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varied independently of L eq . In [a:], filter (formant frequen-
cies F1–F4) was related to valence. The interplay between 
voice source and F1–F4 warrants a synthesis study. 
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 Introduction 

 Fundamental frequency (F 0 ), the main correlate of 
pitch, its variations and sound pressure level (SPL), which 
is mainly heard as loudness, are well known to be among 
the most important variables in emotion expressions  [1, 
2] . Both of them tend to increase in accordance with psy-
chophysiological activity level, being higher in emotions 
with high arousal (e.g. joy and anger) and lower in emo-
tions with less arousal (e.g. tenderness and depressive 
sadness)  [1, 3] . In the literature on emotions it is widely 
agreed that there are four basic emotions (joy, anger, fear 
and sadness) which are universal, not culture-related. 
These basic or primary emotions represent both high 
arousal activity level (joy, anger and fear) and low arous-
al activity level (sadness). Additionally, there are also so-
called secondary or social emotions, which are culturally 
related and therefore more difficult to define (such as 
longing, boredom or satisfaction).

  Voice quality has been considered a crucial variable
in differentiating emotions which are communicated 
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 Abstract 

 Fundamental frequency (F 0 ) and intensity are known to be 
important variables in the communication of emotions in 
speech. In singing, however, pitch is predetermined and yet 
the voice should convey emotions. Hence, other vocal pa-
rameters are needed to express emotions. This study in-
vestigated the role of voice source characteristics and for-
mant frequencies in the communication of emotions in 
monopitched vowel samples [a:], [i:] and [u:]. Student ac-
tors (5 males, 8 females) produced the emotional samples 
simulating joy, tenderness, sadness, anger and a neutral 
emotional state. Equivalent sound level (L eq ), alpha ratio
[SPL (1–5 kHz) – SPL (50 Hz–1 kHz)] and formant frequencies 
F1–F4 were measured. The [a:] samples were inverse filtered 
and the estimated glottal flows were parameterized with the 
normalized amplitude quotient [NAQ = f AC /(d peak T)]. Interre-
lations of acoustic variables were studied by ANCOVA, con-
sidering the valence and psychophysiological activity of the 
expressions. Forty participants listened to the randomized 
samples (n = 210) for identification of the emotions. The ca-
pacity of monopitched vowels for conveying emotions dif-
fered. L eq  and NAQ differentiated activity levels. NAQ also 
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through a subtle coloring of the voice  [2, 4, 5] . Thus, voice 
quality is a paralinguistic means of signaling differences 
in meaning in speech  [6] . Voice quality and F 0  may vary 
individually in conveying vocal emotional content  [7] .

  Voice quality is defined by Laver  [8]  in a broad sense 
as the individual coloring of the speaker’s voice, which is 
determined both by the voice source (a result of vocal fold 
vibration) and vocal tract characteristics  [9] . Thus, voice 
quality results from both phonatory and articulatory 
characteristics. In order to study the voice source, inverse 
filtering is needed to separate the resonances from the 
signal. The voice source varies together with F 0 , SPL (or 
equivalent sound level, L eq ) and also with tempo  [10–14] , 
and therefore, the individual role of voice quality in emo-
tional expression has not been simple to study. However, 
it is reasonable to assume that the voice source may also 
vary independently, not merely related to variation in F 0  
and SPL  [15, 16] . Moreover, F 0  and SPL seem to interact, 
SPL typically rising together with F 0 . F 0  is also one of the 
means to increase SPL  [17] .

  In singing, the variations in pitch are always predeter-
mined, and the relative loudness and duration are also 
more or less predirected. Yet the vocalist’s voice should 
be emotionally expressive. Thus, singers, compared to 
speakers, need to use different strategies to convey emo-
tional expressions to the audience. This acoustic convey-
ance of emotions has been investigated among other 
things by analyzing the vocalist’s interpretation  of the 
music  and the expression of the emotions  of the character  
portrayed, and also by investigating the  vocalist’s own 
psychophysiological state  while performing  [18] . From the 
perceptual viewpoint, the listeners’ individual abilities to 
perceive emotional quality and the acoustic characteris-
tics of the voice signal used in the perception process are 
of importance  [18] . Vocalists’ and also actors’ expressions 
and performance therefore need to be tightly controlled. 
One means of improving this control is to practice with 
monopitched sounds. Hence, the control concentrates on 
the voice quality itself, not only on the prosodic fea-
tures.

