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Abstract

:

Vocal fry is a voice quality that occurs in a healthy voice, but it can also be a sign of a voice disorder. In this study, we investigated the relationship between the parameters of voice production, a dedicated psychoacoustic feature, and the perceptual aspects of vocal fry. Two perceptual experiments were carried out to determine whether the fundamental frequency, the open quotient, and the glottal area pulse skewness affect the perception of vocal fry in synthetic vowels. Thirteen listeners participated in the perceptual experiments to assess the following attributes: binary fry (yes/no) and impulsiveness, tonality, and naturalness (7-point Likert scales). The results suggest that the perception of vocal fry is mainly triggered by a low fundamental frequency, but the open quotient also plays a role, with narrower glottal area pulses slightly increasing the probability of perceived fry. Perceived tonality is inversely related to perceived impulsiveness. Internal reference standards of listeners appear to have fixed elements but may also be affected by anchoring and the short-term (i.e., within-vowel) context of the stimuli. In addition, the prominence of the peaks observed in the loudness curve over time appears to be related to graduations of fry.
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1. Introduction


Vocal fry is a common voice quality in a healthy voice, but it can also be a sign of a voice disorder [1,2,3,4,5]. In a healthy voice, vocal fry functions include sentence/phrase final marking, turn-taking in discourses, and social marking [6,7]. In some languages, like for example Jalapa Mazatec, creaky voice, which is similar to vocal fry, is even phonemic, which means that the presence or absence of creak may change the meaning of an utterance [8]. As a sign of pathology, vocal fry is categorized as a subset of perceived roughness [9], and it has also been observed to be an indicator of, for example, contact granuloma [10] or muscle tension dysphonia [11]. Thus, assessment of vocal fry with regard to potential pathology is relevant in the clinical care of disordered voices, particularly for the indication of treatment and the monitoring of treatment effects. This article focuses on investigating vocal fry from the viewpoints of voice production and perception, without attempting to distinguish pathological from healthy vocal fry.



The diverse definitions of vocal fry in the literature are a problem that impedes clinical and scientific communication. Vocal fry is defined either in terms of voice production or auditory perception, and a knowledge gap exists between these two levels of description.



Several examples of diverging characterizations exist:




	
On the level of voice production, Laver observed that the literature treated the terms fry and creak as synonyms [6]. He also observed that fry was characterized by a low vocal fold vibration frequency down to 40 Hz, a small size of the vibrating portion of the vocal folds, a low transglottal airflow rate down to 1.25 cl/s, small subglottal air pressure, and slackness of the vocal folds. Large pulse-to-pulse frequency variation (i.e., frequency jitter, double or triple pulsing) and damping of the vocal folds by the ventricular folds resulting in prolonged closed phases were also observed, but not in all instances of vocal fry. Both creak and fry are also characterized in the literature by a constricted glottis [12,13]. In addition, vocal fry may be considered to be contrasted with falsetto, which has a high fundamental frequency Fo and a large open quotient Qo [14,15].



	
Keating et al. use the term creak to refer to several distinct voice types, one of which they term fry [16]. They characterize so-called prototypical creak by low vibration frequency, strong jitter, and a constricted glottis. The latter is characterized by a small peak glottal opening, a long closed phase, and a low flow rate. According to Keating et al., fry shares all of its properties with prototypical creak, except for jitter, which is substantially smaller in fry. Keating et al. listed double and triple pulsing as another type of creak, as well as pressed voice (i.e., non-low pitched creak).



	
Gerrat and Kreiman observed that the literature used the term vocal fry for voices with low vibration frequencies involving large variations, or double pulsing irrespective of pitch [17].



	
Imazumi and Gauffin distinguished between creak and fry based on the within-vowel position. They stated that creak is a type of fry and is observed in of the end of a vowel [18].








With regard to auditory perception, vocal fry is reminiscent of a stick being run along a railing or the popping of corn, with temporal auditory segregation of individual acoustic pulses occurring [13,19,20]. A stick that is run along a railing results in quasi-periodic pulses, while the pulses associated with popping corn are random. Pauses between glottal pulses, i.e., sufficiently long time intervals of glottal inactivity, were observed to be necessary to enable auditory segregation. In particular, a decay of 42–44 dB SPL between pulses was reported as the threshold above which temporal auditory segregation of individual pulses occurs [21].



The current study defines vocal fry and the related parameters of voice production as follows. On the level of voice production, we focus on the definition of fry by Keating et al., that is, low vibration frequencies, low jitter, and constricted glottis. The voice production parameters that we consider are the vibration frequency   F o  , the open quotient   Q o  , and the pulse skewness   Q s  . The most relevant parameter is the vibration frequency of the vocal folds. The average vibration frequencies that have been reported for vocal fry range from 20 Hz to 70 Hz with a mean of 50 Hz [12]. The open quotient relates the duration of the open glottal phase to the duration of the cycle. One effect of glottis constriction is that the closed glottal phase is long in comparison with the open glottal phase, which results in a small open quotient:


  Q o =   duration of the open phase   cycle duration    



(1)







Childers and Lee found an open quotient of 0.25 to 0.45 for fry compared with 0.65 to 0.7 for modal voice, and 0.9 to 1 for breathy voice and falsetto [22]. Another effect of glottis constriction is that the vocal folds may close faster than they open. This causes an asymmetry of glottal area pulses, which is characterized by the pulse skewness:


  Q s =   duration of the opening phase    duration of the closing phase     



(2)







According to Childers and Lee, voice types sorted by decreasing of pulse skewness are vocal fry, modal, falsetto, and breathy voices [22]. In our study, we examine whether glottal pulse skewness has a measurable effect on perceived fry. In particular, increased skewness may be hypothesized to favor the perception of fry because it makes the voice source more transient.



On the level of auditory perception, we define vocal fry as the temporal segregation of individual glottal pulses, meaning that individual glottal pulses are perceived separately. In the past, vocal fry and creak were treated as binary; that is, they were either present or absent [23,24]. A possible reason is that perception is less sensitive to differences between items that are categorized together a priori [25]. However, in our study we examine whether a graduation between vocal fry and modal voice exists because our informal preliminary perceptual observations suggested so. To capture such a hypothetical gradualness, we let listeners rate perceived impulsiveness using a 7-point Likert scale to indicate the extent to which individual glottal pulses segregate temporally. At one end of the scale, the individual glottal pulses cause distinct auditory events that a listener can count, while on the other end of the scale the individual pulses merge temporally, forming a continuous percept. We hypothesize that perceived impulsiveness is a proxy for binary fry, which may be more informative than the binary label since it involves a finer grid. Laver previously stated that at least three degrees of perceptual prominence of most phonatory settings may be distinguished, specifically, slight, moderate, and extreme degrees [6]. This may also apply to vocal fry. Such distinctions may become more relevant for future linguistic studies in the long run, since one may hypothesize that speakers and listeners may decode and encode para-linguistic information in these graduations.



Pitch strength is the perceptual attribute that reflects how strong (distinct) as opposed to faint the pitch of a sound is perceived [26]. Informal preliminary perceptual observations suggested that pitch strength varies when voice quality transits from modal voice to fry or vice versa. In particular, pitch strength appeared to be larger in modal voice than in fry. In this study, we test the contribution of pitch strength to perceived fry using a 7-point Likert scale. The term tonality is used as a synonym of the term pitch strength. A related term is pitch salience, which relates to the pitches elicited by individual components of a sound; the assessment of this factor is beyond the scope of this article [27].



