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Abstract

This study examined the conditions under which European Portuguese (EP) intervocalic fricatives are perceived as voiced/voiceless
with respect to varying voiced-to-devoiced fricative portions, durations, pharyngeal widths and glottal heights. Articulatory speech
synthesis incorporating a sophisticated noise source model was used to produce /aCa/ sequences (C = /f v s z ʃ ʒ/) for two perception
experiments (forced choice voiced/voiceless decision). This approach has the main advantage that all relevant articulatory settings can be
manipulated independently. The proportion of fricative voicing was varied between fully devoiced to fully voiced; phoneme durations
were varied corresponding to natural EP speech. Glottal height and pharyngeal width each varied amongst three different states. The
results showed strong interaction between the cues phoneme duration and voicing maintenance. A voiced-to-devoiced ratio of only
25% was enough to guarantee robust perception of fricative voicing. Phoneme duration and place of articulation had a significant effect
on listener decisions, but only for voiced-to-devoiced ratios of 25–50%. Vowel duration, pharyngeal width and glottis height had no
significant effect. The study provides new evidence for cue-trading in fricative perception. Furthermore, new insights into laryngeal
vs. supra-laryngeal gestural coordination are gained which may facilitate the development of fricative models.
� 2015 Elsevier B.V. All rights reserved.
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1. Introduction

For speech production, the phonological voicing distinc-
tion is defined as the presence or absence of vocal fold
vibration during consonant production (Jakobson et al.,
1952). For the perception of intervocalic fricative voicing,
Stevens et al. (1992) showed in a study of American English
that alveolar fricatives, generated with a Klatt (1980)
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synthesiser, are perceived as voiced if the voiced part of
(a partly devoiced) fricative exceeds a duration of 30 ms.
Furthermore, when the devoiced part of the (otherwise
voiced) fricative exceeds a duration of 60 ms the listener
robustly perceives a voiceless fricative. Having established
this baseline for the perception of voicing, in their data,
Stevens et al. (1992) compared these perception results to
an acoustic study conducted beforehand and showed that
all of their phonologically voiced fricatives devoiced for
less than 60 ms, and 89% of their phonologically voiceless
fricatives were voiceless for more than 60 ms. In other
words, as expected, the percentage of voicing maintenance

(defined as the duration of voicing during fricative produc-
tion in percent of the total fricative duration) was very high
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for phonologically voiced English fricatives, but very low
for phonologically voiceless fricatives. In contrast to the
findings of Stevens et al. (1992), Cho and Giavazzi (2008)
observed a linear relation of alveolar fricative voicing in
American English listeners, with the result that all listeners
showed a linear increase of their voicing responses for
increasing vocal fold vibration duration (i.e., for increasing
voicing maintenance). It has to be noted that when stimuli
were presented with only very small portions of fricative
voicing (i.e., a few ms) for all listeners a consistent initial
bias towards voiced responses was observed, all in compar-
ison to the presentation of fricatives without any voicing.
In other words, the linear relationship between stimulus
voicing and perception of voicing is not observed for the
beginning of the voicing continuum. Rivas (2006) com-
pared Dutch and Italian listeners with respect to their
cue-weighting between frication duration and voicing

maintenance. They found that for both languages listeners
mainly depended on voicing maintenance to discriminate
voiced and voiceless alveolar fricatives. Following Rivas
(2006), we will use in this paper the term voicing

maintenance as the percentage of voicing to the length of
the entire fricative. This measure is the ratio of the duration
of the voiced section to the length of the entire fricative,
times 100, expressed in percentage.

Apart from the fricative voicing maintenance, both
Stevens et al. (1992), Cho and Giavazzi (2008) showed that
varying the duration of the fricative noise had a small, but
consistent effect on the identification of voicing for
American English listeners, with the effect being more pro-
nounced for shorter fricative durations (the shorter the
duration, the more the fricative was perceived as voiceless).
Denes (1955) showed the same relationship for Dutch
intervocalic alveolar fricatives, but Rivas (2006) could only
find a very minor effect of fricative noise duration on listen-
ers’ identification of voicing for the same place of articula-
tion. With respect to the preceding and following vowel
duration, both Denes (1955) and Slis and Cohen (1969)
showed that the preceding vowel duration strongly influ-
ences the perception of listeners’ fricative voicing for
Dutch, with longer vowels triggering more voiced fricative
responses. Cho and Giavazzi (2008) replicated these results
for American English and could confirm the effect of the
following vowel duration. In summary, for fricative
perception the importance of the three factors (fricative
voicing maintenance, its duration and the preceding vowel
duration) seems to be comparable to the perception of stops
(see, e.g., Pape and Jesus (2014a) for an overview of stop
voicing cues in perception). Furthermore, there seems to
be both uncertainty and language-dependency with respect
to the use of the available acoustic cues for identifying
voiced vs. voiceless fricatives (fricative duration, preceding
vowel duration or voicing maintenance) and especially how
cue-trading between different acoustic cues is mediated by
the perceptual system for the language in question.