  As every vowel has its own vocal tract setting, it is 
plausible that the expression-related acoustic changes are 
different when they occur in the context of a different 
vowel. The same articulatory movement, for example 
moving the tongue forward in the oral cavity, causes dif-
ferent acoustic changes in different vowels  [19] .

  The present study investigated voice quality parame-
ters (voice source and formant frequencies) in mono-
pitched emotional expressions. It may be assumed that, 
when the variation of F 0  is eliminated, the role of voice 

quality in the expression of emotions would become 
clearer. Different vowels were studied since it was hy-
pothesized that there might be (1) differences between 
vowels in conveying emotional content and (2) differenc-
es in the possible expression-related changes in the for-
mant structure of different vowels.

  Materials and Methods 

 Subjects and Recordings 
 The material for the present study was recorded in the Univer-

sity of Tampere in a well-damped studio using a digital recorder 
Tascam DA-20 and a Brüel & Kjær 4165 microphone, placed at 
distance of 40 cm from the subject’s lips. Thirteen graduating pro-
fessional actors (5 males and 8 females) with normal voices and 
without any known pathologies of the larynx or hearing served as 
subjects. They produced in random order three monopitched pro-
longed steady vowels, [a:], [i:] and [u:], separated from each other, 
expressing randomly four emotional states: anger, joy, sadness, 
tenderness, and a neutral emotional state at a comfortable speak-
ing pitch. These emotional states were chosen since they represent 
both high and low activity level and positive and negative emo-
tional valences. Intensity and duration varied freely in the expres-
sions, but vowel pitch was standardized. The material contained 
195 vowel samples (13 actors  !  5 emotional states  !  3 vowels).

  Perceptual Analysis 
 The samples were replayed to 40 listeners, consisting of uni-

versity teachers and students (20 males, 20 females, mean age 38 
years in females and 39 in males). An equal number of subjects 
from both genders were used to investigate possible gender differ-
ences in the perception of emotional expressions. The computer 
program Judge (developed by Svante Granqvist, KTH, Stock-
holm) was used to evaluate the samples. The participants listened 
to the samples using Sennheiser HD 530 II headphones. The Judge 
program replayed the samples in a different randomized order for 
every listener. All of the recorded samples (n = 195) were used in 
the listening test. Fifteen of them were repeated in order to study 
intrarater reliability. The listeners’ task was to state for each of the 
210 samples which emotion they perceived in the sample. A vi-
sual analog scale (0–1,000 units) was used. One end, 0, was labeled 
‘neutral’ (no emotion), and the other end (1,000 units) was labeled 
according to each emotional state that was simulated in the study. 
The listeners were allowed to listen to the samples as many times 
as they felt they needed. However, the participants were recom-
mended to listen to each sample only once, if possible, because it 
was of interest to study the very first and thus the basic reaction 
to or perception of the signal heard and hence to avoid any specu-
lations which were prone to arise from the samples (average 2,336 
ms in males and 2,472 ms in females). A confusion matrix of the 
listeners’ answers was calculated in order to investigate the per-
centage of similar answers between the participants. Intrarater 
reliability was studied by calculating the percentage of similar 
answers given by the listeners to the repeated samples (n = 15). 
The differences between the genders in the results of the listening 
test were also studied.
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  Acoustic Analysis 
 The 195 samples were analyzed for F 0 , L eq , alpha ratio and for-

mant frequencies F1–F4 with a signal analysis system named In-
telligent Speech Analyser (ISA), developed by Raimo Toivonen, 
MScEng. F 0  was measured to ensure that the expressions were 
monopitched since the actual Hz value is typically connected with 
the psychophysiological activity level and hence may vary along 
with intensity. The alpha ratio reflects voice quality by showing 
the sound level difference between the range above and below 
1 kHz  [20] . It was calculated here by subtracting the L eq  in the 
range 50 Hz–1 kHz from the L eq  in the range 1–5 kHz. The alpha 
ratio naturally depends on both the voice source and filter char-
acteristics. Formant frequencies were measured on spectrograms 
and the FFT average spectra were taken from the middle portion 
of each vowel sample.

