was to compare Por-
tuguese whispered formant data with that previously reported
for English (Kallail & Emanuel, 1984), Japanese (Matsuda &
Kasuya, 1999), Polish (Zygis et al., 2017) and Swedish (I.
Eklund & Traunmuller, 1996), the raw F1, F2 and F3 data in
Hz was used to render all graphical representations and statis-
tical analysis. Normalisation procedures were not employed
because previous studies that compared vowel formant fre-
quencies in voiced and whispered speech have not used nor-
malisation across multiple tokens. Formant frequencies have
been typically reported in Hz (Kallail & Emanuel, 1984;
Matsuda & Kasuya, 1999; Zygis et al., 2017), and the two
papers (Higashikawa et al., 1996; Sharifzadeh et al., 2012) that
also discuss vowel spaces have done so in a linear Hz scale.
Vowel space plotting and area calculations were performed
with phonR 1.0.7 (McCloy, 2016) for R version 4.0.0 running in
RStudio Version 1.3.959.
3.4.2. Analysis of fricatives

Multitaper spectrum estimates (Shadle, 2012; Thomson &
Haley, 2014) were produced using Matlab Signal Processing
Toolbox, with a 12 ms (512 samples) Hamming window cen-
tred in the middle of the fricative. More specifically, PSD esti-
mates were calculated via the Thomson multitaper method
(linear combination with unity weights of individual spectral
estimates and the default FFT length) using the pmtm function.

A first regression line (low frequencies) was fit to the PSD
from 500 Hz to 6000 Hz for /s, z/ and from 500 Hz to
4000 Hz for /ʃ, ʒ/ (Jesus & Shadle, 2002, p. 447) using Mat-
lab’s polyfit function. The slope of this regression line
(m1) was then calculated.

A second regression line (high frequencies) was fitted to the
PSD from 6000 Hz to 20000 Hz for /s, z/ and from 4000 Hz to
20000 Hz for /ʃ, ʒ/ (Jesus & Shadle, 2002, p. 447) using Mat-
lab’s polyfit function. The slope of this regression line
(m2) was then calculated.

The broad peak frequency (FBP) and broad peak level (LBP)
of /s, z, ʃ, ʒ/ were extracted manually from a visual inspection
of the PSD, using lower and higher bound frequencies
(5000 Hz to 9000 Hz for /s, z/ and 2000 Hz to 5000 Hz for /ʃ,
ʒ/) previously reported for EP by Jesus (2001), overlaid on
the PSD.

The fricative’s median SPL over a 46 ms window was calcu-
lated with Matlab, using the same time-smoothing technique
previously described for vowels.
3.5. Data visualisation, statistical analysis and modelling

The boxplots presented in this paper were generated using
R version 4.0.0 and include a central mark that indicates the
median, and the bottom and top edges of the box indicate
the 25th and 75th percentiles, respectively. The whiskers
extend to the first quartile (Q1) � 1.5 � Interquartile Range
(IQR) and the third quartile (Q3) + 1.5 � IQR (Winter, 2020).
The boxplots were combined with univariate scatterplots (strip
plots) using the beeswarm 0.2.3 package. The datapoints are
shifted horizontally to avoid superposition and the overlap
between adjacent boxplots is circumvented with the “random
corral” method (A. Eklund, 2021). Transparent datapoints have
been used so the reader could differentiate datapoints that had
to be superimposed and so that the boxplot could still be visi-
ble. We therefore combined two visualisations which show the
full distribution of data (Politzer-Ahles & Piccinini, 2018). No
voiced or whispered /ʒ/ were produced in sentences, so only
/s, z, ʃ/ are visualised for this dataset. The ellipses used in
vowel space representations were calculated using the phonR
1.0.7 (McCloy, 2016) package based on the covariance of the
tokens and a 68 % confidence level corresponding to ± 1 stan-
dard deviation of the normal density contour estimated from
the data. Probability density distributions of vowel and fricative
durations were generated using the density function con-
tained within the base R version 4.0.0.

IBM SPSS Statistics 25 was used to estimate Tukey and
chi-squared distances, analyse data through Kruskal-Wallis
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tests, Dunn’s nonparametric comparisons for post hoc testing
after Kruskal-Wallis tests, Mann-Whitney U tests and
Wilcoxon-signed ranks tests. IBM SPSS Statistics 25 was also
used to calculate the Pearson’s and Spearman’s correlation
coefficients, as well as to run Student’s t tests and Analysis
of Variance (ANOVA) with Bonferroni corrections. A detailed
description of all the statistical analysis tasks, dependent and
independent variables, and normality tests that were used is
provided in Appendix B.

Binary logistic regressions within the generalised linear
mixed model context were developed using IBM SPSS Statis-
tics 25, both for fricatives and vowels. Models were developed
in order to try to disambiguate /i, a/ for each of the speech
tasks separately for the vowels, and /s, ʃ/ for each of the
speech tasks separately for the fricatives. Accordingly, data
had to be previously re-coded as being a success (being a
voiced or whispered /a/, for the vowels or being a voiced or
whispered /ʃ/ for the fricatives) or unsuccess (being a voiced
or whispered /i/, for the vowels or being a voiced or whispered
/s/ for the fricatives). The three MELR models for the vowels
were computed considering the outcome variable as the
recoded dichotomous variable that distinguishes between /i/
and /a/, thus allowing us to estimate the conditional probability
that the outcome variable equals one, at a particular value of
the predictor variables. The three MELR models for the frica-
tives were computed with the outcome variable being the
recoded dichotomous variable that distinguishes between /s/
and /ʃ/. Since correlated errors are expected to occur given
the fact that there are multiple productions from the same
speaker and there were 17 different speakers, these analyses
were done under the mixed effects model context, taking the
speaker id as the random effect (intercept only). Speech mode,
sex and relative durations were taken as fixed effects both for
the vowels and the fricatives, and additionally for the vowels F1

and F2, and for the fricatives m1 and FBP, were also
considered.