If the results of Stevens et al. (1992) were valid for all
languages, listeners of European Portuguese (EP) would
judge the majority of the phonologically voiced fricative
productions in the EP database by Pape and Jesus (2015)
as voiceless, since most of them are highly devoiced, inde-
pendent of their place of articulation and vowel context. In
other words, if the presence of voicing during the fricative
portion of the stimulus was the main factor for voiced/
voiceless distinction, then most of EP voiced items would
be judged voiceless. Thus, apparently additional cues take
over (separately or combined) to result in a robust percep-
tual voicing distinction, and are weighted against the main-
tenance of fricative voicing. This discrepancy between the
phonetic realisations of the EP production data and the
expected perceptual responses based on Stevens et al.
(1992) and other studies lead directly to our research ques-
tions, i.e., whether (1) perceptual ratings in fact mirror the
very low voicing maintenance of EP phonologically voiced
fricatives in speech production (Pape and Jesus, 2014b,
2015; Jesus and Shadle, 2002; Jesus and Shadle, 2003b;
Pinho et al., 2012) and (2) cue-weighting between acoustic
cues like preceding vowel duration, fricative duration and
fricative voicing maintenance would occur for EP fricative
perception. The second research question is particularly
difficult to answer due to findings that cue-weighting is
listener-dependent, i.e., some listeners give more weight
to certain acoustic cues than others. Furthermore, redun-
dant cues often enter into trading relationships; thus,
increasing the amount of certain cues while at the same
time decreasing the amount of other cues may generate
the same perceptual outcome.

In the present study, we performed perception experi-
ments to assess these two questions. In general, methods
to define and build a multidimensional stimuli space for
perceptual experiments should be able to generate realistic
articulatory targets, while simultaneously allowing inde-
pendent parametric control of perceptual parameters, such
as fricative duration, vowel duration and transition dura-
tion. The most realistic perceptual stimuli would consist
of naturally recorded speech, but in this condition there
is no control of the presence and strength of possible per-
ceptual cues, thus introducing an unwanted perceptual bias
to the experiment. On the other hand, articulatory synthe-
sis can generate realistic articulatory targets and the inde-
pendent parametric control of all relevant parameters,
but suffered until recently from very poor noise generation
capabilities. For our study, we overcame this drawback by
using an articulatory speech synthesiser with a sophisti-
cated noise source model for stimuli generation, where all
relevant parameters of the stimuli could be controlled at
a physiological level (Birkholz, 2013, 2014; Birkholz
et al., 2011; Birkholz and Jackèl, 2004).

Furthermore, using an articulatory synthesiser allowed
us to examine the perceptual relevance of two additional
differences in the production of voiced vs. voiceless frica-
tives: Studies using EMMA and MRI data have shown
that in sustained productions there are no significant artic-
ulatory differences with respect to the place of the main
articulator between voiced and voiceless fricatives in
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English (Narayanan et al., 1995) and EP (Martins et al.,
2008). However, Narayanan et al. (1995) and Proctor
et al. (2010) showed that the area functions extracted from
English MRI images varied significantly with respect to
pharyngeal width and glottis height when comparing
voiced and voiceless fricatives with the same place of artic-
ulation. Martins et al. (2008) confirmed these differences
for the pharyngeal width for EP fricatives. Until now, it
is not clear whether aerodynamic demands, enhancement
of speech economy, or perceptual reasons (i.e., to increase
the distinctiveness of robust acoustic cues) are responsible
for this articulatory difference in voiced versus voiceless
fricative production. We therefore aim to test possible per-
ceptual correlates of these production differences between
voiced and voiceless fricatives by including the factors
pharyngeal width and glottis height into the design of the
perception experiment.