A topic that is currently underinvestigated concerns the internal auditory reference standards of vocal fry. What makes this topic important is that the variability of these standards results in inter- and intra-listener variability in detecting fry. We expect to find substantial differences in reference standards between individual listeners. We assume that these differences may be decreased by anchoring, and that they may be influenced by the short-term segmental context (i.e., the within-vowel co-occurrence of fry and modal voice). Understanding the relevance of anchoring may improve the reliability of perceptual voice assessment in the future. In particular, temporal variations of voice quality are observed in connected speech, which makes the study of the short-term segmental context relevant.



In this study, we first seek to bridge the knowledge gap that exists between the levels of voice production and perception. In particular, we aim to disentangle the effects of vibration frequency   F o  , open quotient   Q o  , and pulse skewness   Q s   on perceived impulsiveness, tonality, and binary fry. We provide quantitative probabilistic models for the dependencies of auditory fry on these voice production parameters. Second, in order to address auditory perception, we apply Moore et al.’s loudness model with a view to predicting temporal auditory segregation of individual glottal pulses by analyzing the peak prominence in curves of loudness over time, which we term loudness peak prominence (LPP) [28]. Third, we aim to investigate whether graduations of fry exist. In particular, we test whether perceived impulsiveness is a proxy for perceived binary fry and whether evidence of graduations of fry exists in LPP. Fourth, we monitor the perceived naturalness of synthetic stimuli to investigate whether (i) the synthesizer is capable of producing voice signals that sound similar to human-produced vocal fry signals, and (ii) the control parameters of the synthesizer must be confined so that the stimuli sound similar to human-produced voice. Fifth, we investigate if the internal reference standards listeners use for distinguishing fry from modal voice are influenced by the short-term context. Finally, we will find that it is necessary to discuss, whether these standards are fixed for each listener, and if the standards may be adjusted by anchoring.



Clinical long-term perspectives include the following. First, improving the understanding of the relations between voice production and perception lays the groundwork for improving clinical treatment for improving perceptual voice quality. Second, acquisition of knowledge of the properties of auditory reference standards of listeners is important for improving the current state of voice quality assessment. Finally, another clinical long-term perspective of this work may be the distinction between pathological and non-pathological fry.



The first experiment addresses the effect of vocal frequency   F o  , open quotient   Q o  , and pulse skewness   Q s   on the perception of vocal fry in vowels with temporally homogeneous voice quality. We use as test stimuli synthesized vowels for which the studied parameters are constant. Our hypotheses are that perceived impulsiveness and the probability of perceived binary fry increase and perceived tonality decreases with (i) decreasing   F o  , (ii) decreasing   Q o  , and (iii) increasing   Q s  .



In a second experiment, we test whether the short-term context affects the perception of fry. Vowels are used as stimuli with high-low-high changes in the frequency and the open quotient. We hypothesize that increasing the glottal parameter variation favors the perception of fry. That is, when the difference   Δ F o   and the difference   Δ Q o   increase, the stimuli are more likely to be rated as vocal fry and as impulsive and less likely to be rated as tonal.



The remainder of the article is structured as follows. The synthesizer is introduced and the two listening experiments are outlined in Section 2. Section 3 presents the results. Section 4 summarizes the study, and discusses the results and the limitations of the study. Finally, Section 5 concludes the article.




2. Materials and Methods


2.1. Synthetic Stimuli


Synthesis has three stages. In stage I, the glottal area waveform is generated using a phase-delayed overlapping sinusoids (PDOS) model [29]. Figure 1 shows the rectangular glottis with length   L  . The glottal entrance and exit amplitudes   a   are calculated with the max operator that sets the areas to zero when the vocal folds touch.


    a   e n t r y   =   max  ⁡    0 ,   A   0 , e n t r y   +   A   e n t r y   ⋅   sin  ⁡  ( 2 ⋅ π ⋅ F o ⋅ t )     ⋅ L    



(3)






    a   e x i t   =   max  ⁡    0 ,   A   0 , e x i t   +   A   e x i t   ⋅   sin  ⁡  ( 2 ⋅ π ⋅ F o ⋅ t - ϕ )     ⋅ L    



(4)







    A   0     designates corresponding abduction amplitudes,   A   the vibration amplitudes,   F o   the frequency of vibration, and   ϕ   the phase delay between glottal entry and exit. The effective glottal area is obtained by the minimum operator for a three-dimensional to two-dimensional projection, that is,


    a   g   =   min  ⁡      a   e n t r y   ,   a   e x i t        



(5)







Figure 2 illustrates simulated glottal areas with the following parameter values:     A   0 , e n t r y   =   A   0 , e x i t   = 0.6   mm,     A   e n t r y   = 1.0   mm,     A   e x i t   = 0.8   mm,   L = 10   mm,   F o = 80   Hz, and   ϕ = 0.4 ⋅ π  .



While the frequency of vibration   F o   and the open quotient   Q o   are controlled directly, the pulse skewness   Q s   of, the glottal area cannot be controlled in the same way. Pulse skewing is thus controlled via the quotient of the amplitudes of the lower (entry) and upper (exit) vibration of the glottal margins, that is,


  Q a =     a   e n t r y       a   e x i t      



(6)







The glottal area waveform shown in Figure 2 was generated with an amplitude quotient   Q a = 1.25  , resulting in a pulse skewness of   Q s = 1.33  .



The glottal area waveform is slightly jittered to simulate the relative muscle tension fluctuations of the vocal folds.



Stage II involves the insertion of the glottal area waveform into the Rothenberg model [29] to obtain the glottal flow rate based on a differential equation. One of the advantages of this model over alternatives is that the Rothenberg equation gives an explicit numerical solution even when the glottal area is zero. The model parameters are the lumped acoustic resistances and inductances of the vocal trachea, glottis, and vocal tract.



In stage III the glottal flow rate is filtered by a concatenation of 25 second-order filters that simulate the vocal tract resonances. Finally, a numerical derivative of the volume velocity simulates the radiation of the acoustic pressure at the lips. A temporal amplitude envelope is imposed that simulates an attack, decay, sustain, and release.



The used stimuli are available online [30].




2.2. Listening Experiments


In total, 13 listeners (age ranging from 24 to 66 years, seven women and six men) participated. Twelve of the listeners (i.e., listeners 1 to 12) participated in Experiment 1, while eight of the listeners (i.e., listeners 3, 6, 7, 9–13) participated in Experiment 2. All were experienced in perceptual rating of voice quality. Five were speech therapists (listeners 1, 2, 6, 8, and 11), five were speech scientists (listeners 3, 7, 9, 10, and 12), and three were medical doctors (listeners 4, 5, and 13). That diversity made it possible to observe differences in behavior between individuals of diverse backgrounds; however, a formal comparison between professions was not possible because of the small number of listeners per profession. Most of the listeners are native German speakers, with the exception of two speech scientists who speak Luxembourgish and Telugu.



The task was to rate the tonality and impulsiveness of the stimuli and to evaluate the presence or absence of binary fry. To monitor the perceived naturalness of the synthetic sounds, listeners were asked to rate the naturalness of the stimuli.



