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Abstract 1

Abstract

With the continuous development of deep learning technology, research on human-
machine emotional interaction has made significant progress. Speech is one of the critical
means of information transmission, playing an indispensable role in human life by con-
veying not only semantic but also emotional information. In recent years, emotion recog-
nition based on speech has received much attention due to the widespread application
of deep learning technology and the rise of affective computing. Accurately extracting
emotional information from speech signals is a vital issue in this field.

However, one of the significant challenges in developing high-performance speech
emotion recognition systems is the lack of sufficient data. Constructing a high-quality
emotional corpus requires a considerable investment of time and resources, including
professional actors to perform voices with various emotions in specific scenes, and effi-
cient data labeling to overcome the issue of imbalanced samples. Meanwhile, in order
to improve the accuracy of speech emotion recognition, traditional methods only extrac-
t features from local datasets, which leads to overfitting of the models due to the weak
robustness of the features. Therefore, constructing effective speech features is crucial to
improving the accuracy of speech emotion recognition systems.

In this study, we propose an integrated active learning sampling strategy and an
efficient framework to construct a speech emotional corpus effectively. Our method out-
performs other active learning algorithms by improving sampling efficiency and selecting
small category samples to be labeled with preference in imbalanced datasets. In actual
corpus construction experiments, our method can prioritize selecting small class emotion
samples, achieving an accuracy rate of 90% even with less than 50% of labeled data. This
greatly enhances the efficiency of constructing the speech emotion corpus.

Additionally, we enhance the robustness of speech features using self-supervised
learning and propose a feature fusion model (called Dual-TBNet) that consists of two
1D convolutional layers, two Transformer modules, and two bidirectional long short-

term memory (BiLSTM) modules. Our model fuses five pre-trained features and acoustic
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features using the attention mechanism to capture the correspondence between the two
features and enhance the contextual information of the fused features. In the compari-
son experiments, the Dual-TBNet model achieved a recognition accuracy and F1 score
of 95.7% and 95.8% on the CASIA dataset, 66.7% and 65.6% on the eNTERFACEQS5
dataset, 64.8% and 64.9% on the IEMOCAP dataset, 84.1% and 84.3% on the EMO-DB
dataset and 83.3% and 82.1% on the SAVEE dataset. The Dual-TBNet model effective-
ly fuses acoustic features of different lengths and dimensions with pre-trained features,
enhancing the robustness of the features, and achieved the best performance.

Keywords: Affective computing, Speech emotion recognition, Speech corpus construc-

tion, Active learning, Feature fusion
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1 Introduction

1.1 Motivation

The continuous development of information technology has had a profound impact
on human society, ranging from fulfilling basic survival needs to addressing spiritual
needs. The advent of artificial intelligence (Al) technology has caused a significant stir in
the era of information. Starting from the well-known achievement of Google’s AlphaGo
defeating the world Go champion in 2016 [102], which brought artificial intelligence into
the limelight, to the recent introduction of ChatGPT, which revolutionized text produc-
tivity [13], artificial intelligence technology has once again garnered attention. However,
the current state of artificial intelligence technology primarily revolves around percep-
tual intelligence, and a crucial step towards achieving cognitive intelligence lies in the
exploration of emotions.

The notion of affective computing was initially proposed by Professor Picard in
1997, and for over two decades, it has emerged as one of the foremost research areas
in human-computer interaction. The primary objective of affective computing is to e-
quip intelligent systems with the capability to recognize, perceive, and generate human
emotions [93, 94]. In recent years, with the advancement of foundational technologies
such as 5@, blockchain, and cloud computing, coupled with the initiatives of internet gi-
ants like Facebook, the concept of the metaverse has gradually gained public attention
[114, 59, 89]. The metaverse represents a digital realm constructed through technology
that enables interaction with the real world, offering opportunities for learning, living,
working, and more. For virtual characters within the metaverse to engage with humans
more realistically, they require human-like thinking and emotions. Hence, research in the
field of affective computing plays a crucial role in enhancing the interactive experience
within the metaverse.

