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Abstract 

In this study, we investigate the relationships between the re
sults of listening tests and those of brain activity measure
ments using synthesized emotional speech with controlled 
acoustic features by referring to the hierarchical hypothesis of 
feeling. We analyze differences in the brain activities elicited 
by different emotions corresponding to prosodic features. The 
results suggest that emotions affected by prosodic features are 
processed in a different brain region with a different hierarchy 
of feeling. 

1. Introduction 

Speech contains linguistic information (What is said) and 
nonlinguistic information (emotion, individuality and gen
der, etc.). Much research has focused on linguistic informa
tion, although nonlinguistic information is also important in 
speech communication. Recently, nonlinguistic information 
has attracted attention because of its importance. 

Many researchers reported that the prosody is strongly re
lated to emotions. Acoustic features forming prosody are 
mainly the fundamental frequency (FO), power envelope and 
duration. Hayashi reported that the FO contour conveys much 
emotional information, on the basis of acoustic feature anal
yses and listening tests using an interjectory word /eh/[ I]. 

Brain activity has been measured through recently devel
oped techniques (e.g., fMRI). Psychologists and neurologists 
are reporting the results of measurements of brain activity 
elicited by emotional voices. Wiethoff et al. reported that 
emotional voices affect the right mid superior temporal gyrus 
rather than the natural voice [2]. Bach et al. suggested that 
the left inferior frontal gyrus plays a specific roll in the ex
plicit evaluation of emotional prosody [3]. However, those 
groups did not consider how acoustic features affect brain ac
tivities. To understand speech communication by emotion, it 
is needed to investigate the influenced of acoustic features on 
brain activity related to emotional speech perception. We in
vestigate brain activities using synthesized voices controlled 
with acoustic features, referring to the results of Hayashi's 
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research [I]. 

2. Hierarchical Hypothesis of Feeling 

In this paper, we refer to the hierarchical hypothesis of feel
ing proposed by Fukuda [4] to arrange the emotion. 

In this hypothesis of feeling, affection is classified into 
emotion and feeling. Furthermore, emotion is classified into 
primitive emotion and basic emotion. Feeling is classified 
into social feeling and intellectual feeling. Emotion has a hi
erarchical structure evolution and primitive emotion appears 
by the process of evolution. Primitive emotion is composed of 
pleasure and unpleasure that is affected by the activity around 
the hypothalamus. Basic emotion is added to the limbic sys
tem as the next stage of the evolution. Basic emotion is com
posed of joy, anger, fear, disgust and acceptance or love. It 
is thought that social feeling is acquired through the process 
by which homo sapiens control language. A region of social 
feeling to acquire social intellect is thought to develop with 
the cerebral cortex and limbic system. 

3. Stimuli 

We measured brain actIVItIes using synthesized stimuli 
with controlled acoustic features of the interjectory word /eh/ 
to be presented in the brain activity measurements, on the 
basis of the results of Hayashi's study[l]. Considering the 
experiment time interval, we used six stimuli in brain activ
ity measurement. Stimuli were carefully synthesized to be 
highly natural and to be perceived as different emotions. One 
of the six stimuli was an original voice resynthesized using 
STRAIGHT[5] without modifying any acoustic features, and 
the others were synthesized by modifying the acoustic fea
tures. 

First, we recorded real utterances of the interjectory word 
/eh/ spoken by six speakers (five males and one female) in 
seven contexts (asking again, surprise, affirmation, postpone
ment, doubt, disappointment, hesitation). These contexts 
were the same as those used by Hayashi. We isolated /eh/ 
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Figure 1: Slope of InFO contour and FO duration 

from each recorded utterance. Then, we calculated the maxi
mum, minimum, average, and gradient ofFO. We synthesized 
voices on the basis of the calculated values. 

FO was controlled using the point pitch model. Because of 
the correlation between FO and the power envelope, we con
trolled power envelopes using the value of FO contour slopes. 
The duration was fixed to be the same as that of the original 
voice or twice as long as that of the original voice. Further
more, we modified formant frequencies according to FOs. We 
synthesized forty-two voice samples with attention given to 
naturalness. 