A 7-point Likert scale was displayed on a graphical user interface (GUI) for each of the attributes: tonality, impulsiveness, and naturalness. The scales ranged from   - 3   (atonal, non-impulsive, artificial) to   + 3   (tonal, impulsive, natural). Additionally, listeners were asked to provide a yes/no reply regarding the perceived presence of fry. At the beginning of each experiment, eight (    2   3    ) stimuli obtained using all combinations of the most extreme parameter values   F   o   M    ,   Q   o   M    , and   Q   a   M     were presented to anchor and familiarize listeners with the range of voice qualities covered by the evaluation scales and to increase the expected reliability of the ratings [31].



After anchoring, the main corpus was rated. Next, listeners rated stimuli chosen randomly from the main corpus a second time for testing intra-rater reliability. The stimuli within the three blocks (anchoring, main corpus, repetitions) were presented in a random order, which was the same for all listeners. The listeners were allowed to listen to each stimulus as often as they wished.



Figure 3 illustrates the effects of model parameters   F   o   M    ,   Q   o   M    , and   Q   a   M     on the glottal area, the glottal flow rate, and the acoustic pressure at the lips. The vibration frequency and the open quotient are controlled directly by corresponding model parameters, that is,   F o = F   o   M     and   Q o = Q   o   M    . However, the skewness of glottal area pulses is controlled by the model parameters amplitude quotient and the open quotient:   Q s = f   Q   a   M   , Q   o   M      . Thus, for evaluation with regard to skewness,   Q s   is extracted from glottal area waveforms according to Equation (2) obtained via linear regression   Q s = - 1.26 + 2.09 ⋅ Q   a   M   + 0.56 ⋅ Q   o   M     with     R   2   = 0.96  .



Figure 4 compares examples of acoustic pressure waveforms of the stimuli and illustrates changes in glottal parameters for the two experiments.



Both experiments were carried out on a personal computer. The pre-rendered stimuli were played back via a Lexicon Omega external sound card and AKG K271 headphones. Listeners individually adjusted the playback level to a comfortable level. Both experiments lasted about 30–40 min per listener, and listeners were allowed to take breaks at any time.



Regarding the choice of the headphones and its frequency range, as well as the spectral components contained in the stimuli, the following is noted. According to the headphones’ manufacturer, its lower frequency limit is 16 Hz. However, the headphone’s frequency response is not linear down to 16 Hz, but a roll-off is observed. Nevertheless, the headphones were considered suitable for the reported experiments for the following reasons. In particular, although the experiment dealt with stimuli with very low fundamental frequencies   F o  , the stimuli’s lowest spectral components were less relevant than components with higher frequencies. Reasons are found in the levels of hearing physiology and voice production. First, as a result of hearing physiology, the stimuli did not contain much, if any, audible spectral components below 30 Hz, since the absolute hearing thresholds are approximately 60, 80, and 100 dB re 20 µPA at 30, 20, and 10 Hz, respectively [32], while the overall playback level was comfortable. In addition, the relevance of the lowest spectral components is further reduced because the relative levels of the lowest components are generally smaller in vocal fry than in other voice types. In particular, e.g., an increased harmonic richness factor (HRF) was reported for vocal fry in the past [22]. A low H1–H2 was also reported [16].



2.2.1. Experiment 1


In Experiment 1, one-second-long synthesized vowels with homogeneous voice quality were used as stimuli. Three of the main vocal fold control parameters used in the PDOS model (indicated with subscript   M  ) were varied as follows:



Frequency   F   o   M   =   20 , 30 , … , 70 , 80     Hz



Open quotient   Q   o   M   =   0.1 , 0.2 , 0.3 , 0.4 , 0.5    



Amplitude quotient   Q   a   M   =   1.0 , 1.1 , 1.2 , 1.3 , 1.4    



Thus, the main corpus consisted of 7 (  F   o   M    ) × 5 (  Q   o   M   )   × 5 (  Q   a   M    ) = 175 stimuli. Thirty stimuli were presented a second time at the end of Experiment 1.




2.2.2. Experiment 2


In Experiment 2, the voice quality in synthesized vowels was evolving via glottal parameters   F   o   M     and   Q   o   M    . Each stimulus had a length of 1.7 s, so that the length of the middle segment was long enough for auditory judgement. Starting with modal phonation mode using   F   o   n     and   Q   o   n    , the two glottal parameters were continuously varied after 450 ms to   F o = F   o   n   - Δ F o   and   Q o = Q   o   n   - Δ Q o   with a short transition of 150 ms. At 1.2 s, the parameters were increased back again to their initial values   F   o   n     and   Q   o   n     using another 150 ms transition, and were then kept constant until the end of the stimulus.



The listeners participating in Experiment 2 were asked to ignore the short-term context (i.e., the initial and final segments of the stimulus) and to rate only the mid-vowel segment. As in Experiment 1, listeners rated the mid-vowel segment with regard to perceived tonality, impulsiveness, and naturalness and also judged the presence or absence of binary fry.



The 80 stimuli of the main corpus used in Experiment 2 combined different values of parameters   F   o   n    &  F o   and   Q   o   n   & Q o  . The amplitude quotient   Q   a   n   = Q a = 1   was kept constant. The 80 random fundamental frequencies   F   o   n     of the context segments (i.e., the initial and final segments of stimuli) were uniformly distributed in the interval   F   o   n , M   = 100 … 150   Hz. The corresponding 80 random   F o   values of the mid-vowel segment were normally distributed in the interval   F   o   M   = 10 – 120   Hz (mean 65 Hz, standard deviation 20 Hz). Similarly, 80 random open quotients were uniformly distributed in the interval   Q   o   n , M   = 0.2 – 0.7   for the context segments and normally distributed in the interval   Q   o   M   = 0.1 – 0.5   (mean 0.3, standard deviation 0.08) for the mid-vowel segment.



To test the intra-rater reliability, 15 stimuli randomly chosen from the main corpus were rated a second time after presentation of the main corpus.





2.3. Loudness Peak Prominence (LPP)


We propose a psychoacoustic feature that reflects the degree of temporal auditory segregation of individual glottal pulses. We obtain the LPP using an established model of time-varying loudness [28]. The rationale is that a substantial decay of perceptual loudness between subsequent glottal pulses enables temporal segregation. The extraction of the LPP is described as follows. The loudness curve over time is calculated from the signal via linear outer and middle ear filters, followed by inner ear filtering and loudness calculation. The headphones transfer function is modeled together with the outer ear using data measured with a dummy head as described in [33]. Inner ear filtering involves a non-linear auditory filter bank predicting the excitation level of cochlear neurons as a function of time and frequency. The loudness is obtained from neural excitation levels by summation over frequencies, followed by level compression, and temporal smearing. For temporal smearing, a simple difference equation yields short-term loudness owing to selected rise and fall time constants, which are 21.7 and 49.5 ms, respectively.



For the purpose of illustrating the relationship between the acoustic waveform and the LPP, Figure 5 shows at the bottom the acoustic waveform of an example stimulus of Experiment 1 together with its modeled loudness curve over time (top). The LPP of a stimulus is given by the median loudness difference between local maxima and minima in the temporal pattern of the short-term loudness.





3. Results


This section reports the results of the two listening experiments. Listener reliability and predictions of binary fry, tonality, impulsiveness, and naturalness by means of all-listener and listener-specific regression analyses are presented, as well as receiver operating characteristic (ROC) analyses.