2. Method

2.1. Stimulus construction

2.1.1. Synthesis method
The stimuli were generated with the articulatory speech

synthesiser VocalTractLab 2.1 (Birkholz, 2013) using the
function ‘‘Synthesise from tube sequence file”. This func-
tion allows the synthesis of speech utterances from a
user-defined sequence of vocal tract area functions and
glottal configurations. The sequence of area functions spec-
ifies the temporal variation of the vocal tract shape. As in
key frame animation in computer graphics, the user defines
a number of key area functions at arbitrary points in time,
between which the area function is linearly interpolated. In
the same way, the temporal variation of the vocal fold con-
figuration is specified by multiple key vocal fold configura-
tions in terms of vocal fold model parameters. The vocal
fold model underlying the synthesis is the self-oscillating
two-mass model by Birkholz et al. (2011), the fundamental
frequency was set to 100 Hz (thus resulting in a male syn-
thesis voice). The aero-acoustic simulation is based on
the transmission-line model of the vocal tract as defined
by Birkholz and Jackèl (2004) and is running in the time-
domain. It considers losses due to yielding vocal tract
walls, viscous friction, turbulence and radiation. The simu-
lation includes a sophisticated noise source model
(Birkholz, 2014) for the synthesis of fricatives. The main
feature of the noise source model is that it takes into
account the place of articulation for the specification of
potential noise sources during fricative production. This
allows using tailored noise source properties (spectral
shape and amplitude) that inherently consider place-
specific geometric conditions of the vocal tract for the syn-
thesis of very natural-sounding fricatives. Since the place of
articulation cannot be reliably determined from the classic
area function, the enhanced area function has been intro-
duced by Birkholz (2014). This function adds the identity
of the articulator that confines the vocal tract at the
anterior-inferior side as a new layer of information to the
area function (see Fig. 2 in Section 2.1.3). This allows the
reliable discrimination of places of articulation of fricatives
and therefore the effective parameterisation of noise
sources.

Fig. 1 illustrates the synthesis of the /aCa/ utterances in
this study. The bottom half of Fig. 1 shows how the artic-
ulators were controlled, the upper half shows the resulting
speech signal. The subglottal pressure was set to 1 kPa
through the whole utterance. The vocal tract (in terms of
its area function) was set to the state for /a/ at the begin-
ning of the utterance (landmark 1, top of Fig. 1). After a
steady state interval for /a/ (landmark 2), there was a
50 ms linear transition from the vocal tract state for /a/
to the vocal tract state for the fricative (landmark 3). The
transition was followed by a steady state interval for the
fricative (up to landmark 4), a 50 ms transition back to
/a/ (landmark 5), and a steady state interval for the final
/a/ (up to landmark 6). The durations of the steady state
intervals were adjusted such that the intended phoneme
durations were produced. The state of the vocal folds
was set to a configuration appropriate for modal phona-
tion during the initial vowel and the following voiced por-
tion of the fricative. This phase was followed by a 50 ms
linear transition towards an open glottis state appropriate
for voiceless excitation. In the final part of the fricative
the vocal fold configuration was changed back to the
modal phonation state, which was sustained during the
final vowel. The start time of the glottal transition towards
voiceless excitation was determined by the intended degree
of fricative voicing. In the case of 75% or 100% fricative
voicing, the fully open glottis state was not achieved,
because the time was too short for a full abduction–adduc-
tion cycle. The example in Fig. 1 shows the synthesis of
/aʃa/ with a preceding vowel duration of 110 ms, a fricative
duration of 160 ms and a voicing maintenance of 25% (first
25% of the fricative is voiced, the following 75% of the
fricative is devoiced).

2.1.2. Language-specific phoneme durations

To obtain both phoneme durations and transition dura-
tions as input for the synthesis, wemeasured the appropriate
EP durations in an extensive speech production database
(see Pape and Jesus, 2015) generated for this purpose. The
database was recorded for six EP speakers, consisting of
/CV1CV1/ items in the frame sentence Diga CVCV outra

vez (‘‘Say CVCV again”), with all EP fricatives /f v s z ʃ ʒ/
in four symmetric vowel contexts /i e o a/. Each item was
repeated 9 times in a randomised order. Vowel and conso-
nant boundaries were defined based on the onset and offset
of stable formant structure. Table 1 shows the duration
measures for the medial fricative (CVCV) in low vowel con-
text /a/ (since we used only this vowel context for the percep-
tion stimuli in the present study).

As can be seen, the consonant duration (CVCV) is
higher for voiceless fricatives, and the vowel preceding
the fricative (CVCV) is longer for the voiced fricative as



Fig. 1. Schematic example of the synthesis parameters for /aʃa/ with a preceding vowel duration of 110 ms, a fricative duration of 160 ms and a fricative
voicing maintenance of 25% (the first 25% of the fricative is voiced, the following 70% is devoiced): The vertical lines indicate key states of the vocal tract
shape and glottal configuration (see text). The dashed grey lines and numbers in the glottis panel show for comparison the configuration for the same
stimulus but with 50% fricative voicing maintenance. Please note that the durations given are the control parameters for the articulatory synthesiser.