  In order to study the voice source and formant frequencies 
separately, the voice signal was inverse filtered using the Iterative 
Adaptive Inverse Filtering method  [21] , which uses the acoustic 
speech pressure signal as the input, thereby enabling the study of 
natural speech without the inconvenience and restrictions inher-
ent in using a flow mask over the face. Since inverse filtering tech-
niques require vowels with high F1 in order to be accurate, only 
[a:] vowels were inverse filtered in the present study. The resulting 
voice source was parameterized by calculating the normalized 
amplitude quotient [NAQ = f AC /(d peak T)]  [22] . NAQ measures the 
relative time of the glottal closing phase from two amplitude do-
main values, peak-to-peak AC flow (f AC ) and the amplitude of the 
negative peak (d peak ) of the first derivative of the flow. T is the 
fundamental period length ( fig. 1 ). NAQ has been shown to re-
flect phonation type, being low in hyperfunctional (pressed) 
voice and high in hypofunctional (breathy) voice  [22] . NAQ also 
correlates with SPL  [22] .

  Statistical Analysis 
 Analysis of covariance (ANCOVA, SPSS-15, Chicago, Ill., 

USA) was used to study the interrelations of acoustic variables in 
emotional expressions. Two main characteristics of expressions 
were considered: valence and psychophysiological activity level. 
Valence (the affective value of an emotion on an axis positive – 
neutral – negative) and psychophysiological activity level (on an 
axis high – medium – low) were assigned arbitrary numbers by 
the authors to enable statistical analysis. The positive emotions 
joy and tenderness were assigned a positive value 1, a neutral emo-
tional state 0, and the negative emotions anger and sadness –1. For 
the psychophysiological activity level joy and anger were given a 
positive value 1, neutrality 0, and tenderness and sadness a nega-

tive value –1. Thus, there were fewer choices (n = 3) in the study 
of valence and the psychophysiological activity level than in the 
actual emotions (n = 5).

  Dependent variables were: (1) Filter (= weighted sum variable 
of formant frequencies F1–F4 constructed with principal compo-
nent analysis), (2) NAQ (measured only in vowel [a:]), (3) L eq , and 
(4) alpha ratio. The effect of gender was included in the models. 
L eq  was set as a covariate in order to study the dependence of oth-
er characteristics on it. Bonferroni correction was used. Of the 
emotions expressed in [a:], the data for 1 female subject had to be 
excluded, those for 4 females in [u:], and all samples expressing 
tenderness in vowel [u:] produced by female subjects were com-
pletely excluded due to analysis problems.

  Results 

 Listening Test 
 Emotions were recognized with 50% accuracy in the 

listening test ( table 1 ). The percentage for intrarater reli-
ability was 59%. The best recognized emotion was anger 
in all vowels with 68% accuracy, while joy was the least 
recognized emotion with 37% accuracy. Sadness was the 
most often chosen emotion for an answer (24% of all an-
swers), while joy was the most seldom chosen emotion 
(15%). There were differences in the perception between 
the vowels. Vowel [a:] conveyed best tenderness, vowels 
[i:] and [u:] sadness. Anger was well conveyed by all the 
vowels studied, however, vowel [a:] was a somewhat better 
conveyor of anger than the other vowels. Emotions con-
veyed by vowel [u:] were quite poorly recognized, espe-
cially positive emotions.