First, inter- and intra-listener reliability are assessed by means of Cronbach’s   α   [34] and Pearson’s correlation coefficient   r  , respectively. High overall values of   α ≥ 0.90   are found, except for naturalness reported in Experiment 2 (fry: 0.93 and 0.90, impulsiveness: 0.97 and 0.96, tonality: 0.97 and 0.94, naturalness: 0.93 and 0.83 for Experiments 1 and 2, respectively). Note that   α   is affected by the number of items in the test [35], and that the larger number of listeners in Experiment 1 resulted in a higher   α   than in Experiment 2. Regarding intra-listener reliability, mean correlation coefficients   r ≥ 0.76   and 0.64, except for naturalness, where   r = 0.65   and 0.51.



3.1. Perceived Binary Fry Predicted from Glottal Parameters


The probability of perceived binary fry is modeled by logistic regression for each experiment separately. Table 1 lists z-normalized coefficient estimates and corresponding p-values of the all-listeners binomial logistic regression model. For Experiment 1, both frequency   F o   and open quotient   Q o   are significant. The probability of perceiving binary fry increases with a decreasing   F o   and a decreasing   Q o  . However, the coefficient values for   F o   and   Q o   suggest that the influence of   Q o   is small compared with that of   F o  . In addition, the area under the ROC curve (AUC, not shown) obtained with   F o   as a single predictor is 0.907, and it increases only slightly to 0.91 if   Q o   is included as a second predictor.



Table 2 lists z-normalized coefficient estimates and corresponding p-values for listener-specific binomial logistic regression models predicting the probability of perceived fry from glottal parameters. While the frequency   F o   significantly affects the probability of perceived fry for the majority of listeners with equal effect directions, the open quotient   Q o   is significant only for 3 of 12 listeners participating in Experiment 1, when the Bonferroni–Holm correction is used [36]. Moreover, effect directions of the three listeners do not agree. In particular for Listener 8, the perception of fry increases with increasing   Q o  .



As in Experiment 1, perceived binary fry also increases with decreasing   F o   and decreasing   Q o   in Experiment 2 (cf. Table 1). A listener-specific binomial logistic regression analysis reveals that all eight listeners appear to be sensitive to   F o  , and only two listeners are sensitive to   Q o   (cf. Table 2). An AUC of 0.877 is found using   F o   as the predictor with a cutoff threshold estimate at 70.6 Hz. Similar to Experiment 1, the AUC (0.896) increases only slightly if   Q o   is included as an additional predictor. Regarding the effects of the short-term context, the influence of   Δ F o   and   Δ Q o   was not found to be significant. However,   Δ F o   misses significance only marginally (p = 0.062). Its effect direction matches our hypothesis; that is, larger frequency differences favor the perception of fry.



Figure 6 shows for Experiments 1 and 2 proportion   π   f r y     and probability   P ( f r y )   for a stimulus being labeled as fry as a function of   F o  .   P ( f r y )   is predicted by binomial logistic regression. Thresholds of   P ( f r y )   equal to 5%, 50%, and 95% are shown as vertical lines. The predicted 50% threshold of Experiment 2 at 72 Hz is higher than the corresponding threshold of Experiment 1 at 66 Hz. One possible explanation for this difference is that the anchoring varied between Experiments 1 and 2. In particular, a larger maximum   F o   was used in Experiment 2 than in Experiment 1 (120 Hz vs. 80 Hz), for the purpose of more efficiently sampling the fry/non-fry transition. However, differences of 50% probability thresholds obtained by the seven listeners that participated in both experiments are marginally non-significant (t-test, p = 0.06, see also Figure 7).



A listener-dependent analysis reveals that Listeners 4 and 5 of Experiment 1 labeled 99% and 98% of the stimuli as fry, respectively. All other listeners rated an average of only 64% of the stimuli as fry. Thus, Listeners 4 and 5 appear to have disregarded anchoring, and, therefore, they have been excluded from further statistical analysis.



Figure 7 shows   π   f r y     and   P ( f r y )   as functions of   F o   together with the   P ( f r y )   = 50% thresholds of Experiment 1 for individual listeners. Additionally, the 50% probability thresholds of Experiment 2 are shown for the seven listeners that participated in both experiments. The individual 50% thresholds do not differ substantially between Experiments 1 and 2, except for Listener 7.



Figure 8 shows the ROC curves using   F o   as the predictor. The model fitted to the data of Experiment 1 performs better than the model fitted to the data of Experiment 2. However, both models report similar cutoff thresholds in the vicinity of 70 Hz that approximately coincide with the 50% thresholds shown in Figure 6.




3.2. Perceived Binary Fry Predicted from LPP


Figure 9 shows the natural logarithm of the LPP with respect to the binary fry label dichotomized via listeners’ majority voting (left panel) and to the percentage of listeners voting for fry (right panel). The left panel shows that LPP values are larger in fry, as expected. The right panel shows for both experiments that LPP values increase with the percentage of listeners voting for fry. The LPP averages (circles) increase strictly monotonically with the percentage of listeners voting for fry, with one exception (Experiment 2, second and third group from the left). The number of samples was approximately balanced across groups, with the exception that the 0% and 100% groups contained substantially more samples. The standard deviations of LPP are relatively small in the majority of the groups.



Figure 9 also shows that LPP values differ between Experiments 1 and 2 for comparable listener ratings. In particular, LPP values are larger in Experiment 1. A possible explanation is that the perception of binary fry is influenced by the anchoring being different in the two experiments. The maximum anchoring frequencies were 80 Hz and 120 Hz in Experiments 1 and 2, respectively. Because the listeners were asked to rate these extreme stimuli using the extremes of the scales, LPP values differ between Experiments 1 and 2 for comparable listener ratings.



The ROC curves using LPP as the predictor are shown in Figure 10. The optimal cutoff thresholds at 0.14 sone and 0.09 sone are applied to the majority votes shown in the left panel of Figure 9 (ln(LPP) = −1.97 and −2.41, respectively) and yield a more sensitive model for Experiment 1 (true positive rate of 0.90) and a more specific model for Experiment 2 (negative rate of 0.83). Note that the reported results regarding LPP are relative only because no formal calibration of the sound pressure level of the headphones was carried out.




3.3. Impulsiveness, Tonality, and Naturalness Predicted from Glottal Parameters


Table 3 lists all-listener weights of the linear regression models regarding perceived impulsiveness, tonality, and naturalness as functions of   F o  ,   Q o  , and   Q s   (Experiment 1) and   F o  ,   Δ F o  ,   Q o  , and   Δ Q o   (Experiment 2). Parameters   F o  ,   Δ F o  , and   Q o   are shown to significantly affect perceived impulsiveness with equal effect directions as in binary fry (cf. Table 1). The context parameter   Δ F o  , which was marginally non-significant when vocal fry was rated binarily (p = 0.06), is significant here when the 7-point Likert scale is used to reflect impulsiveness.



Tonality ratings are shown to be inversely related to perceived impulsiveness. Parameters   F o  ,   Q o  , and   Δ F o   significantly affect perceived tonality in directions opposite to perceived impulsiveness. A decrease in   F o   significantly decreases perceived tonality. The decrease in pitch strength with a decrease in   F o   accords with previous findings for frequencies larger than 120 Hz [26]. Here, we show that the inverse relation of   F o   and pitch strength is also observed for   F o   values below 120 Hz.