Table 1
Mean of the intervocalic (medial) fricative durations (C), the preceding
vowel durations (V1) and following vowel durations (V2) of the phrase
‘‘Diga CV1CV2 outra vez”. Each data entry is the mean of 54 items (6
speakers � 9 repetitions). The numbers in brackets are standard
deviations.

V1 (ms) C (ms) V2 (ms)

/v/ 149 (32) 111 (22) 172 (31)
/z/ 156 (31) 118 (21) 162 (29)
/ʒ/ 165 (31) 112 (21) 162 (30)
/f/ 104 (32) 166 (27) 157 (25)
/s/ 112 (30) 165 (20) 164 (24)
/ʃ/ 114 (29) 165 (17) 159 (26)

96 D. Pape et al. / Speech Communication 74 (2015) 93–103
compared to its voiceless counterpart. In contrast, the fol-
lowing vowels (CVCV) have rather similar durations with
respect to the overall voiceless–voiced distinction. The total
percentage for EP fricative devoicing (a phonologically
voiced fricative was counted as devoiced if voicing is absent
for at least one glottal period within the fricative) was 47%
for EP labiodentals, 60% for alveolars and 54% for
postalveolars. In sum, the EP data show clear differences
for both preceding vowel and fricative duration between
voiceless and voiced fricatives. The durations shown in
Table 1 are consistent with other acoustic studies of EP
consonants (Delgado Martins, 1975; Jesus and Shadle,
2003a; Veloso, 1995a,b).
2.1.3. Language-specific area functions

We analysed vocal tract MRI data of EP phonemes
(Martins et al., 2008) to obtain the enhanced area functions
necessary for the stimuli synthesis. The reason we adapted
the area functions to Portuguese instead of using the
German default values distributed with the software
VocalTractLab 2.1 (Birkholz, 2013) was that the fricative
place of articulation is language-dependent, e.g., the con-
striction of the EP postalveolar fricative is more fronted
than the German counterpart, as could be confirmed by
the comparison of the German and EP area functions.

Area functions for the three voiceless fricatives /f s
ʃ/ were obtained from MRI images of a male speaker for
the sustained fricative productions in the low vowel context
/a/ (details of the MRI recordings are given in Martins
et al., 2008). The precise place of constriction was manually
fine-tuned when necessary and the width of the constriction
was set to 15 mm2. The manual corrections were necessary
due to the limited resolution of the MRI images of the EP
fricatives and therefore limitations for an accurate extrac-
tion of constriction areas are observed. The appropriate-
ness of the EP stimuli set was constantly (acoustically)
checked during stimuli generation in a pilot test with six
EP listeners until all EP listeners judged the complete set
as ‘‘very natural” for their native language.

Fig. 2 shows the EP area functions used to model the
three fricatives and the vowel /a/ with annotations for each
tube indicating the confining articulator (Birkholz, 2014).

For the second stimuli set, the area functions for the
wider pharynx conditions were obtained by adding an addi-
tional 10% or 20% to the original values of the first twenty
tube areas (counted from the glottis), all weighted by a
Hanning window to avoid artificial discontinuities of the
area functions. Thus, the areas of the first 20 of the 40 tubes
are enlarged by 10% or 20%, weighted by a Hanning win-
dow with its maximum at the 10th tube section. The red
lines in Fig. 2 show the 20% increase in the pharyngeal
width for all EP fricatives.

The area functions for the higher/lower glottis condition
(also second stimuli set) were obtained by reducing/enlarg-
ing the sixth to 20th tube section lengths by an amount that
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Fig. 2. Area functions for EP fricatives (labiodental, alveolar and postalveolar place of articulation) and the vowel /a/ (in black solid lines) in terms of 40
cross-sections (tube sections) between the glottis and the mouth. The first tube section represents the glottis end of the vocal tract. The articulator that
confines the vocal tract at the anterior-inferior side at each of the 40 sections is given on top of each line (T = tongue, I = incisors, L = lip, N = other). The
information about the articulators is used by the synthesiser VocalTractLab 2.1 to facilitate noise source modelling for fricative generation (Birkholz,
2014). The red dashed lines represent the area function with a pharyngeal width increased by 20% (used as a factor in the second perception experiment).
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results in a total increase or decrease of the length of the
area function by 1 cm. In other words, only the pharyngeal
part of the area function (tubes 6–20) was lengthened/
shortened by a total of 1 cm, which is a realistic articula-
tory setting (including the setting for the tongue root) for
a raised/lowered glottis condition. The lengthening/
shortening of the pharyngeal cavity is the equivalent to a
lowering/raising of the glottis in terms of area function
computation.