Next, we conducted a psychoacoustic experiment to chose 
five synthesized voices from among the synthesized voice 
samples for the use in brain activity measurement. Sub
jects evaluated naturalness and what kind of emotions (ask
ing again, surprise, affirmation, postponement, doubt, disap
pointment, hesitation) are included. Referring to the results 
of the psychoacoustic experiment, we choose five synthesized 
voices that have large perceptual distances among them and 
high naturalness. The slopes of the FO contours and durations 
of the five chosen synthesized voices and the original voice 
are shown in Figure 1. 

4. Psychoacoustic Experiment 

4.1 Method 

We conducted a psychoacoustic experiment. Regarding 
the five synthesized voices and the original voice, subjects 
were asked to answer what emotions are included. To inves
tigate what characteristic these stimuli have, we define dom
inant emotional words for each stimulus and show percep
tual distances among the stimuli. Furthermore, we discuss 
corresponding relationship~ between the dominant emotional 
words and the hierarchy of feeling proposed by Fukuda[4]. 
In the psychoacoustic experiment, we used the twenty-seven 
emotional words listed in Table 1. 

The stimuli were evaluated using seven rating scales (Left 
[Not contained], Right [Contained very much)) for each emo
tional word. Eight subjects participated in this experiment. 

4.2 Results and discussion 
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Table 1 . List of emotional words 
!. !--ove !!. ~ISIlK~ !:!. ~urpnse 
2. Like 12. NegatIOn 22. Shame 
3. Sftmpathy 13. Doubt 23. Obsequence 
4. P easure 14. Bitter 24. Asking again 
S. HaIfuiness IS. Anger 2S. Postponement 
6. Joy ul 16. Fear 26. Affirmation 
7. Neutral 17. Sadness 27. Disappointment 
~. Balm l~' ffed.e 

. . ~mal . eSlt<)tIOn 
10. x~ectant 2 . Im~atIence 

OS? 

OS3 

Figure 2: Similarities of stimuli determined by MDS 

From the evaluated scores, the dominant emotional words 
for each stimulus were found to be affirmation and sympa
thy (SO), affirmation and calm (SI), disappointment and sad
ness (S2), asking again and surprise (S3), doubt and negation 
(S4), and doubt and surprise (SS). 

To show perceptual distances among the stimuli, we used 
multidimensional scaling (MDS). The result of the analysis 
by MDS is shown in Figure 2. We used the ALSCAL al
gorithm, and the distance matrix was calculated using the 
Minkowski distance. In the evaluation of emotional words, 
Figure 2 might be analogous to the similar dimensions pro
posed by Schlosberg[6]: The horizontal axis indicates Lax
ation( +) - Tension( -) and the vertical axis indicates Rejec
tion( + ) - Attention( -). 

We discuss the corresponding relationships between the re
sults of the psychoacoustic experiment and the hierarchy of 
feeling proposed by Fukuda. Affirmation, sympathy, and calm 
were perceived for SO and S 1, which were assigned to the 
classification of social feeling. Asking again, doubt and nega
tion were perceived for S3, S4, and SS, which were assigned 
to the classification of social feeling. Disappointment and 
sadness, which are basic emotions in many cases thought still 
discussed were perceived for S2. Surprise was perceived for 
S3 and SS. In many cases, surprise is a basic emotion. How
ever, Fukuda defined surprise to be a function of the attention 
system, such as excitation, arousal and attention, evolved as a 
system different from emotion. On the basis of these results, 
we expect that each stimulus affects the limbic system, which 
processes basic emotion, and the cerebral cortex, which pro
cesses social feeling. 

5. Brain Activity Measurement 

Journal of Signal Processing, Vol. 14, No.4, July 2010 



-.. - -. 