The tonality decreases with decreasing open quotient   Q o  , which agrees with a previous study [26] in which sinusoids were reported to have a larger pitch strength than complex tones. Indeed, decreasing the open quotient increases the magnitude of the overtones, making the signal less sinusoidal. However, the effect of   Q o   is smaller than the effect of   F o  .



Tonality and frequency difference   Δ F o   are inversely related. This may be interpreted as the tonality ratings being biased owing to the listeners’ inability to ignore the short-term context.



For Experiment 1, the perceived naturalness of the stimuli significantly increases with frequency   F o   and open quotient   Q o  . This may reflect the difficulty of synthesizing vocal fry that sounds convincingly natural. An indication is that none of the medians of the naturalness ratings reaches its maximum of +3 (see Figure 11).



Figure 12 shows the ROC curves for the prediction of binary fry from perceived impulsiveness ratings. The purpose is to show that perceived impulsiveness is a proxy for perceived binary fry. The curves are similar for the two experiments, with large AUC values of 0.96 and 0.91 for Experiments 1 and 2, respectively. Thus, perceived impulsiveness may be interpreted as a proxy for perceived binary fry. The optimal cutoff threshold is 0 for Experiment 1, which is the center of the 7-point Likert scale. The model’s sensitivity (i.e., true positive rate) is smaller for Experiment 2, for which the optimal threshold is 1. Similarly to the ROCs that report the prediction of binary fry from   F o   (Figure 8), the AUC is larger for Experiment 1 than for Experiment 2. Finally, both AUC values increased when the impulsiveness ratings of individual listeners were replaced by majority votes (AUC = 0.99 and AUC = 0.97 for Experiments 1 and 2, respectively).





4. Discussion


The perception of vocal fry with regular vocal fold oscillations was studied in two listening experiments in the current study.



The first experiment considered glottal frequency   F o  , open quotient   Q o  , and glottal area pulse skewness   Q s  . The perception of vocal fry in synthesized vowels was shown to be mainly affected by the glottal frequency   F o  . When   F o   is below a listener-individual threshold ranging from 40 to 80 Hz, the phonation is classified as fry. This classification agrees with previously reported observations that associate fry with a low pitch [12,37]. The open quotient   Q o   also had an effect on fry perception. A smaller open quotient was a significant cue for fry for a minority of listeners, which agrees with past findings [22]. No measurable effects on perceptual ratings were found for the pulse skewness   Q s  . This result agrees with previous findings [22] that found   Q s   to be relevant to the perception of vocal effort rather than vocal fry.



The second experiment studied the influence of the short-term context (i.e., within-vowel context) on the perception of vocal fry. Different values were assigned to glottal parameters   F o   and   Q o   before and after the fry mid-vowel segment. We tested whether the amount of variation of   F o   and   Q o   affects listeners’ ratings of fry to determine whether listeners are susceptible to perceptual bias due to the short-term context. While the influence of   Δ F o   on binary fry labeling was marginally non-significant (see Table 1), it had a small but significant effect on the more finely resolved ratings of perceived impulsiveness, tonality, and naturalness (see Table 3).



In the context of prior work, we first found that perceived impulsiveness may indeed be understood as a proxy for perceived binary fry, suggesting that graduations between modal voice and fry exist. In particular, perceived binary fry was predicted with a small error by perceived impulsiveness. In addition, the agreement that we found between perceived impulsiveness and LPP is another indicator of the existence of graduations of fry. LPP is inspired by the fluctuation strength model presented previously [26]. In particular, the fluctuation strength refers to the peak prominence of the temporal fluctuation of the masking threshold, whereas LPP refers to the peak prominence of the temporal fluctuation of the loudness. These concepts are similar, but we may argue that fluctuation of loudness is more relevant in our case, because the analyzed signal is not a masker. LPP is also related to the reported threshold of 42–44 dB SPL decay during time intervals between prominent glottal pulses [21].



Second, we showed that tonality (i.e., pitch strength) increases with   F o  . This was shown previously for signals with frequencies larger than or equal to 120 Hz [31]. For signals with lower frequencies, a loss of the tonal quality was reported with decreasing   F o   [38]. The signal was reported to smoothly transit into a pulsating one when   F o   is further decreased, with a transition occurring between 100 Hz and 50 Hz. A value of about 20 Hz was reported to be the lower limit of pitch perception. In addition, reducing the open quotient makes glottal area pulses shorter, which increases the magnitudes of high-frequency harmonics. This causes perceived pitch strength to decrease, possibly via the same mechanism that decreases the pitch strength of complex tones as opposed to pure tones [26]. However, if the open quotient exceeds 0.7, which is typical for breathy phonation, this effect may be reversed, because breathiness was previously shown to be inversely correlated with pitch strength, most likely due to the increased level of aspiration noise [39,40].



Third, regarding naturalness, the predominant effect was a perceived increase in naturalness with vibration frequency, which suggests that the synthesis of vocal fry with frequencies down to 20 Hz remains a challenge. Most of the scientific attention on physical voice synthesis had gone in the past into the physical synthesis of voices with higher frequencies, which results in a lack of understanding synthesis of low-frequency voices. In addition, we had expected that the use of a small open quotient of approximately 0.1 to 0.3 would be necessary at frequencies from 20 Hz to 30 Hz to produce naturally sounding stimuli because the duration of the open phase at such frequencies is short compared with the cycle duration. This expectation was not confirmed, because we did not see such an effect in the naturalness ratings. We also saw that perceived naturalness increased slightly as the individual experiments progressed, which is interpreted as the listeners becoming familiar with the sounds of the stimuli.



Fourth, we observed that the use of a majority vote in place of individual listeners’ ratings yields a better agreement between ratings and LPP. For Experiment 1, the AUC increased to 0.98 using a threshold of 0.14 sone, and the AUC of Experiment 2 increased to 0.90 with a threshold of 0.07 sone when a majority vote was used. This observation may be interpreted in terms of the presence of noise in the responses of individual listeners, which is canceled out in majority voting. Therefore, binary fry labels obtained via majority voting as well as cutoff thresholding of the LPP may be closer to the actual truth than ratings of individual listeners. The same interpretation may be applied to the observation that the prediction of perceived binary fry from perceived impulsiveness improves if a majority vote is used instead of ratings of individual listeners.



Fifth, regarding the internal reference standards of the listeners, we found indications for the existence of fixed components of reference standards, as well as for effects of anchoring and for the influence of short-term context on listener ratings. Regarding fixed standards, we found that two listeners were not susceptible to anchoring. They were both medical doctors, which suggests a professional group effect. However, for a third medical doctor the 50% probability threshold of 74 Hz agrees with the all-listener mean threshold (see Figure 6). Regarding anchoring, most of the listeners appeared to be susceptible. In particular, we found differences between the ratings obtained in Experiments 1 and 2, which we interpret as a result of differences in anchoring. Regarding effects of the short-term context, we found significant effects of   Δ F o   on 7-point Likert ratings of tonality, impulsiveness, and naturalness. The effect of   Δ F o   was marginally non-significant on perceived binary fry.



Finally, the heterogeneous backgrounds of the listeners has the drawback of generating small group sizes for individual professions. An advantage of diverse backgrounds, however, is that the inclusion of listeners with different professional backgrounds reflects the range of possible listener behaviors in the data. In addition, the language that we used for the labels in the GUI was English, which was the second language for all listeners. (The first languages were German, Luxembourgish, and Telugu). Listeners were familiarized with the English semantic descriptors in the GUI prior to the experiment in a short conversation with author PA.