2.2. Perception experiment

Forty (40) female native EP listeners were recruited. The
mean age was 20 years (standard deviation 1 year). All lis-
teners were in the second year of their university education
(Health Sciences) at the University of Aveiro (Portugal).
They did not receive course credit or financial compensa-
tion for their participation. None of the listeners reported
speech or hearing problems. The majority of the subjects
(n = 36) were from the same dialectal region (Dialetos
Setentrionais, according to Segura, 2013), three subjects
were from the southern dialectical region (Dialetos
Centro-meridionais), and one subject was from the Azores
islands (Dialetos Insulares). Each participant first listened
to three repetitions of the first set of stimuli (3 � 135 items
in total), and after a short break to three repetitions of the
second set of stimuli (once more 3 � 135 items). The stim-
uli were presented in randomised order. The listeners were
informed that they would hear synthetic VCV items. For
each item (/aCa/), they were asked to identify whether
the presented fricative was voiced or voiceless. The listeners
were encouraged to respond as quickly as possible, but also
as accurately as possible. Items could not be repeated. The
average time to perform the two experiments was 30 min.

The items were presented over open headphones with a
linear frequency response (Sennheiser HD 600) connected
to the internal headphone output of a notebook computer
(no other processes running, all networking interfaces dis-
abled). Listeners’ responses were collected by means of
mouse clicks placed on different buttons on the screen.
Listeners were seated in a soundproof room (size around
3 m by 2 m) at University of Aveiro’s Speech, Language
and Hearing Laboratory (SLHlab). We used Alvin v 1.27
(Hillenbrand and Gayvert, 2005) open source software
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for stimulus and visual presentation. The computer screen
showed two buttons labelled ‘‘vozeada” (‘‘voiced”) and
‘‘não-vozeada” (‘‘voiceless”), one on the left side and one
on the right side (at identical distances), around a ‘‘next”
button at the screen centre. After selecting their response,
listeners had to click on the ‘‘next” button to proceed to
the next stimulus, thus placing the cursor at the exact cen-
tre of the screen before the next stimulus presentation (to
guarantee identical distances for the two answer possibili-
ties). All button options and accompanying text were writ-
ten in Portuguese in order to not confuse listeners’ internal
language presentation. The placement of all buttons was
rotated 180� for one half of the listener population, thus
counterbalancing biases of horizontal movement and lis-
tener preference.

A selection of the stimuli used in the perception experi-
ment is provided as supplemental material to this paper to
allow the reader to verify the high synthesis quality of the
fricatives.

2.3. Statistical analysis

To test the statistical validity of the listeners’ response
patterns in the identification experiments a series of Logit
models with mixed effects (Generalized Linear Mixed
Models (GLMM), function lmer (Bates et al., 2011) were
performed in the R environment (R Development Core
Team, 2008). Logit models are suited for dependent vari-
ables with binomial distributions (using z-scores). This
allowed statistical modelling based on binary decisions
(Baayen, 2008), as is the case with the listener responses
obtained (‘‘voiced” or ‘‘voiceless” response).

2.4. Summary

In order to study the conditions under which EP fricatives
are perceived as voiced or voiceless, we used articulatory
speech synthesis to generate a number of /aCa/ stimuli,
where C were labiodental, alveolar, and postalveolar frica-
tives. Across these stimuli, we varied the duration of the

preceding vowel /a/, the duration of the fricative, the percent-
age of voicing maintenance during fricative production, and
other articulatory parameters. These stimuli were then
judged by 40 native EP listeners as containing either a voiced
or a voiceless fricative in a forced choice identification task.

The stimuli to be judged consisted of two sets. In the
first set, for each of the three places of articulation /aCa/
stimuli were generated for all combinations of three vowel

durations (using the same duration for both the initial
and final vowel), three fricative durations, and five degrees
of the fricative voicing maintenance) according to Table 2,
yielding a total of 3 � 3 � 3 � 5 = 135 stimuli. The pho-
neme durations were derived from a database of EP speech
recordings (Pape and Jesus, 2015), and language-specific
articulatory targets were determined using midsagittal
outlines, obtained from 2D MRI data of all fricatives
and vowels (Martins et al., 2008).
For the second set of stimuli, fixed phoneme durations
of 135 ms for both vowel and consonant were used. These
constitute ambiguous values with regard to the perception
of fricative voicing (Section 2.1.2). The place of articulation
and percentage of voicing maintenance were varied as in the
first set, but in addition the pharyngeal width (standard area
function width vs. 10% increased width vs. 20% increase
width) and height of the glottis (standard area function

height vs. 1 cm lowered vs. 1 cm raised). Standard area

function refers to the values extracted from the area func-
tions of the voiceless EP fricatives shown in Martins
et al. (2008). Variation of pharyngeal width and glottis
height was motivated by the observations by Narayanan
et al. (1995) and Proctor et al. (2010), who showed that
American English voiced and voiceless fricative area func-
tions differ with respect to glottal height and pharyngeal
width. The four factors and their levels are summarised
in Table 3. All combinations of these factors yielded
3 � 3 � 3 � 5 = 135 stimuli for the second set.