Figure 3: Stronger activation by S 1 (affirmation and calm) Figure 4: Stronger activation by S2 (disappointment and sad
than by SO (affirmation and sympathy). 'Glass brain' views ness) than by SO 
of statistical parametric maps of fMRI data. (Top left: lateral 
view; Top right: front view; Left lower: top view) 

5.1 Method 

The subjects were eighteen normal-hearing Japanese (ten 
males and eight females). They were all right-handed. For 
functional brain imaging, a 3.0-T functional MRI was used 
at ATR BAle. We informed the subjects that this experiment 
was about emotional voice and instructed them to push a but
ton upon hearing the noise (oddball task). In this experiment, 
the original and the five chosen voices were stimuli, and one 
noise was presented via headphones. Subjects were instructed 
to close their eyes and keep still. The stimuli were presented 
fifteen times in an optimized order, and the noise was pre
sented ten times in one session. Each stimulus was presented 
every 4 seconds. In the experiment, three sessions were run 
for each subject. A total of 30 contiguous axial slices were 
acquired with a 3.0 x 3.0 x 4.0 mm voxel resolution. A total 
of 108 scans were taken in each session of the experiment. 
Each session was approximately 7 min in duration. Images 
were realigned, un warped, and spatially normalized to a stan
dard space using a template EPI image, and then smoothed 
using an 8 x 8 x 8 mm FWHM Gaussian kernel. The ob
tained brain data were analyzed using Statistical Parametric 
Mapping software (SPM5). 

5.2 Results 

We analyzed the differences in the brain activities during 
listening to an original voice and the five synthesized voices. 
Results are shown in Figures 3 to 7 and Table 2. 

Results showed that each stimulus elicited activities on 
the superior temporal gyrus, middle temporal gyrus, supra
marginal gyrus and middle frontal gyrus belonging to the au
ditory area. These areas are said to process the difference 
in sound stimuli, in previous reports. The difference in the 
activity on the superior frontal gyrus and left inferior frontal 
gyrus, included in the orbital area, was shown in S I minus 
SO. In S2 minus SO, the superior parietal lobule related to the 
sensory area and the parietal association area was more acti
vated. In S3 minus SO, S4 minus SO, and S5 minus SO, the 
dominant regions were the cerebellum, caudate nucleus, and 
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Figure 5: Stronger activation by S3 (surprise and asking 
again) than by SO 

the putamen in basal ganglia. 

6. General Discussion 

We discuss the relationships between the results of the lis
tening test and those of the brain activity measurements by 
referring to the hierarchical hypothesis of feeling. Results 
show that stimulus S 1 (affirmation and calm) minus the orig
inal voice SO (affirmation and sympathy) elicited different ac
tivities on the superior frontal gyrus belonging to the cere
bral cortex. The cerebral cortex is considered to be evaluated 
through the processing of social feeling and intellectual feel
ing. These results consist of the hierarchical hypothesis of 
feeling. The stimulus S2 (disappointment and sadness) mi
nus the original voice SO (affirmation and sympathy) elicited 
different activities on the superior parietal lobule belonging 
to the cerebral cortex. These results indicate that disappoint
ment and sadness are related in social feeling and intellectual 
feeling. The stimuli S3, S4, and S5 (surprise, doubt, nega
tion, and asking again) minus the original voice SO (affirma
tion and sympathy) elicited responses mainly in the caudate 
nucleus or putamen belonging to basal ganglia. The activ
ity on basal ganglia is thought in the processing of primitive 
emotion. Because basal ganglia includes the adjustment sys
tems of actions affected by body homeostasis, emotion of at
tention, and tension such as surprise, doubt, negation, and 
asking again, are considered to be related to these adjust
ment systems, although more information on emotions is still 
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Figure 6: Stronger activation by S4 (doubt and negative) than 
by SO 

.. 

Figure 7: Stronger activation by S5 (doubt and surprise) than 
by SO 

needed. 

7. Conclusions 

We investigated the relationships between the results of a 
listening test and that of brain activity measurements using 
synthesized emotional speech controlled with prosodic fea
tures. The stimulus including disappointment and sadness 
elicited activities on mainly in the superior parietal lobule 
belonging to the cerebral cortex, considered to process so
cial feeling. The stimulus containing surprise, doubt, nega
tion, and asking again elicited activities on the basal ganglia, 
which is considered to process basic emotions. These emo
tions corresponded to prosody and are suggested to be pro
cesses in a different hierarchy by the hierarchical hypothesis 
of feeling. 
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