The limitations of the study and suggestions for future research include the following. First, the low-frequency signals were labeled as less natural. The synthesizer is able to produce stimuli that are indistinguishable from human stimuli [41], but no arbitrary setting of the synthesizer parameters is guaranteed to produce natural speech sounds. This highlights the difficulty of synthesizing vocal fry signals that sound convincingly human. For the future, we consider the possibility of synthesizing fry signals with neural network-based approaches (e.g., WaveNet, or WaveGlow [42,43]) and conducting Turing tests to assess the naturalness of their outputs. In addition, the use of recordings of human subjects is definitely relevant, but was beyond the scope of this study, mainly because the study design required that the parameters are controllable.



Second, playback of low frequencies may deserve additional validation. In particular, the low end of the frequency range of the used headphones is reported by the manufacturer to be 16 Hz, but considerable roll-off of the sinusoidal frequency response is observed for frequencies well above 16 Hz. This was incorporated in the calculation of the loudness peak prominences using a dummy head measurement setup as described in [31], but what is pending is a quantitative validation that proves that the signal arriving at the ear drum in the listening test is representative for a face-to-face communicative setting.



Finally, the number of listeners belonging to the same professional group was small. We observed that the two listeners who appeared to not be susceptible to anchoring were two of the three medical doctors; however, formal comparisons are not possible given the small group size. Third, only synthetic stimuli mimicking regular fry in a male speaker uttering vowel [a] were used, meaning that the influence of irregularity and gender- as well as vowel-related variation of the formants may be underrepresented in the reported results. Thus, more diverse stimuli and additional listeners may be used in follow-up studies. Also, the observed relationship between LPP and perceived fry may not be generalizable to dysphonic non-fry voices.




5. Conclusions


What may be concluded is the following. First, the most influential acoustic feature of perceived binary fry and impulsiveness is the vocal frequency. The open quotient also plays a minor role. More precisely, smaller frequencies and smaller open quotients increase the probability of perceived binary fry and impulsiveness. No effect of the pulse skewness was measurable in the experiments. Second, perceivable graduations of fry exist. In particular, the results show that impulsiveness reported on a 7-point Likert scale is a proxy of perceived binary fry, and that the proposed psychoacoustic feature LPP agrees with perceived fry in a fine-grained way. Third, regarding listener-internal reference standards, fixed components appear to exist, in addition to components that may be varied by anchoring and a short-term (i.e., within-vowel) context. In particular, two listeners were not susceptible to anchoring, but adhered to their fixed internal reference standards. In addition, we found differences in threshold frequencies between Experiments 1 and 2, which we interpret as an effect of the anchoring varying between the two experiments. Finally, frequency differences in modal to fry to modal transits seem to bias fry ratings such that increasing differences increase the probability of fry ratings. The effect of vocal frequency contrast on perceived binary fry was marginally non-significant, but the effect was significant on impulsiveness. Fourth, the perceived naturalness of stimuli has been weaker in fry than in non-fry stimuli, reflecting the difficulty of synthesizing fry stimuli that sound human-produced.



Clinical long-term perspectives include the following. First, improving the understanding of the relations between voice production and perception lays the groundwork for improving clinical treatment to improve perceptual voice quality. Second, acquisition of knowledge on the properties of auditory reference standards of listeners is important for improving the current state of voice quality assessment. Finally, another clinical long-term perspective of this work may be the distinction between pathological and non-pathological fry.







Author Contributions


Conceptualization, I.R., J.S. and P.A.; Methodology, J.S. and P.A.; Software, V.D. and P.A.; Validation, I.R.; Formal analysis, F.W.; Investigation, V.D., F.W. and P.A.; Resources, I.R. and J.S.; Data curation, V.D. and J.S.; Writing—original draft, V.D.; Writing—review & editing, I.R., F.W., J.S. and P.A.; Visualization, F.W.; Supervision, I.R. and J.S.; Project administration, P.A.; Funding acquisition, P.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research and the open access publishing was funded by the Austrian Science Fund (FWF), grant number KLI722-B30.




Institutional Review Board Statement


Ethical review and approval were waived by the ethics committee of Medical University of Vienna. The approval number is 1473/2016.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The stimuli that were used in the reported experiments may be retrieved under Creative Commons Attribution 4.0 International at https://zenodo.org/record/7680506 (accessed on 24 March 2023).




Acknowledgments


The authors want to thank Peter Pabon and Sten Ternström for a discussion regarding the low spectral frequency content of vocal fry. Also, the authors want to thank the voluntary participants of the listening experiments.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Chen, Y.; Robb, M.P.; Gilbert, H.R. Electroglottographic evaluation of gender and vowel effects during modal and vocal fry phonation. J. Speech Lang. Hear. Res. 2002, 45, 821–829. [Google Scholar] [CrossRef]

	



Dallaston, K.; Docherty, G. The quantitative prevalence of creaky voice (vocal fry) in varieties of English: A systematic review of the literature. PLoS ONE 2020, 15, e0229960. [Google Scholar] [CrossRef]

	



Hollien, H. On vocal registers. J. Phon. 1974, 2, 125–143. [Google Scholar] [CrossRef]

	



Hollien, H.; Wendahl, R.W. Perceptual Study of Vocal Fry. J. Acoust. Soc. Am. 1968, 43, 506–509. [Google Scholar] [CrossRef]

	



Michel, J.F.; Hollien, H. Vocal fry as a phonational register. J. Speech Hear. Res. 1968, 11, 600–604. [Google Scholar]

	



Laver, J. The Phonetic Description of Voice Quality; Cambridge University Press: Cambridge, UK, 2009. [Google Scholar]

	



Wolk, L.; Abdelli-Beruh, N.B.; Slavin, D. Habitual use of vocal fry in young adult female speakers. J. Voice 2012, 26, e111–e116. [Google Scholar] [CrossRef]

	



Ashby, M.; Maidment, J. Introducing Phonetic Science; Cambridge University Press: Cambridge, UK, 2005. [Google Scholar]

	



Dejonckere, P.H.; Bradley, P.; Clemente, P.; Cornut, G.; Crevier-Buchman, L.; Friedrich, G.; Van De Heyning, P.; Remacle, M.; Woisard, V. A basic protocol for functional assessment of voice pathology, especially for investigating the efficacy of (phonosurgical) treatments and evaluating new assessment techniques. Eur. Arch. Oto-Rhino-Laryngol. 2001, 258, 77–82. [Google Scholar] [CrossRef]

	



Ylitalo, R.; Hammarberg, B. Voice characteristics, effects of voice therapy, and long-term follow-up of contact granuloma patients. J. Voice 2000, 14, 557–566. [Google Scholar] [CrossRef]

	



Patel, R.; Liu, L.; Galatsanos, N.; Bless, D.M. Differential vibratory characteristics of adductor spasmodic dysphonia and muscle tension dysphonia on high-speed digital imaging. Ann. Otol. Rhinol. Laryngol. 2011, 120, 21–32. [Google Scholar] [CrossRef]

	



Blomgren, M.; Chen, Y.; Ng, M.L.; Gilbert, H.R. Acoustic, aerodynamic, physiologic, and perceptual properties of modal and vocal fry registers. J. Acoust. Soc. Am. 1998, 103, 2649–2658. [Google Scholar] [CrossRef]