The choice of predictors is related to the research questions
and the reduced number of predictors (two frequency domain
predictors and one time-domain predictor) that allowed us to
understand what the model was learning (interpretability).
Also, the first part of the statistical analysis provided an insight
into the effects of all variables in the study, allowing us to
include in the mixed-effects logistic regression models only
those variables that seemed reasonable to have explanatory
power on the discriminations considered.
4. Results

We first present the results of acoustic signal attributes of
vowels (subsections 4.1. to 4.5), then those acoustic
parameters used to characterise the source and filter of
fricatives (subsections 4.6. to 4.9), and finally, in subsection
4.10, six MELR models are presented. A model was developed
for each speech material separately: Disyllabic words, sen-
tences and phonetically balanced text.
4.1. Vowel formant frequencies (F1, F2 and F3)

The boxplots of F1 frequencies (presented in Fig. 1 and
Fig. 2) revealed a very similar behaviour in female and male
speakers: Whispered vowels were produced with a signifi-
cantly higher F1 frequency than voiced vowels both for female
(see Table B.1.1 in Appendix B) and male (see Table B.1.2)
speakers in all speech tasks. Female F1 frequencies increased
by 192-961 Hz and male F1 frequencies shifted by 198-281 Hz
on average, varying by vowel quality (/i, a, ɔ, u/) and speech
tasks (sustained, words, sentences and text).

Separate correlation analysis for men and women with all
the data revealed a significant positive correlation between
voiced and whispered F1 frequencies of female (Spearman’s
correlation coefficient = 0.924, p = 0.000; two-tailed p-value)
and male (Spearman’s correlation coefficient = 0.947,
p = 0.000; two-tailed p-value) speakers. The same positive
correlation was found to be significant between voiced and
whispered F2 frequencies of female (Spearman’s correlation
coefficient = 0.994, p = 0.000; two-tailed p-value) and male
(Spearman’s correlation coefficient = 0.979, p = 0.000; two-
tailed p-value) speakers. A significant positive correlation
was also found between voiced and whispered F3 frequencies,
both for female (Spearman’s correlation coefficient = 0.921,
p = 0.000; two-tailed p-value) and male (Spearman’s correla-
tion coefficient = 0.691, p = 0.003; two-tailed p-value)
speakers.

Female’s F2 frequency values were significantly different in
voiced and whispered speech (see Table B.2.1) for all vowels,
except for sustained /i, ɔ/. Male speakers’ F2 frequency values
were also significantly different in voiced and whispered
speech (see Table B.2.2), except for all sustained, words and
sentences tasks of vowel /i/. Female /a, ɔ, u/ F2 frequencies
increased by 142-314 Hz and male /a, ɔ, u/ F2 frequencies
increased by 99-338 Hz on average.

Female’s F3 frequency values of whispered vowels were
higher than voiced vowels, except for sustained /i, ɔ/, /i, a, ɔ/
in words and sentences, and /i, u/ in text (see Table B.3.1).
Male’s F3 frequency values of whispered vowels were also
higher than voiced vowels, except for sustained /i/ and /i/ in
words, /i, u/ in sentences, and /u/ in text (see Table B.3.2).
F3 mean frequency shifts varied widely from negative (ranging
from -11 Hz to -228 Hz) to positive (mean 4-157 Hz increase)
ranges of values.
4.2. Vowels’ spectral slope (m) and sound pressure level (SPL)

Female (see Table B.4.1) and male (see Table B.4.2)
speakers’ spectral slope values of all vowels increased signif-
icantly for whispered speech (relative to voiced speech), and
slope findings were consistent across tasks. The SPL of all
of female’s and male’s (see Tables B.5.1 and B.5.2) whispered
vowels was significantly lower than in voiced exemplars, with a
mean downward shift between 19 and 25 dB, that was very
stable across speech tasks (Female SPL sustained = -25 dB;
Female SPL words = -24 dB; Female SPL sentences = -23 dB;
Female SPL text = -22 dB; Male SPL sustained = -19 dB; Male



Fig. 1. Female speakers’ F1 frequencies. The Speech Assessment Methods Phonetic Alphabet – SAMPA (Wells, 1997) is used to represent voiced vowels /i, a, O, u/ and their
whispered counterparts /i_W, a_W, O_W, u_W/.
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SPL words = -23 dB; Male SPL sentences = -23 dB; Male SPL

text = -23 dB).
4.3. Vowels’ fundamental frequency and first formant frequency shifts

The fundamental frequency (fo) used by the 8 female speak-
ers (shown in Fig. 3) and the 9 male speakers, to produce
vowels /i, a, ɔ, u/ in four speech tasks (sustained, words, sen-
tences and text) was analysed, and the F1(whispered) - F1(voiced)

frequency differences were calculated to answer the second
research question: Are the vowels’ first formant frequency
shifts in whispered speech (relative to same-sex reference
voiced first formant frequency values) correlated to the voiced
speech fundamental frequency?