Table 1. Correct recognition of the emotions expressed in differ-
ent vowels

Emotion [a:] [i:] [u:]

Neutral 46% 39% 40%
Sadness 42% 57% 58%
Joy 41% 43% 28%
Anger 73% 64% 67%
Tenderness 61% 48% 35%

0

0.5

1.0

fAC

a

–0.15

0

0.05

dpeak

b AQ

  Fig. 1.  Inverse filtered signal.  a  Glottal flow. f AC  = AC flow ampli-
tude.  b  First derivative of glottal flow. d peak  = Negative peak am-
plitude of the derivative. AQ (amplitude quotient): f AC /d peak . Time 
on the horizontal axis, f low on an arbitrary scale on the vertical 
axis. 
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  Valence was perceived with 70.5% and activity with 
76.5% accuracy of the answers given. This result may sug-
gest fewer difficulties in the perception of valence and 
psychophysiological activity level compared to the recog-
nition of actual emotions. Valence was perceived correct-
ly in 76% of [a:] and [i:] vowels and in 60% of vowel [u:]. 
Psychophysiological activity level was recognized best in 
vowel [i:] with 86% correct answers. The corresponding 
percentage for [a:] was 73% and for [u:] 71%.

  Some minor nonsignificant gender differences were 
seen in the answers: males perceived the emotions with 
48% accuracy, females with 52% accuracy on average for 
all emotions expressed. No gender differences in percep-
tion were found regarding emotions expressed by the 
same or opposite gender.

  Acoustic Analysis 
 The averages of the parameters measured are given in 

 table 2  separately for both genders.

  Effects of Filter 
 In all three vowels filter (F1–F4) was related to gender, 

which was to be expected. In vowel [a:] filter was also re-
lated to valence (F 1.51  = 6.18, p = 0.016), differentiating be-
tween positive and negative emotions (Bonferroni adjust-
ed p = 0.016). The interaction effect between valence and 

gender was not significant. Valence was thus related to for-
mant frequencies in a similar way in both genders. In pos-
itive emotions, the average frequencies of the formants 
tended to be somewhat higher than in negative emotions.

  In vowels [i:] and [u:], unlike for [a:], filter was not sig-
nificantly related to valence. As expected, formant pat-
terns in emotional expressions differed between vowels. 
The perceptual effect of the formant changes was most 
likely related to an interplay between voice source and 
frequency relations between adjacent formants.

  Effects of Voice Source 
 In all three vowels, L eq  was associated with activity, 

which was to be expected. Significant differences be-
tween low and medium (Bonferroni test, p = 0.001) and 
low and high (p  !  0.001) activity levels were observed. In 
[i:] and [u:], only L eq  and activity level were significantly 
related. L eq  was highest in anger and lowest in tenderness 
and sadness in both genders. There was a high negative 
correlation between L eq  and NAQ in both males and fe-
males. NAQ was smallest in anger in both genders and 
greatest in tenderness. In [a:], NAQ was related to the psy-
chophysiological activity level (F 1,57  = 27.9, p  !  0.001). 
Differences in NAQ also remained significant when L eq  
was set as a covariate, suggesting differences in phona-
tion type independent of voice loudness ( fig. 2 ).

Table 2. Averages of Leq, alpha ratio and formant frequencies F1–F4 in vowels [a:], [i:] and [u:], and NAQ averages for vowel [a:] for 
males and females separately

[a:] [i:] [u:]

neutral sadness joy anger tender-
ness

neutral sadness joy anger tender-
ness

neutral sadness joy anger tender-
ness

Males
Leq 65 58 67 72 57 62 56 64 68 56 62 59 64 68 57
Alpha ratio –10 –10 –8 –7 –9 –14 –18 –13 –6 –18 –27 –28 –25 –23 –29
NAQ 0.11 0.16 0.1 0.08 0.18
F1 611 603 646 650 659 306 284 461 301 323 306 314 327 319 327
F2 1,068 1,060 1,124 1,073 1,107 2,024 2,033 2,119 2,050 2,080 646 629 685 672 633
F3 2,575 2,627 2,700 2,713 2,657 2,588 2,713 2,735 2,903 2,683 2,433 2,459 2,403 2,494 2,567
F4 3,372 3,381 3,407 3,372 3,492 3,329 3,372 3,390 3,643 3,669 2,993 3,191 3,118 3,415 3,518