3. Results

3.1. Experiment 1 (first stimuli set)

We ran a Generalized Linear Mixed Model (GLMM)
with the fixed factors voicing maintenance [0%, 25%, 50%,
75%, 100%], fricative duration [110 ms, 135 ms, 160 ms],
preceding vowel duration [110 ms, 135 ms, 160 ms],
repetition [1, 2, 3] and fricative place of articulation

(POA) [labiodental, alveolar, postalveolar]. The depen-
dent (binomial) variable was the listeners’ voiced/voiceless
decision. Listener was included as a random variable. All
fixed factors (except fricative POA) were centred and nor-
malised before computation of the LMM.

The two factors voicing maintenance (z = 39.09,
p < .001) and fricative duration (z = �2.74, p = 0.006) had
a significant effect on the listeners’ voiced/voiceless deci-
sion, but the preceding vowel duration did not (z = 1.73,
p = 0.08). The fricative POA was significant, but only for
labiodentals (labiodental to alveolar: z = �5.06, p < .001;
labiodental to postalveolar: z = 4.14 p < .0001; alveolar
to postalveolar: z = 1.1, p = 0.27). The factor repetition

was not significant (z = �1.77, p = 0.08). The factors
fricative POA and voicing maintenance interacted signifi-
cantly. At 25% voicing maintenance, listeners were more
likely to label labiodental fricatives as voiced than alveolar
or postalveolar fricatives, while at 75% and 100% voicing
maintenance, they were slightly less likely to label the labio-
dentals voiced.

Fig. 3 shows clear ceiling effects for both the absence of
voicing maintenance (0%) and high amounts of voicing

maintenance (75–100%). Thus, the presence or absence of
fricative voicing is the dominant cue for the listeners’ voic-
ing decision. However, if the fricative voicing is rather
ambiguous, e.g., if only 25–50% of the fricative duration
is voiced (and thus the rest of the fricative duration
devoiced), then the listeners’ voicing decision seems to be



Table 2
The four factors and their corresponding levels varied in the first set of /aCa/ stimuli, giving a total of 3 � 3 � 3 � 5 = 135 variations.

Fricative place of articulation Vowel duration (ms) Fricative duration (ms) Fricative voicing (%)

Labiodental 110 110 0 (fully devoiced)
Alveolar 135 135 25
Postalveolar 160 160 50

75
100 (fully voiced)

Table 3
The four factors and their corresponding levels varied in the second set of /aCa/ stimuli, giving a total of 3 � 3 � 3 � 5 = 135 variations. The entry sae

(standard area function) refers to the measurement of the standard pharyngeal width and glottal height in the 2D MRI recordings of the voiceless EP
fricatives shown in Martins et al. (2008). Please note that the pharyngeal width is extracted from the 2D MRI images, thus it refers here only to the
anterior-posterior dimension of the pharyngeal width change.

Fricative place of articulation Pharyngeal width Glottis height Fricative voicing (%)

Labiodental sae sae 0 (fully devoiced)
Alveolar sae + 10% sae lowered 1 cm 25
Postalveolar sae + 20% sae raised 1 cm 50

75
100 (fully voiced)

Fig. 3. Results of the first perception experiment: The listeners’ response probability that a voiced fricative was heard is shown on the ordinate. The
abscissa shows the stimulus voicing maintenance percentage (0% = fully voiceless, 100% = fully voiced), the different panels show the three EP places of

articulation for fricatives from anterior to posterior, and the different lines of each plot show the factor fricative duration. Shown are means plus/minus one
standard error.
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influenced by all three main factors with strong interac-
tions: voicing maintenance (higher voicing decisions for
more fricative voicing), fricative duration (higher voicing
decisions for shorter fricative durations, but only for
25–50% voicing maintenance) and place of articulation

(higher voicing decisions for labiodental than for alveolar
or postalveolar fricatives, but restricted to the intermediate
region of voicing maintenance).