A significant positive correlation was found for fo and F1(whis-

pered) - F1(voiced) of female speakers (Pearson’s correlation coef-
ficient = 0.660, p = 0.005; two-tailed p-value). The correlation
between fo and F1(whispered) - F1(voiced) of male speakers was
not significant (Pearson’s correlation coefficient = 0.071,
p = 0.795; two-tailed p-value). We also ran separate correla-
tions analysis for each task (sustained, words, sentences
and text), but only one significant, negative correlation was
found for male speakers’ sustained vowels (Pearson’s correla-
tion coefficient = -0.985, p = 0.015; two-tailed p-value).
4.4. Vowel spaces

The vowel space area (VSA) calculated using a polygon
with vertices at the mean value for each vowel (McCloy,
2016), shown in Fig. 4 and Fig. 5, revealed a compression in
whispered speech, when compared to an equivalent voiced
speech task, both for female and male speakers. Wilcoxon
Signed Ranks Test indicated that voiced ranks were not statis-



Fig. 2. Male speakers’ F1 frequencies. The Speech Assessment Methods Phonetic Alphabet – SAMPA (Wells, 1997) is used to represent voiced vowels /i, a, O, u/ and their whispered
counterparts /i_W, a_W, O_W, u_W/.
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tically significantly different from whispered ranks (Z = -1.826,
p = 0.063; for both male and female speakers). When a convex
hull enclosing all vowels was used to calculate the VSA
(McCloy, 2016), voiced and whispered results were also not
significantly different (Z = 0.000, p = 0.563 for female speak-
ers; Z = -1.826, p = 0.063 for male speakers). Nevertheless,
a clear downward shift (relative to voiced speech) of vowel
spaces in whispered speech could be observed for all speech
tasks.
4.5. Vowels’ absolute and relative durations

Absolute durations of female and male, voiced and whis-
pered speech were used to differentiate close /i, u/ from
open/open-mid /a, ɔ/ vowels, the only exception being the val-
ues of male /i/ when compared to /ɔ/. A Kruskal-Wallis test pro-
vided evidence of a difference (p = 0.000) between the mean
ranks of at least one pair of groups of all the different possible
multi-comparisons. Dunn’s pairwise tests of female and male,
voiced and whispered speech were carried out for the four
pairs (/i/-/a/; /i/-/ɔ/; /u/-/ɔ/; /u/-/a/), showing significantly different
durations between close and open/open-mid vowels, except
for male voiced /i/-/ɔ/ (p = 0.152; two-tailed p-value) and /u/-/
ɔ/ (p = 0.195; two-tailed p-value) pairs.

However, when probability density distributions of durations
were analysed, the overlap between close and open-mid vow-
els was extensive, both in voiced and whispered speech, as
shown in Fig. 6 for /i/ and /a/ produced by female speakers.
The average duration of close vowels was lower than open-
mid vowels, the height categories (close versus open-mid)
were bimodal but overlapping.

The relative durations (shown in Fig. 7 for female speakers)
correspond to the phone to word-length ratio of the word task,
the phone to sentence-length ratio of the sentence task and



Fig. 3. Comparing fo used by female speakers to produce vowels in four speech tasks.
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the phone to text-length ratio in the text reading task. Both
female and male relative, voiced and whispered speech, dura-
tions unveiled a new pattern that had only just surfaced when
looking at the absolute values: Close /i, u/ vowels were signif-
icantly shorter than open-mid vowels /a, ɔ/. A Kruskal-Wallis
test provided evidence of a significant difference (p = 0.000;
two-tailed p-value) between the mean ranks of at least one pair
of groups. Dunn’s pairwise tests were carried out for the four
pairs (/i/-/a/; /i/-/ɔ/; /u/-/ɔ/; /u/-/a/). There was evidence
(p = 0.000, adjusted using the Bonferroni correction; two-
tailed p-value), that intrinsic vowel durations were at play here,
even when the speakers whispered the vowels.
4.6. Fricatives’ low (m1) and high (m2) frequencies spectral slope

Both female and male m1 results in the two speech modes
revealed no significant differences between voiceless frica-
tives (the exceptions being male’s sustained /s/ and /s, ʃ/ in
words), and significantly higher m1 values in whispered than
voiced speech modes for phonologically voiced fricatives
(see Table B.6.1 and B.6.2), except for the alveolar fricative /
z/ in female’s text and male’s sentences. Place of articulation
had a significant effect on m1 values (the more posterior place
of articulation had a steeper slope, i.e., higher m1 values), both
in voiced and whispered speech (see Table B.6.3.1, B.6.3.2,
B.6.4.1 and B.6.4.2).

Results for m2 (shown in Fig. 8 for female speakers) were
not significantly different between the two speech modes, the
only exceptions being (see Table B.6.5 and B.6.6): Females’



Fig. 4. Vowel spaces of female speakers in two speech modes: Sustained (first column), words (second column), sentences (third column) and text (forth column) speech tasks. The
vowel spaces are represented using a polygon (top row) and a convex hull (bottom row). The Speech Assessment Methods Phonetic Alphabet – SAMPA (Wells, 1997) is used to
represent voiced vowels /i, a, O, u/ and their whispered counterparts /i_W, a_W, O_W, u_W/ at F1 and F2 mean values in Hz.