	



Whitehead, R.L.; Metz, D.E.; Whitehead, B.H. Vibratory patterns of the vocal folds during pulse register phonation. J. Acoust. Soc. Am. 1983, 74, S116. [Google Scholar] [CrossRef]

	



Henrich, N.; d’Alessandro, C.; Doval, B.; Castellengo, M. Glottal open quotient in singing: Measurements and correlation with laryngeal mechanisms, vocal intensity, and fundamental frequency. J. Acoust. Soc. Am. 2005, 117, 1417–1430. [Google Scholar] [CrossRef]

	



Herbst, C.T.; Ternström, S.; Švec, J. Investigation of four distinct glottal configurations in classical singing—A pilot study. J. Acoust. Soc. Am. 2009, 125, EL104–EL109. [Google Scholar] [CrossRef]

	



Keating, P.A.; Garellek, M.; Kreiman, J. Acoustic properties of different kinds of creaky voice. In Proceedings of the 18th International Congress of Phonetic Sciences, ICPhS, Glasgow, UK, 10–14 August 2015. [Google Scholar]

	



Gerratt, B.R.; Kreiman, J. Toward a taxonomy of nonmodal phonation. J. Phon. 2001, 29, 365–381. [Google Scholar] [CrossRef]

	



Imaizumi, S.; Gauffin, J. Acoustical and perceptual characteristics of pathological voices: Rough, creak, fry, and diplophonia. Ann. Bull. RILP 1991, 25, 109–119. [Google Scholar]

	



Catford, J.C. Phonation Types: The Classification of Some Laryngeal Components of Speech Production. In Honour of Daniel Jones: Papers Contributed on the Occasion of His Eightieth Birthday, 12 September 1961; Abercrombie, D., Fry, D., MacCarthy, P., Scott, N., Trim, J., Eds.; Longmans: London, UK, 1964. [Google Scholar]

	



Klatt, D.H.; Klatt, L.C. Analysis, synthesis, and perception of voice quality variations among female and male talkers. J. Acoust. Soc. Am. 1990, 87, 820–857. [Google Scholar] [CrossRef]

	



Coleman, R.F. Decay Characteristics of Vocal Fry. Folia Phoniatr. Logop. 1963, 15, 256–263. [Google Scholar] [CrossRef]

	



Childers, D.G.; Lee, C.K. Vocal quality factors: Analysis, synthesis, and perception. J. Acoust. Soc. Am. 1991, 90, 2394–2410. [Google Scholar] [CrossRef]

	



Ishi, C.T.; Sakakibara, K.I.; Ishiguro, H.; Hagita, N. A method for automatic detection of vocal fry. IEEE Trans. Audio Speech Lang. Process. 2008, 16, 47–56. [Google Scholar] [CrossRef]

	



Kane, J.; Drugman, T.; Gobl, C. Improved automatic detection of creak. Comput. Speech Lang. 2013, 27, 1028–1047. [Google Scholar] [CrossRef]

	



Goldstone, R. Influences of Categorization on Perceptual Discrimination. J. Exp. Psychol. Gen. 1994, 123, 178–200. [Google Scholar] [CrossRef]

	



Fastl, H.; Zwicker, E. Psychoacoustics: Facts and models, Psychoacoustics Facts Model; Springer: Berlin, Germany, 2007; pp. 1–463. [Google Scholar] [CrossRef]

	



Terhardt, E.; Stoll, G.; Seewann, M. Algorithm for extraction of pitch and pitch salience from complex tonal signals. J. Acoust. Soc. Am. 1982, 71, 679–688. [Google Scholar] [CrossRef]

	



Glasberg, B.R.; Moore, B. A model of loudness applicable to time-varying sounds. J. Audio Eng. Soc. 2002, 50, 331–342. [Google Scholar]

	



Titze, I.; Alipour, F. The Myoelastic Aerodynamic Theory of Phonation; National Center for Voice and Speech: Iowa City, IA, USA, 2006; pp. 495–510. [Google Scholar]

	



Devaraj, V.; Roesner, I.; Wendt, F.; Schoentgen, J.; Aichinger, P. Audio Files of Synthetic Sustained Vowels for the Study of Vocal Fry. Zenodo. 2023. Available online: https://zenodo.org/record/7680506 (accessed on 24 March 2023).

	



Chan, K.M.K.; Yiu, E.M.-L. The effect of anchors and training on the reliability of perceptual voice evaluation. J. Speech Lang. Hear. Res. 2002, 45, 111–126. [Google Scholar] [CrossRef]

	



Møller, H.; Pedersen, C.S. Hearing at low and infrasonic frequencies. Noise Health 2004, 6, 37–57. [Google Scholar]

	



Aichinger, P.; Sontacchi, A.; Schneider-Stickler, B. Describing the transparency of mixdowns: The Masked-to-Unmasked-Ratio. In Proceedings of the 130th Convention of the Audio Engineering Society, London, UK, 13–16 March 2011. [Google Scholar]

	



Cronbach, L.J. Coefficient alpha and the internal structure of tests. Psychometrika 1951, 16, 297–334. [Google Scholar] [CrossRef]

	



Streiner, D.L. Starting at the beginning: An introduction to coefficient alpha and internal consistency. J. Pers. Assess. 2003, 80, 99–103. [Google Scholar] [CrossRef]

	



Holm, S. A Simple Sequentially Rejective Multiple Test Procedure. Scand. J. Stat. 1979, 6, 65–70. [Google Scholar]

	



Kuang, J.; Liberman, M. The effect of vocal fry on pitch perception. In Proceedings of the 2016 IEEE International Conference on Acoustics, Speech and Signal Processing (ICASSP), Shanghai, China, 20–25 March 2016; pp. 5260–5264. [Google Scholar] [CrossRef]

	



Warren, R.M.; Bashford, J.A. Perception of acoustic iterance: Pitch and infrapitch. Percept. Psychophys. 1981, 29, 395–402. [Google Scholar] [CrossRef]

	



Eddins, D.A.; Anand, S.; Camacho, A.; Shrivastav, R. Modeling of Breathy Voice Quality Using Pitch-strength Estimates. J. Voice 2016, 30, 774.e1–774.e7. [Google Scholar] [CrossRef]

	



Shrivastav, R.; Eddins, D.A.; Anand, S. Pitch strength of normal and dysphonic voices. J. Acoust. Soc. Am. 2012, 131, 2261–2269. [Google Scholar] [CrossRef] [PubMed]

	



Fraj, S.; Schoentgen, J.; Grenez, F. Development and perceptual assessment of a synthesizer of disordered voices. J. Acoust. Soc. Am. 2012, 132, 2603–2615. [Google Scholar] [CrossRef] [PubMed]

	



van den Oord, A.; Dieleman, S.; Zen, H.; Simonyan, K.; Vinyals, O.; Graves, A.; Kalchbrenner, N.; Senior, A.; Kavukcuoglu, K. WaveNet: A Generative Model for Raw Audio. arXiv 2016, arXiv:1609.03499. [Google Scholar]

	



Prenger, R.; Valle, R.; Catanzaro, B. Waveglow: A Flow-based Generative Network for Speech Synthesis. In Proceedings of the ICASSP 2019—2019 IEEE International Conference on Acoustics, Speech and Signal Processing (ICASSP), Brighton, UK, 12–17 May 2019. [Google Scholar] [CrossRef]