3.2. Experiment 2 (second stimuli set)

In the second perception experiment both fricative

duration and preceding vowel duration were set to fixed val-
ues (135 ms for both fricative and vowel duration), i.e., the
duration values were in an intermediate and thus
ambiguous range with respect to the voiced–voiceless deci-
sion with the aim to force listeners to base their decisions
on other cues.

We ran a GLMM with the fixed factors voicing mainte-
nance [0%, 25%, 50%, 75%, 100%], pharynx width [normal,
10% wider, 20% wider], glottis height [normal, 1 cm low-
ered, 1 cm raised], repetition [1, 2, 3] and fricative POA

[labiodental, alveolar, postalveolar]. The dependent (bino-
mial) variable was the listeners’ voiced/voiceless decision.
Listener was included as random variable. All fixed factors
(except fricative POA) were centred and normalised before
computation of the LMM.

Again, the factor voicing maintenance (z = 39.36,
p < .001) had a significant effect on the listeners’ voiced/
voiceless decision, but not the variation of the other factors



100 D. Pape et al. / Speech Communication 74 (2015) 93–103
pharynx width (z = 0.05, p = 0.96) or repetition (z = �0.87,
p = 0.38). Glottis height was nearly significant (z = �1.69,
p = 0.09), so there seems to be an influence of glottis height
on listeners voiced responses, though it was not strong
enough to reach significance with our methodological setup.

The fricative POA was significant, but only for labioden-
tals (labiodental to alveolar: z = 2.28, p < .023; labiodental
to postalveolar: z = �3.2, p = 0.0014; alveolar to postalve-
olar: z = �0.816, p = 0.41).

The factors fricative POA and voicing maintenance inter-
acted significantly (z = �2.218, p = 0.027): Listeners were
more likely to label labiodental fricatives as voiced than
alveolar or postalveolar fricatives, but only at the
50–75% voicing maintenance. Fig. 4 shows this effect and
gives an overview of all listener responses for the second
perception experiment, with the data split by the factors
voicing maintenance, pharynx width, glottis height and place

of articulation.

4. Discussion and conclusions

In order to conduct a perceptual experiment examining
European Portuguese (EP) fricative voicing decisions,
physically realistic vowel–fricative–vowel stimuli were
modelled by means of articulatory synthesis. The input to
the synthesiser, i.e., phoneme identities, phoneme
durations, and devoicing patterns, were obtained from an
extensive EP real speech corpus. The models (voicing pat-
terns) for the generation of different devoicing conditions
were based on the voicing curves in the EP database
(Pape and Jesus, 2015).

4.1. Voicing maintenance in production and perception

We have shown that the factor voicing maintenance is the
major cue for listeners’ voicing identification for EP frica-
tives. Furthermore, there was a significant effect of both
place of articulation and fricative duration: The shorter
the fricative duration, the more the listeners judged the
stimuli as voiced. These results are generally consistent
with the results presented in Stevens et al. (1992) for
American English. However, in comparison to Stevens
et al. (1992), our data showed that voicing decisions of
our EP listeners were not equally distributed along the
voicing maintenance continuum: The effect was strongest
for intermediate voicing maintenance values from
25%–75%, whereas for fully devoiced/voiceless fricatives
or fully voiced fricatives (0% and 100% voicing

maintenance) a ceiling effect with no influence of fricative
duration on the listeners’ ratings was observed. Hence,
our data here contradict the linear relationship between
voicing maintenance in the stimulus and the listeners’
voicing decisions found by Cho and Giavazzi (2008) for
American English. Furthermore, with respect to place of

articulation, we found that this effect is stronger for labio-
dental than for alveolar and postalveolar fricatives. This
suggests that due to the more restricted articulatory setting
for alveolars and postalveolars (where tongue tip and ton-
gue body are required to be in a very precise position –
both horizontally and vertically – in order to generate a
suitable frication noise) the labiodental place of articula-
tion has a higher number of degrees of freedom, thus
increasing variability for all articulators (except the lips).

In the following, we attempt to link speech production
and perception of EP fricatives. The aim, apart from the
comparability to the study of Stevens et al. (1992), is to
obtain a single measure to link speech production and
speech perception to examine whether our perceptual
findings of the very strong fricative voicing cue are also mir-
rored in the occurrences of devoicing of EP phonologically
voiced fricatives. For this reason, we attempt here to com-
pare the results from the EP production study (described in
Section 2.1.2) to the perceptual results (of the first experi-
ment), all in reference to an acoustic landmark we define
as voicing offset. We first computed for the production data
(the complete EP database, see Section 2.1.2) the absolute
voicing offset of all phonologically voiced fricatives sepa-
rately for each item, i.e., for each fricative production we
measured the acoustic landmark where the actual devoic-
ing started. For example, a value of 0 ms would be
obtained for fully devoiced/voiceless fricatives, and a value
of 50 ms for fricatives that maintain their voicing up to
50 ms following fricative onset, which is consistent with
overall percentages of EP fricative devoicing, as described
in the Section 2. The results of this analysis, split by place
of articulation, are shown in the histograms (voicing offset
at the x-axis) in Fig. 5.