Fig. 5. Vowel spaces of male speakers in two speech modes: Sustained (first column), words (second column), sentences (third column) and text (forth column) speech tasks. The
vowel spaces are represented using a polygon (top row) and a convex hull (bottom row). The Speech Assessment Methods Phonetic Alphabet – SAMPA (Wells, 1997) is used to
represent voiced vowels /i, a, O, u/ and their whispered counterparts /i_W, a_W, O_W, u_W/ at F1 and F2 mean values in Hz.
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and males sustained /s/, and /s/ in words and text; female’s
sustained /z/; male’s /ʃ/ in sentences; when /ʒ/ was produced
in words by both female and male speakers. It should be noted
in Table B.6.5 and B.6.6 that 6/8 results for /s/ showed a signif-
icant change in the same direction (the m2 parameter values
were lower in whispered speech than in voiced speech).
4.7. Fricative spectral broad peak frequency (FBP) and level (LBP)

The values of FBP for both female’s and male’s whispered
and voiced speech modes alveolar fricatives /s, z/ were signif-
icantly higher (p = 0.000; ANOVA with Bonferroni correction
and Dunn’s nonparametric comparison for post hoc testing



Fig. 6. Probability density distributions of durations of voiced (left) and whispered (right) vowels /i, a/ produced by female speakers in a phonetically balanced text.

Fig. 7. Female vowel relative durations. The Speech Assessment Methods Phonetic Alphabet – SAMPA (Wells, 1997) is used to represent voiced vowels /i, a, O, u/ and their
whispered counterparts /i_W, a_W, O_W, u_W/.
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after a Kruskal-Wallis tests; one-tailed p-value) than for
postalveolar fricatives /ʃ, ʒ/, in all four speech tasks. There
was not a significant difference between same-place whis-
pered and voiced fricatives produced in sentences, but some
voiceless fricatives were produced with significantly lower
FBP values in whispered speech than in voiced speech (see
Tables B.7.1 and B.7.2): Both female’s and male’s sustained
/s/; female’s /s/ in text; female’s /ʃ/ in words.

Fricatives’ spectral broad peak level (LBP) results (shown in
Fig. 9 for female speakers) did not reveal consistent differ-
ences between places of articulation. Nevertheless, more pos-
terior fricatives in text tended to be produced with significantly
higher LBP values both for female (p/s/-/ʃ/ voiced = 0.000;
p/s/-/ʃ/ whispered = 0.000; p/z/-/ʒ/ whispered = 0.001; ANOVA with
Bonferroni correction; one-tailed p-values) and male
(p/s/-/ʃ/ voiced = 0.003; p/z/-/ʒ/ voiced = 0.002; p/s/-/ʃ/ whispered = 0.000;
p

/z/-/ʒ/ whispered
= 0.004; ANOVA with Bonferroni correction; one-

tailed p-values) speakers. More posterior fricatives in words
were produced with significantly higher LBP values only by
female speakers in whispered speech (p/s/-/ʃ/ = 0.000; p/z/-/ʒ/ =
0.001; ANOVA with Bonferroni correction; one-tailed p-values).

The fricative spectral broad peak level is maximised for a
higher source strength (Jesus & Shadle, 2002, p. 448) so we
could predict that it would be higher in voiced speech mode
than in whispered speech. Voiceless fricatives /s, ʃ/ were
indeed produced with a significantly higher LBP value in voiced
than in whispered speech (see Tables B.7.3 and B.7.4), with
the exception of /ʃ/ produced by male speakers in sentences.
Voiced fricative’s LBP results were not significantly different in
the two speech modes, the only exceptions were /z/ produced
in words by male speakers (see Table B.7.4) and /z, ʒ/ pro-
duced in words by female speakers (see Table B.7.3).
4.8. Fricative sound pressure level (SPL)

Results for female and male speakers, and for the four
speech tasks (see Table B.8.1 and B.8.2) revealed that whis-
pered speech SPL was significantly lower than voiced speech,



Fig. 8. High frequencies spectral slope (m2) of fricatives produced by female speakers. The Speech Assessment Methods Phonetic Alphabet – SAMPA (Wells, 1997) is used to
represent voiced fricatives /s, z, S, Z/ and their whispered counterparts /s_W, z_W, S_W, Z_W/.
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when the same fricative was compared in the two speech
modes, except for /ʃ/ produced by male speakers in sentences.

The SPL was not significantly different between voiceless
and voiced fricatives with the same place of articulation (be-
tween /s/ and /z/, and between /ʃ/ and /ʒ/, both for whispered
and voiced speech modes), with the exception of male (p/s/-/z/
= 0.007; p/ʃ/-/ʒ/ = 0.000; Dunn’s nonparametric comparison for
post hoc testing after a Kruskal-Wallis test; one-tailed p-
values) and female (p/s/-/z/ = 0.029; p/ʃ/-/ʒ/ = 0.000; ANOVA with
Bonferroni correction; one-tailed p-values) sustained fricatives
in voiced speech mode, female sustained fricatives in whis-
pered speech (p/s/-/z/ = 0.014; p/ʃ/-/ʒ/ = 0.001; ANOVA with Bon-
ferroni correction; one-tailed p-values), and whispered /s/-/z/
produced in sentences by male speakers (p = 0.009; ANOVA
with Bonferroni correction; one-tailed p-value).