Females
Leq 62 55 63 72 55 60 56 56 63 66 60 56 56 70 70
Alpha ratio –4 –6 –4 –1 –7 –15 –23 –15 –19 –12 –22 –30 –21 –26 –26
NAQ 0.11 0.15 0.14 0.1 0.17
F1 678 692 719 778 668 377 380 382 428 425 377 393 396 458 458
F2 1,190 1,222 1,295 1,225 1,284 2,538 2,455 2,557 2,199 2,592 651 668 657 751 773
F3 2,891 3,004 3,182 2,931 3,082 3,163 3,192 3,112 3,152 3,308 2,739 2,455 2,830 2,552 2,764
F4 3,954 3,892 4,180 3,941 4,162 4,078 4,121 4,110 3,898 4,038 3,708 3,898 4,212 3,583 3,583
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  Unlike L eq  and NAQ, L eq  and alpha ratio did not show 
any correlation. This is most likely due to the fact that 
alpha ratio – spectral energy distribution – is also affect-
ed by resonances.

  Discussion 

 The perception of emotion samples revealed that the 
listeners were more likely to hear the negative coloring of 
voices than the positive coloring. This tendency may have 
been inherited in the course of evolution: on the one 
hand, humans have had to be aware of a possible threat 
and be sensitively attuned to negative signals especially. 
On the other hand, positive stimuli did not require any 
necessary reaction for survival. The listening test also 
revealed that emotion perception in different vowels var-
ies. The open back vowel [a:] conveyed better anger, ten-
derness and neutrality than the other two vowels, most 
likely due to its evenly spread (nondiffuse) formant struc-
ture, which gives more freedom for expression. Alpha ra-
tio was significantly higher in vowel [a:] than in [i:] and 
[u:], which was to be expected. This may explain the bet-
ter recognition of emotions in [a:]. In all emotions stud-
ied, alpha ratio values were significantly higher in [a:] 
than in the other vowels. This may be due to louder for-
mant amplitudes and greater amount of spectral energy, 
which may have had some perceptual relevance. Anger 
was conveyed remarkably well by all vowels studied, im-
plying that it may not be related to filter functions but 
rather to the voice source, and may thus not be vowel-de-
pendent. Joy was slightly better recognized in the front 
vowel [i:] than in [a:], but distinctively better in [i:] than 
in [u:]. This result for joy may be connected to the for-
mant structure of [i:] where F2–F4 are all relatively high 

in frequency, which, in turn, may give a bright sound to 
the vowel when signaling positive emotions.

  In the writing of song lyrics, the words tend to be cho-
sen such that the vowels support the mood of the message 
of the song, e.g. /a/ and /e/ may be used when brightness 
is needed in the expressions, and /u/ and /y/ when darker 
voice timbre is desired. The resonances create the acous-
tic structures of the vowels, and so the formant frequen-
cies differ between them. Thus, their ability to modify 
perceptually relevant resonances is different.