We then contrasted this production data with the results
of the first perception experiment, again computed with
reference to an absolute voicing offset for all stimuli, i.e.,
the acoustic landmark during fricative duration (VCV) of
each stimulus where devoicing occurred in comparison to
its overall voicing probability. Fig. 6 shows these results
pooled over all stimuli with reference to the absolute
voicing offset landmark.

When comparing the EP production data (Fig. 5) with
the EP perception data (Fig. 6) it can be seen that a high
percentage of EP phonologically voiced fricatives has an
absolute voicing offset of less than 50 ms, thus would be
judged as voiceless with reference to the 0.5 voicing proba-
bility of the perception experiments results displayed in
Fig. 6 (the 0.5 probability point can be extracted at around
50 ms, thus voicing durations less than 50 ms are perceived
as voiceless by the majority of the EP listeners). It has to be
noted that around 40% of the EP phonologically voiced
fricatives are produced as fully voiced (thus no problem
occurs here with reference to listeners’ voicing decisions),
and that a large number of EP voiced fricatives has an
absolute voicing offset higher than 50 ms (again, there
would be no problems with listeners’ voicing decisions
according to Fig. 6). However, the high percentage of items
with absolute voicing offset of less than 50 ms in EP is



Fig. 4. Results of the second perception experiment: The listeners’ response probability that a voiced fricative was heard is shown on the ordinate. The
abscissa shows the stimulus voicing maintenance percentage (0% = fully voiceless, 100% = fully voiced), the three rows show the three EP places of

articulation for fricatives from anterior to posterior (left to right). The upper three panels show the listeners’ response probability for varying glottis height
(high, low, normal), and the lower three panels show the results for varying pharyngeal width (normal, 10% wider, 20% wider). The plots show means plus/
minus one standard error.
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clearly different from the database of Stevens et al. (1992)
for American English, where no phonologically voiced
fricative voicing lasted for less than 50 ms. Thus, an impor-
tant difference between the two languages occurs for the
fricatives here. For EP perception, the high percentage of
phonologically voiced fricatives with less than 50 ms voic-
ing presents a problem for the perceptual system since,
according to Fig. 6, EP listeners should judge all these
items as voiceless (see 0.5 probability point in Fig. 6).
But since this is not the case, other acoustic cues, most
likely fricative duration should be taken into consideration
to obtain a robust voicing decision. It would be interesting
to further investigate in follow-up experiments what other
acoustic cues help in the process to generate a robust voic-
ing decision.
4.2. Perceptual influence of varying pharyngeal width and

glottis height

Our hypothesis that a variation of pharyngeal width and
glottis height would influence voicing distinction for
ambiguous duration values was not supported by the
results of the second experiment. Thus, it seems that the
articulatory differences of pharyngeal width and glottis
height observed in MRI images when comparing voiceless
and voiced fricatives are due to other reasons (such as aero-
dynamic requirements), but not deliberately produced to
signal and trigger a perceptual contrast. However, the
nearly significant results of the glottis height factor could
mean that our experimental setting was not precise enough
to trigger the perceptual contrast with respect to glottis



Fig. 5. Histograms for the absolute voicing offset (acoustic landmark during a phonologically voiced fricative where devoicing occurs) in ms for the
complete EP production database. The three panels show the EP places of articulation from anterior to posterior (left to right). There were 149 samples for
each place of articulation. Please note that 54% of all EP cases do not ever devoice and so are not shown in the histograms (see Section 2 for more details
on the percentage split by place of articulation).

Fig. 6. Perception results of the first experiment computed as the response probability that a fricative is perceived as voiced (ordinate) and relative to the
absolute voicing offset (during fricative production) in ms (see text for explanation), split by fricative place of articulation (separate lines). The plots show
means plus/minus one standard error.
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differences. A follow-up experiment with a different glottis
model, other voice qualities or varying F0 might generate
significant results. Another possibility is that the effect of
glottis height on listener perception is relatively small
compared to the strong voicing maintenance cue and thus
does not show up in our results. In this case, other percep-
tual paradigms are necessary to examine the quantitative
effect size of glottal height on voicing distinction in
fricatives.
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