4.9. Fricatives’ absolute and relative durations

Female and male absolute durations of same-place voice-
less fricatives were only significantly different (p = 0.000;
Dunn’s nonparametric comparison for post hoc testing after a
Kruskal-Wallis test; two-tailed p-values) from voiced fricatives
(/s/ versus /z/ and /ʃ/ versus /ʒ/) for the voiced speech mode.
Females produced, in voiced speech mode, voiceless frica-
tives /s, ʃ/ that were significantly longer (see Table B.9.1) than
the same fricatives produced in whispered speech, for all
speech tasks. Male /s, ʃ/ in words and /s/ in text were also sig-
nificantly longer (see Table B.9.2) when produced in voiced
than in whispered speech. Both female and male speakers
produced significantly shorter /z, ʒ/ (see Tables B.9.1 and
B.9.2) in voiced speech mode than in whisper, except for
female’s and male’s /z/ in sentences and text, and male’s /ʒ/
in words.

When probability density distributions of durations were
also analysed, there was an overlap between voiceless and
voiced same-place fricatives for all tasks, both in voiced and
whispered speech, as shown in Fig. 10 for /s, z/ produced by
female speakers in sentences.

The relative duration of same-place and speech mode
voiceless fricatives was significantly higher (see Tables B.9.3
and B.9.4) than voiced fricatives, except for female /ʃ/-/ʒ/ pro-
duced in text (both speech modes) and /s/-/z/ produced in
whispered words, and male voiced /ʃ/-/ʒ/ in text.



Fig. 9. Female speakers’ fricative LBP. The Speech Assessment Methods Phonetic Alphabet – SAMPA (Wells, 1997) is used to represent voiced fricatives /s, z, S, Z/ and their
whispered counterparts /s_W, z_W, S_W, Z_W/.

Fig. 10. Probability density distributions of voiced (left) and whispered (right) fricatives /s, z/ produced by female speakers in sentences.
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4.10. Mixed-effects logistic regression (MELR) models

Considering the MELR model for the vowels in words, the
overall percentage of correct classification was 99.8 %. From
the outputs of the tests of fixed effects one could conclude that
predictors F1 (F = 33.860, p = 0.000), F2 (F = 90.232,
p = 0.000) and relative duration (F = 5.454, p = 0.020) had a
significant effect on the disambiguation between /i/ and /a/.
Estimates (and other statistics) for the fixed coefficients of
the MELR model are summarised in Table C.1.1 (Appendix
C). Speech mode (a factor with two levels) had a statistically
significant effect (F = 8.468, p = 0.004) and the odds of choos-
ing /a/ instead of /i/ were estimated to be 68 % lower for whis-
pered speech, all other things being equal.

As to the MELR model for the vowels in sentences, the
overall percentage of correct classification was 99.5 %. From
the outputs of the tests of fixed effects it could be concluded
that predictors F1 (F = 13.454, p = 0.000) and F2 (F = 34.503,
p = 0.000) had a significant effect on the disambiguation
between /i/ and /a/. Estimates for the fixed coefficients, pre-
sented in Table C.1.2, showed that the odds of choosing /a/
instead of /i/ were 72 % lower for whispered speech when com-
pared to voiced speech.

In relation to the MELR model for vowels in text, the overall
percentage of correct classification was 99.6 %. From the out-
puts of the tests of fixed effects it could be concluded that pre-
dictors F1 (F = 29.082, p = 0.000) and F2 (F = 51.346,
p = 0.000) had a significant effect on the disambiguation
between /i, a/. Speech mode also had a significantly different
effect (F = 7.243, p = 0.007). Estimates for the fixed coeffi-
cients, presented in Table C.1.3, showed that the odds of
choosing /a/ instead of /i/ were 78 % lower for whispered
speech than for voiced speech.

Regarding the MELR model for fricatives in words, the over-
all percentage of correct classification was 99.5 %. From the
outputs of the tests of fixed effects one could conclude that
the predictors FBP (F = 94.373, p = 0.000) and m1 (F = 4.238,
p = 0.040) had a significant effect on the disambiguation
Table 2
Direction of change for the significant differences, with the symbol meaning that the parame
the parameter values are lower in whispered than in voiced speech, for vowels produced by fe

F1 F2

$ # $ #

Task Vowel
Sustained /i/

/a/

/ɔ/
/u/

Words /i/

/a/

/ɔ/
/u/

Sentences /i/

/a/

/ɔ/
/u/

Text /i/

/a/

/ɔ/
/u/
between /s/ and /ʃ/. Different levels of factor sex had signifi-
cantly different effects (F = 31.743, p = 0.000) and estimates
for the fixed coefficients, presented in Table C.2.1, showed that
the odds of choosing /ʃ/ instead of /s/ were 20 times higher for
female than male speakers.

The overall percentage of correct classification of the MELR
model for fricatives in sentences was 98.3 %. From the outputs
of the tests of fixed effects one could conclude that predictors
FBP (F = 20.131, p = 0.000) and relative duration (F = 7.155,
p = 0.008) had a significant effect on the disambiguation /s,
ʃ/. Estimates for the fixed coefficients, presented in
Table C.2.2, revealed that the odds of choosing /ʃ/ instead of
/s/ were 2.79 times higher for female than male speakers.