  In earlier investigations, formant frequencies (F2–F4) 
have been found to be higher in positive valence than in 
negative valence  [16, 23] . The higher frequencies may be 
due to the smiling position of the lips, which shortens the 
vocal tract. This effect should affect the highest formants 
of [i:] especially. However, sadness was signaled well by 
both [i:] and [u:] vowels. Their diffuse formant structures 
and smaller amount of spectral energy in the higher for-
mant frequency area (alpha ratio was significantly lower 
than in [a:]) may account for this result. Since there was 
no significant difference between valence and formant 
frequencies in [i:] and [u:], the use of the formant ampli-
tudes by varying L eq  may play a role in darkening the 
timbre of the voice for signaling negative emotions in 
vowels [i:] and [u:]. The perceptual value of a formant, its 
loudness, is influenced by the amplitude of the formant 
and the sensitivity of hearing at the frequency range of 
the formant. Formant amplitude, in turn, is affected by 
tilting of the voice source spectrum, by formant tuning 
(how close a match there is between a voice source partial 
and a formant) and by the distance of formants from each 
other. Formant amplitude is higher when the voice source 
spectrum has stronger overtones (louder voice or more 
pressed phonation type), and when the formant frequen-
cy decreases and hence the formant coincides with a low-
er and thus a stronger overtone. Furthermore, distance 
between formant frequencies has an effect on formant 
amplitudes; if two formants are close to each other, their 
amplitudes become 6 dB stronger and the area between 
them 12 dB  [9] .

  F 0  and SPL interact with the voice source characteris-
tics (glottal flow velocity waveform)  [24, 25] . In the pres-
ent study, loudness was allowed to vary, since a strict con-
trol of SPL would have affected the phonation type too 
much. Phonation type along the axis hypofunctional-hy-
perfunctional (pressed) is reflected in NAQ and spectral 
energy distribution, i.e. in this case in alpha ratio. Smooth, 
almost sinusoidal glottal flow velocity waveform (and 
thus high NAQ) characterizes a soft, breathy, hypofunc-
tional phonation type, while a steeper waveform is seen 
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  Fig. 2.  Mean NAQ values in monopitched emotional expressions 
for males and females in vowel [a:]. 
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in a pressed, hyperfunctional phonation type (and there-
fore NAQ would be low)  [9] . A smooth voice source then 
has a steeper spectrum slope (resulting in lower alpha ra-
tio). If psychophysiological activity level is high, phona-
tion type is hyperfunctional and consequently, if it is low, 
phonation type is hypofunctional. In emotional expres-
sions with high psychophysiological activity level, the 
spectrum of the voice signal tends to be flatter and the 
glottal volume velocity waveform sharper than in the 
emotional expressions with low psychophysiological ac-
tivity level [ 23 , see also ref.  17 ]. In the latter, the spectrum 
is more tilting and the waveform is smoother, sometimes 
almost sinusoidal.

  The grade of hypo-/hyperfunctionality of the phona-
tion type is reflected in alpha ratio and NAQ. In the pres-
ent study, voice quality was more hyperfunctional in joy 
and anger, and more hypofunctional in tenderness and 
sadness, alpha ratio being lower in tenderness and sad-
ness and NAQ being smaller in joy and anger. Thus, the 
spectral slope was flatter in a more hyperfunctional and 
steeper in a more hypofunctional phonation type. The 
regulation of the vocal apparatus can be presumed to be 
holistic, especially in emotional expressions. In emotion-
al expressions (here in vowel [a:]) NAQ seemed to have an 
independent effect, not combined with L eq . This result 
was in line with earlier findings  [3, 15] . However, no gen-
der differences were found in NAQ, which contrasts with 
earlier findings  [26] . Gender differences in NAQ may re-
flect differences in F 0   control  mechanisms (not differenc-
es in F 0  per se, since NAQ by definition is normalized 
according to F 0 ).

  Conclusions 

 (1) Monopitched vowels [a:], [i:] and [u:] differed in 
their capacity to convey emotions. 

 (2)  In [a:], filter (formant frequencies F1–F4) was re-
lated to valence.

  (3) Voice source characteristics (reflected in NAQ)
appeared to have a role in expression, not merely related 
to L eq .

  (4) In vowels [i:] and [u:] L eq  was the only statistically 
significant variable in emotional expressions. Thus, ei-
ther voice source and filter characteristics are used dif-
ferently in different vowels or due to differences in the 
vocal tract setting in different vowels the same phonatory 
or articulatory characteristics have different acoustic 
consequences. It should be noted, however, that the data 
sample was smaller for [u:] in females.

  (5) The perceptual effects of the interplay between 
voice source and formant frequencies in different vowels 
warrant synthetic study.
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