[image: Applsci 13 04186 g001 550] 





Figure 1. A three-dimensional model of the glottis referred to as the phase-delayed overlapping sinusoids (PDOS) model. The entry and exit glottal area waveforms are obtained from the rectangular glottal margins. 
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Figure 2. Glottal area waveforms generated using the PDOS model. The effective glottal area waveform     a   g     is obtained by the minimum operator of the glottal entry and exit areas     a   e n t r y     and     a   e x i t     (Equation (5)). 
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Figure 3. The impact of the control parameters   F   o   M    ,   Q   o   M    , and   Q   a   M     (a–c) of the PDOS model on the glottal area waveform (black solid line), glottal flow rate (gray dash-dotted line), and acoustic pressure (gray solid line). As expected, the glottal flow rate is skewed to the right with regard to the pulses seen in the glottal area. 
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Figure 4. Examples of waveforms of stimuli (gray) and illustrations of synthesis parameter values (black). (a) The synthesis parameters   F o   and   Q o   tested in Experiment 1 were constant for the duration of the stimulus resulting in vowels with temporally homogeneous voice qualities. (b) In Experiment 2, the parameters   F o   and   Q o   were varied throughout the stimulus. 
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Figure 5. Illustration of the loudness peak prominence (LPP) of a stimulus obtained from the short-term loudness curve over time (bold gray line). The sound waveform is shown as a thin gray line. The LPP is obtained as the median of the individual peaks’ prominences (black line). 
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Figure 6. All-listeners’ perceived binary fry as a function of fundamental frequency   F o  . Black circles   π   f r y     indicate the proportions of stimuli rated as fry. Gray lines   P ( f r y )   indicate the probabilities of a fry label occurring as a function of   F o   predicted by binomial logistic regression models. Vertical lines indicate corresponding 95%, 50%, and 5% probability thresholds. (a) For Experiment 1 corresponding 95% binomial confidence intervals are given. (b) For Experiment 2,   π   f r y     is pooled in 10 Hz steps. 
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Figure 7. Listener-specific observed proportions of stimuli rated as fry   π   f r y     (means, black circles), binomial logistic regression models   P ( f r y )  . The corresponding thresholds   P ( f r y )   = 50% are indicated as vertical lines (black) and compared with respective individual thresholds modeled from the data of Experiment 2 (gray). 
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Figure 8. All-listener ROC curves regarding the prediction of perceived binary fry by   F o   after exclusion of Listeners 4 and 5. The corresponding cutoff thresholds are 69 Hz and 70 Hz. 
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Figure 9. All-listener averages and   ±  1 standard deviations of logarithmic loudness peak prominence LPP as a function of the percentage of fry votes for both experiments. (a) Fry labels dichotomized via listeners’ majority votes, reflecting LPP is inspired for each sample the most frequent answer of the listeners. (b) Percentage of listeners voting for fry. Numbers (a) and circle sizes (b) indicate the proportions of stimuli contained in each group, expressed in percent of the whole corpus. 
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Figure 10. ROC curves and cutoff thresholds regarding the prediction of binary fry labels using the loudness peak prominence (LPP) as the predictor. The ground truth is obtained from listeners’ majority voting. 
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Figure 11. Factored median scores (circles) with 95% confidence intervals (black whiskers) and interquartile ranges (gray bars) of perceived impulsiveness, tonality, and naturalness as functions of   F o   and   Q o   for Experiment 1. 
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Figure 12. All-listeners’ ROC curves and cutoff thresholds regarding the prediction of binary fry from perceived impulsiveness. 
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Table 1. All-listener z-normalized coefficient estimates of binomial logistic regression models designed to predict binary fry labels from glottal parameters a.
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Coefficient Estimates

	
p-Values




	
Exp. 1

	
Exp. 2

	
Exp. 1

	
Exp. 2






	
Const.

	
1.88

	
0.70

	
<0.001

	
<0.001




	
   F o   

	
−3.51

	
−2.16

	
<0.001

	
<0.001




	
   Δ F o   

	
n.a.

	
0.41

	
n.a.

	
0.062




	
   Q o   

	
−0.20

	
−0.67

	
0.013

	
<0.001




	
   Δ Q o   

	
n.a.

	
−0.08

	
n.a.

	
0.484




	
   Q s   

	
0.05

	
n.a.

	
0.531

	
n.a.








a Coefficient estimates that significantly differ from 0 and p-values smaller than 0.05 (Bonferroni–Holm corrected) are highlighted in gray.
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Table 2. Listener-specific z-normalized coefficient estimates for   F o   and   Q o   of binomial logistic regression models, designed to predict fry labels from glottal parameters a.






Table 2. Listener-specific z-normalized coefficient estimates for   F o   and   Q o   of binomial logistic regression models, designed to predict fry labels from glottal parameters a.





	
Listener

	
Experiment 1

	
Experiment 2




	
    F o    

	
    Q o    

	
    F o    

	
    Q o    






	
1

	
−2.77

	
−0.43

	
n.a.

	
n.a.




	
2

	
−9.07

	
−2.06

	
n.a.

	
n.a.




	
3

	
−6.54

	
−1.17

	
−6.24

	
−3.55




	
4

	
−0.88

	
1.10

	
n.a.

	
n.a.




	
5

	
0.29

	
−1.06

	
n.a.

	
n.a.




	
6

	
−3.22

	
−0.14

	
−3.46

	
−0.75




	
7

	
−7.58

	
0.32

	
−5.04

	
−0.94




	
8

	
−6.77

	
1.19

	
n.a.

	
n.a.




	
9

	
−6.80

	
−0.32

	
−4.55

	
−1.17




	
10

	
−4.53

	
−0.30

	
−4.13

	
−0.05




	
11

	
−4.03

	
−0.77

	
−1.54

	
−0.73




	
12

	
−4.75

	
0.61

	
−5.76

	
−1.38




	
13

	
n.a.

	
n.a.

	
−1.96

	
−2.19








a Coefficient estimates that differ from 0 significantly (  p ≤ 0.05  , Bonferroni–Holm corrected) are highlighted in gray.
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Table 3. All-listeners’ z-normalized coefficient estimates of linear regression models of perceived impulsiveness, tonality, and naturalness a.






Table 3. All-listeners’ z-normalized coefficient estimates of linear regression models of perceived impulsiveness, tonality, and naturalness a.





	

	
Impulsiveness

	
Tonality

	
Naturalness




	
Exp. 1

	
Exp. 2

	
Exp. 1

	
Exp. 2

	
Exp. 1

	
Exp. 2






	
Const.

	
0.48

	
0.31

	
−0.30

	
0.34

	
−0.21

	
0.32




	
   F o   

	
−1.75

	
−1.21

	
1.63

	
1.03

	
1.27

	
0.64




	
   Δ F o   

	
n.a.

	
0.22

	
n.a.

	
−0.34

	
n.a.

	
−0.25




	
   Q o   

	
−0.09

	
−0.24

	
0.32

	
0.21

	
0.18

	
−0.04




	
   Δ Q o   

	
n.a.

	
−0.03

	
n.a.

	
−0.03

	
n.a.

	
−0.02




	
   Q s   

	
0.01

	
n.a.

	
−0.06

	
n.a.

	
0.03

	
n.a.








a Coefficients that differ from 0 significantly (  p ≤ 0.05  , Bonferroni-Holm corrected) are highlighted in gray.
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