For the MELR model for fricatives in text, the overall per-
centage of correct classification was 99.0 %. From the outputs
of the tests of fixed effects one could conclude that predictors
FBP (F = 75.555, p = 0.000), m1 (F = 28.465, p = 0.000) and
relative duration (F = 22.842, p = 0.000) had a significant effect
on the disambiguation /s, ʃ/. Speech mode also had a signifi-
cantly different effect (F = 4.923, p = 0.027). Estimates for the
fixed coefficients, presented in Table C.2.3, show that the odds
of choosing /ʃ/ instead of /s/ were 71 % lower for whispered
speech when compared to voiced speech.
5. Discussion

This section provides a discussion of the evidence pro-
duced to explore each one of the research questions, pre-
sented in the same order (research questions 1 to 6) as they
were introduced in section 2. It will also focus on synthesising
the evidence that supports (or rebuts) the nine hypothesis
(H1.1, H1.2, H2, H3, H4, H5.1, H5.2, H6.1 and H6.2) that were
defined in the second section of this paper, and includes some
implications for clinical practice and a brief account of the lim-
itations of the study.
ter values are higher in whispered than in voiced speech, and the symbol meaning that
male ($) and male (#) speakers.

F3 m SPL

$ # $ # $ #



Table 3
Synthesis of formant frequency results related to front and back cavity sizes, with the symbol meaning that the parameter values are higher in whispered than in voiced speech, and the
symbol meaning that the parameter values are lower in whispered than in voiced speech.

/i/ F1 F2 F3

Cavity affiliation Helmholtz Back cavity Front cavity
Formant results all F1 F2 not significantly different in 7/8 cases Not significantly different in in 7/8 cases

Suggests Shorter back cavity Not clear Stable front cavity

/a/ F1 F2 F3

Cavity affiliation Back Front Back
Formant results all F1 F2 in 7/8 cases F3 in 6/8 cases

Suggests Shorter back cavity Shorter front cavity Shorter back cavity
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6. Research questions and Hypothesis

Regarding the first research question, clear evidence, sum-
marised in Table 2, has been presented supporting that vowels
are produced with significantly different F1 and F2 formant fre-
quencies, spectral slope and sound pressure level in Por-
tuguese voiced and whispered speech, as previously
observed for English (Sharifzadeh et al., 2012), Japanese
(Higashikawa et al., 1996), Polish (Zygis et al., 2017), Serbian
(Jovičić & Šarić, 2008), and Swedish (I. Eklund & Traunmuller,
1996). Results indicate that in whispered speech there is a
much flatter spectrum (H1.2) due to a lowering of F1 amplitude
into the range of F2 and an increase in high frequency content
(mean slope differences between 2 and 8 dB/kHz2).

Hypothesis H1.1 seems plausible: The back cavity is likely
to be shorter in whispered speech because the close-front
unrounded vowels’ Helmholtz resonance and the open-front
unrounded back cavity resonance frequency are both signifi-
cantly higher in whispered speech than in voiced speech
mode. This may result from raising of the larynx and narrowing
of the vocal tract around the ventricular folds (Matsuda &
Kasuya, 1999) for whispered speech production. The close-
front unrounded vowels’ F3 frequency values were only signif-
icantly different (p = 0.029) in voiced and whispered speech for
men’s /i/ in text, so the front cavity is likely to have the same
Table 4
Direction of change for the significant differences, with the symbol meaning that the parame
the parameter values are lower in whispered than in voiced speech, for fricatives produced by

m1 m2

$ # $ #

Task Fricative
Sustained /s/

/z/

/ʃ/
/ʒ/

Words /s/

/z/

/ʃ/
/ʒ/

Sentences /s/

/z/

/ʃ/

Text /s/

/z/

/ʃ/
/ʒ/
cross-sectional area and length in the two speech modes
(voiced and whispered). This is further supported by the fact
that the close-front unrounded vowels’ F2 (affiliated with a
back-cavity resonance) frequency was significantly different
in the two speech modes for female’s and male’s productions
in text, and female’s /i/ in words and sentences. The data, syn-
thesised in Table 3, do not provide a firm support for H1.1.

Vowels’ F1 frequency shifts in whispered speech and their
correlation to the same speaker’s voiced speech fo were at
the core of our second research question, so fo was estimated
for all voiced vowels, and a positive correlation between fo val-
ues and F1 shifts, relative to same-sex reference voiced F1, in
whispered speech was only found when analysing all of the
female tasks together. Hypothesis H2 regarding perceptual
compensation for the missing fundamental could not be con-
firmed in general across sexes. We cannot extrapolate from
our data conclusions that are related to intrinsic fo (Heeren,
2015; Jacewicz & Fox, 2015). The speakers imposed an into-
national contour on all the tasks that we did not control for rig-
orously, so it is not possible to know what was the actual effect
of intrinsic fo, usually a small effect when compared to the mag-
nitude of intonational fo changes.

The third research question, that pertains to the VSA, was
tackled using an analysis for each speech task and sex (given
well known anatomical differences that shift formant frequency
ter values are higher in whispered than in voiced speech, and the symbol meaning that
female ($) and male (#) speakers.

FBP LBP SPL

$ # $ # $ #
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values). Our results show a more compressed VSA in whis-
pered speech than in equivalent voiced speech tasks, but the
areas were not significantly different, both for female and male
speakers (H3). This pattern (compression of the VSA) had not
previously observed in studies of English (Sharifzadeh et al.,
2012) and Japanese (Higashikawa et al., 1996) due to limita-
tions in the size of the corpora and breadth of speech tasks.

