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Abstract

In everyday communication, speech plays a vital role, particularly when other
modalities such as text, facial expressions, or body language are unavailable.
Accurate understanding of the information conveyed by speech is essential for
e↵ective communication. According to Fujisaki, speech conveys three types of
information: linguistic, non-linguistic, and paralinguistic. Among these, non-
linguistic information, such as vocal emotion, often reflects the true intent of
the speaker and emotional state. Therefore, correctly interpreting emotional
information from speech signals is crucial in daily life.

Speech signals can be considered as a combination of temporal fine
structure (TFS) and temporal amplitude envelope (TAE). TFS is primarily
responsible for pitch perception and sound localization. The TAE contributes
to the identification of phonemes and the recognition of consonants, vowels,
and words. Numerous studies using noise-vocoded speech (NVS), synthesized
by using only the TAE and white noise, have demonstrated that for normal-
hearing (NH) listeners, the TAE plays a more significant role than the TFS
in processing linguistic information. Especially, the TAE shows greater
robustness to hearing loss and aging compared to the TFS. In addition,
TAE reflects the temporal structure and modulations of speech, influencing
the perception of intensity and duration of segments and pauses. Therefore,
TAE contributes significantly to emotion perception.

In addition, because cochlear implants (CI) rely on the TAE as an
important cue for speech perception, NVS has been widely used to simulate
auditory perception of CI users. However, CI users often face challenges in
vocal-emotion perception compared to NH listeners. NH listeners also face
some challenges, such as the decline in emotion recognition accuracy in noisy
environments. To address these issues, it is essential to identify the important
components of the TAE and explore how controlling them can improve the
accuracy of emotion recognition.

Previous studies have already suggested the important role of TAE in
vocal-emotion perception by conducting vocal-emotion perception experi-
ments. On the other hand, psychoacoustic and physiological evidence in
previous studies over the past decades has supported the existence of the
selectivity of the modulation frequency in the auditory system, highlighting
the importance of modulation processing of TAE in the auditory system.
Building on this foundation, previous research has also shown that modula-
tion spectral features of the TAE and the modulation frequency components
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of the TAE contribute to emotion perception.
This study focuses on temporal modulation frequency features related to

stress, accent, and pauses as important modulation components of the TAE
in emotion perception. These features are represented by the instantaneous
modulation components (IMCs) of the TAE. Specifically, this study focuses
on the IMCs of the TAE, specifically, the instantaneous modulation frequency
(IMF) and instantaneous modulation amplitude (IMA). The main objective
of this study is to clarify the contribution of IMCs and to investigate whether
vocal-emotion perception can be controlled by manipulating IMCs. To do
so, this study conducted three main experiments on vocal-emotion perception
using NVS.

Experiment I aimed to clarify the important modulation frequency com-
ponents of the TAE by applying a modulation filterbank to band-pass filter
modulation frequency components. The results of Experiment I suggested
that modulation frequency components in the 0–16 Hz band are important.

Experiment II aimed to investigate whether the dynamic components
of modulation frequencies, IMCs, play an important role in vocal-emotion
perception. To do so, we first verified whether the contribution of modu-
lation frequency components alone can explain the results of vocal-emotion
perception. We applied time-reversal processing to the TAE, which preserves
the amplitude spectrum of the TAE modulation components in the 0–16 Hz
while reversing the temporal order of TAE temporal modulation features.
The results showed that the decrease in emotion recognition rates suggested
that, in addition to modulation frequency components, temporal modulation
features of TAE play an important role in vocal-emotion perception. We then
introduced the concept of IMCs to represent temporal modulation features
of TAE and used temporal stretching and/or compression processing on
IMCs to simulate the time-reversal processing. The results showed that
temporal processing on IMCs could simulate time-reversal processing and
explain the results of vocal-emotion perception. It is suggested that IMCs
play an important role in vocal-emotion perception.

Experiment III aimed to investigate whether the contribution of IMCs not
only decreases but also enhances or restores emotional cues. To this end, we
conducted vocal-emotion perception experiments using temporal processing
that applied the inverse of the stretching and compression operations used
in Experiment II. The results showed that, for certain emotions, temporal
processing of IMCs enhanced vocal-emotion perception compared to the
original NVS, and it also restored emotional cues that were degraded in time-
reversed NVS. In other words, vocal-emotion perception can be controlled
by manipulating IMCs to either enhance or reduce recognition rates. This
highlights the role of IMCs in vocal-emotion perception and suggests their
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potential for addressing challenges in emotional speech processing in future
applications.

In addition, the three experiments described above were conducted with
NH listeners using NVS. Since NVS simulates the auditory experience of
CI users, it is essential to investigate whether the results of this study
are generalizable to actual CI users in real-world settings. Therefore, we
extended the experiments to include CI users to explore the applicability of
our results in practical CI settings. We conducted additional experiments in
the appendix using the same experimental settings to assess vocal-emotion
perception in CI users. The results indicated that CI users exhibited
recognition patterns similar to those of NH listeners. These findings suggest
that the contribution of important modulation frequency components and
IMCs of the TAE may also apply to vocal-emotion perception in CI users.

In conclusion, this study clarified that the IMCs of TAE in the 0–16
Hz band of the TAE contribute to vocal-emotion perception. Moreover, it
showed that temporal processing of IMCs can lead to both deterioration and
enhancement of emotion recognition accuracy. These results provide a more
comprehensive understanding of the role of TAE modulation components in
vocal-emotion perception and suggest the potential of temporal processing
of IMCs to improve vocal-emotion perception in both NH listeners and CI
users in future applications.

Key words: Vocal emotion perception, Temporal amplitude envelope,
Instantaneous modulation components, Noise-vocoded speech, Modulation
filterbank
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