Evidence gathered from this study’s data regarding the
fourth research question showed that close /i, u/ vowels dura-
tions were significantly shorter than close/open-mid vowels /a,
ɔ/ both in voiced and whispered speech. Absolute and relative
durations of vowels calculated for voiced and whispered
speech revealed that vowel intrinsic durations (Abramson &
Ren, 1990) were used as secondary (to F1 and F2 discussed
above) acoustic cues to differentiate close /i, u/ from open/
open-mid /a, ɔ/ vowels. We could therefore corroborate H4:
Intrinsic vowel durations are observed both in voiced and whis-
pered speech. Furthermore, two acoustic cues (intrinsic vowel
durations and formant frequencies) have a clear role in the
identification of vowels, i.e., a correlation between vowel dura-
tion and quality has been observed (Abramson & Ren, 1990).

The fifth research question tapped into acoustic parameters
(shown in Table 4) estimated from frication signals that reveal
acoustic characteristics in voiced and whispered speech.
Results showed that the low frequencies slope (m1) of voiced
sibilants was significantly different in the two speech modes
(H5.1), the m2 values were lower in whispered /s/ than in
voiced /s/, and that the whispered speech SPL was signifi-
cantly lower than voiced speech mode, as summarised in
Table 4. A greater noise source strength is related to higher
m1 values (Jesus & Shadle, 2002), as seen in voiced speech
mode. Voiceless fricatives’ spectral broad peak frequency was
significantly lower for female’ /s/ in sustained and text speech
tasks and /ʃ/ in words, and male’s sustained /s/. The spectral
broad peak level of both voiceless and voiced fricatives was
lower in whispered than in voiced speech mode, except for
females’ and males’ /z/ in sustained, sentences and text tasks,
females’ and males’ /ʒ/ in sustained and text tasks, and males’
/ʒ/ in words. Voiced fricatives were significantly shorter in
voiced speech mode than in whispered speech (Jovičić &
Šarić, 2008), and voiceless fricatives’ durations shifted in the
opposite direction: /s, ʃ/ were longer when produced in voiced
speech mode than the same fricatives produced in whispered
speech, except for women’s /ʃ/ in words.

Summarising, results for m1 revealed that the source
strength is not generally significantly different between voice-
less fricatives produced in the two speech modes and is signif-
icantly different for voiced fricatives. Place of articulation had a
significant effect on m1 values (Jesus & Shadle, 2002), both in
voiced and whispered speech (see Tables B.6.4.1 and B.6.4.2
in Appendix B). Most high frequencies spectral slopes (m2) of
whispered fricatives were not significantly different from the
slopes observed in voiced speech mode, not supporting
H5.1, i.e., that fricatives are produced in whispered speech
with a lower source strength than in voiced speech mode.

The sibilant fricatives’ spectral broad peak results from a
front cavity resonance that shifts in frequency with the place
of articulation (Jesus & Shadle, 2002, p. 447). This was
observed both for whispered and voiced speech modes, when
comparing the FBP values of alveolar fricatives /s, z/ with those
of postalveolar fricatives /ʃ, ʒ/. There was not a significant dif-
ference between same-place whispered and voiced fricatives
produced in sentences, which is likely due to a very stable
place of articulation in both speech modes. However, some
voiceless fricatives, in specific tasks, were produced with a sig-
nificantly larger front cavity (lower FBP values) in whispered
speech than in voiced speech.

The relative duration of same-place and speech mode
voiceless fricatives was longer than voiced fricatives both in
voiced and whispered speech, thus supporting H5.2 When
comparing the probability density functions of /s/ durations with
those of /z/, and those of /ʃ/ with /ʒ/, voicing categories are far
from bimodal as previously pointed out by Crystal and House
(1988). The use of durational cues “must be probabilistic, since
the distributions for individual classes are” extensively over-
lapped (Crystal & House, 1988, p. 1935). Nevertheless, one
possible cue for voicing in whispered speech is frication dura-
tion as previously suggested by Tartter (1989).

The sixth research question, about the acoustic signal attri-
butes that may be able to disambiguate vowel height (H6.1)
and fricative place of articulation (H6.2), was addressed using
the MELR models (Cho, 2015; Holt et al., 2015; Jesus &
Shadle, 2002). The odds of choosing /a/ instead of /i/ were esti-
mated to be lower for whispered speech when compared to
voiced speech, also decreasing with an increase of F2 fre-
quency values. The probability of choosing /a/ instead of /i/,
on the other hand, was estimated to increase for higher F1 fre-
quency values, and to also increase when the vowels were
longer. Also, even though the effects were not statistically sig-
nificant with this data, the odds of choosing /a/ instead of /i/,
seem to be much higher for female speakers when compared
to male speakers.

The results for fricatives (H6.2) were not as consistent as for
vowels, when comparing different speech tasks (Jesus &
Shadle, 2002; Zygis, et al., 2017). Nevertheless, a few remarks
can be made and the first one is that FBP is always statistically
significant when discriminating between /s/ and /ʃ/, for all
speech tasks, and it is estimated that the odds of choosing
/ʃ/ instead of /s/ decreases with an increase in FBP. Considering
disyllabic words and sentences, the probability of choosing /ʃ/
instead of /s/ was generally estimated to be higher for female
speakers when compared to male speakers.
6.1. Implications for clinical practice

People with vocal fold paralysis or psychogenic dysphonia,
resulting in a whispered voice, may benefit from alternative
communication resources based on voice reconstruction.
Since decreased loudness is often observed in their speech,
those people may experience lack of normal conversational
interactions and limited prosodic variation, leading to an atyp-
ical voice with professional and social effects (Boone et al.,
2020), so electronic devices to project or reconstruct the voice
could help with that difficulty (Stewart & Allen, 2006). Further-
more, the mood of a person, with changes in prosodic and
rhythm patterns of vocalisation, can be heard in a healthy voice
(Boone et al., 2020).

The results of this study were used to define the heuristics
of a voice reconstruction system (Silva et al., 2021), based on
whispered speech samples, that is capable of producing a
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more natural voice and reflecting the person’s identity (e.g.,
segmental durations in both voiced and whispered speech
realisations).

When reconstructing Portuguese voiced sounds from whis-
pered speech, in real time, in addition to a careful phoneme-
oriented segmentation, the algorithm operation uses segmen-
tal cues to vowel height and consonantal place and voicing in
whispered speech to define strategies for the conversion
process.

The technology that we are developing takes as input
whispered speech, identifies those regions in the signal
that would be voiced in natural speech, and implants there
synthetic voicing. This reconstructed signal is carefully
shaped in frequency and time, considering acoustic differ-
ences between the two speech modes (voiced and whis-
pered) as reported in this paper, enhancing the linguistic
content of the resulting synthetic speech, to improve voice
projection.
6.2. Limitations of the study

The limited number of speakers and data loss conditioned
the power of statistical analysis and generalisation of predic-
tions. The reduced naturalness of speech samples and lack
of real-world communication scenarios has not yet allowed
us to test whispered speech in settings where it spontaneously
used. The links between whispered speech production and
perception were not explored, but hold great potential as a
source of new evidence.
7. Conclusions

The segmental cues to place and voicing in two very distinct
speech modes (voice and whisper) and four increasingly real-
istic speech tasks (sustained? words? sentences? text),
were at the core of this study. In this section, conclusions
regarding speech patterns that hold across these conditions
and could help define what phonetic correlates constitute
sufficiently distinct information to disambiguate vowel height
(/i/ and /a/), fricative place (/s/ and /ʃ/; /z/ and /ʒ/) and voicing
(/s/ and /z/; /ʃ/ and /ʒ/), will be synthesised. Conclusions
regarding source and filter adjustments during whispered
speech are also presented, providing new interpretations for
production mechanisms that can be helpful in improving voice
rehabilitation processes.

The parameters used to analyse the source of vowels (fo, m
and SPL) revealed that whispered vowels are produced with a
weaker (around 20 dB) sound source than voiced vowels. The
parameters used to analyse the filter characteristics of vowels
(F1, F2 and F3) revealed some evidence of a stable front cavity
in both speech modes and a shorter back cavity used to pro-
duce whispered speech. Intrinsic vowel durations along with
formant frequencies had a role in differentiating vowel height
in both speech modes, and there was some evidence for a
raised larynx and narrowing of the posterior vocal tract in whis-
pered speech F1 and F2 frequency values. A significant posi-
tive correlation was found between voiced and whispered F1,
F2 and F3 frequencies of female and male speakers.

The fricatives’ source strength was not always significantly
different between fricatives produced in the two speech
modes, but LBP, and SPL results represent strong evidence
that the source strength of whispered speech is lower than
voiced speech; place of articulation had a significant effect
on source strength, both in voiced and whispered speech.
The parameters (FBP and LBP) expected to correspond to the
first front cavity resonance (fricative filter characteristics)
revealed the same shifts in frequency (FBP) with the place of
articulation in whispered and voiced speech modes; voiceless
fricatives /s, ʃ/ were produced with a significantly higher spec-
tral broad peak level LBP value in voiced than in whispered
speech, but voiced fricative’s LBP results were not significantly
different (the only exception being females’ and males’ /z/ in
words, and females’ /ʒ/ in words) in the two speech modes.
Since LBP is maximised for a higher source strength this con-
stitutes further evidence that voiceless fricatives are produced
with a weaker source in whispered speech. The relative dura-
tion of same-place and speech mode voiceless fricatives was
higher than voiced fricatives both in voiced and whispered
speech, constituting the only viable cue for voicing in whisper.

The MELR models revealed that the acoustic signal attri-
butes F1 and F2 frequencies, and intrinsic durations carry suf-
ficiently distinct information to disambiguate /i/ from /a/ in all
speech tasks. Fricatives’ FBP was statistically significant when
discriminating /s/ from /ʃ/, for all speech tasks.

This study, with data collected from different speech tasks,
shows that changes during whispered speech production can
be observed both in the laryngeal (source) and vocal tract (fil-
ter) configurations. Therefore, clinicians who use the whis-
pered speech technique for voice rehabilitation, usually
centred on the absence of vocal fold vibration, should also con-
sider changes in the vocal tract configuration. Given the fact
that the most significant supraglottic configuration adjustments
were observed, in this study, for vowel production, clinicians
could base their whispered speech techniques on voice sam-
ples that combine these with fricatives, shown in this paper
to be produced with a very stable vocal tract configuration. This
has the potential of smoothing out the transition into voice ther-
apy that gradually engages the larynx in the rehabilitation
process.

We are currently reconstructing voiced speech from whis-
pered signals, and will be integrating the evidence presented
in this paper in speech synthesis processes based on the
Source-Filter Theory of Speech Production.
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