Speech emotion recognition is a crucial research area within the field of affective
computing. As a significant mode of human communication, its objective is to identify

and analyze the emotional content embedded within speech signals. By doing so, it em-
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powers intelligent systems to enhance their service capabilities and adapt their attitudes
towards humans more effectively [31, 103, 115, 1]. Speech emotion recognition has a
wide range of applications and can have a profound impact on daily life and work. For
instance, it can greatly contribute to enhancing the driving experience and promoting road
safety by accurately detecting drivers’ emotional states [123]. In the initial diagnosis of
depression patients, speech emotion recognition can provide valuable reference informa-
tion to assist doctors in making more accurate diagnoses [44]. In the field of customer
service, recognizing customers’ speech emotions can lead to better understanding of their
needs and desires, enabling the provision of more personalized and professional services,
and ultimately improving customer satisfaction [43]. Furthermore, within online learning
and education systems, the utilization of speech emotion recognition technology to ana-
lyze students’ states during classes can assist teachers in making informed decisions and
enhancing the quality of instruction [50]. The development and application of speech e-
motion recognition technology will have a profound impact on human society. It not only
facilitates intelligent systems in better understanding and serving humans, but also pro-
vides humans with more intelligent experiences in their daily lives and work, ultimately

contributing to a better quality of life.

1.2 Significance of Research

Speech emotion recognition is an important research direction in the field of affective
computing, which can analyze emotional information in human language expression, such
as positive, negative, and neutral emotions. Deep learning models have shown excellent
performance in speech emotion recognition tasks, but obtaining these high-performance
models requires a large amount of training data, and building high-quality emotional cor-
pora is a very expensive project that requires a lot of manpower and resources [113].
Currently, there are several shortcomings in the methods used to construct datasets. First-
ly, most datasets are obtained from professional actors performing in specific scenarios,

so emotional expressions are relatively exaggerated and less natural, and cannot cover e-
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motional expressions in multiple languages and different application scenarios. Secondly,
during the annotation process of speech data, due to the uneven distribution of different
types of emotions, annotators need to listen to all speech data one by one for annotation,
resulting in high annotation costs and the inability to prioritize rare samples. In addition,
most datasets are collected in specific scenarios, which means that the accuracy of speech
emotion recognition will be influenced by different languages, speaking styles, and appli-
cation scenarios in practical application scenarios. Therefore, how to efficiently construct
speech emotion datasets is currently a challenge.

Additionally, most research in this field is based on extracting features correspond-
ing to the dataset for model training. These features only reflect the features of the current
dataset, so they have poor robustness. To improve the robustness of features, pre-trained
models can be used to extract high-dimensional feature spaces. For example, using speech
representation learning methods to build feature spaces on a large amount of speech data,
learning personalized speech features, and enhancing the robustness of speech features.
For these features, exploring fusion solutions between different categories of speech fea-

tures can effectively promote the improvement of speech emotion recognition accuracy.

1.3 Research Contents and Contributions

A speech emotion recognition system utilizes acoustic feature analysis and machine
learning technologies to identify the emotional states conveyed in speech. As shown in
Figure 1.1, the system begins by collecting speech sound waves through a microphone,
with the sound card acquiring the analog signal from the microphone. The amplitude
signal of the sound wave is then converted into a digital signal through processes like
sampling, quantization, and encoding, which is stored in a computer. The fundamental
steps of speech emotion recognition encompass feature extraction, feature processing,
and emotion classification. Feature extraction involves techniques such as pre-emphasis,
framing, windowing, and endpoint detection to break down the audio data and compute

acoustic features, including spectral features. Feature processing aims to manipulate the
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calculated features, incorporating tasks such as dimensionality reduction, compensation,
elimination of redundant information, and inclusion of supplementary features that con-
tribute to speech emotion expression. Emotion classification refers to the construction
of a speech emotion recognition model, often accomplished by partitioning the speech
dataset and employing a test set to evaluate the trained machine learning or deep learn-
ing recognition model. Through iterative adjustments, the final model is obtained. These
steps enable the speech emotion recognition system to accurately identify and categorize
emotional states within speech signals, ultimately enhancing people’s speech interaction
experience with greater intelligence.

To solve the problem of the lack of datasets in the field of SER, we designed a
framework for speech emotion corpus construction. The framework integrates the new-
ly proposed active learning strategy, and at the same time uses voice activity detection,
feature extraction and other technologies. The raw voice of our framework is not limited
to the performance of the actors, so it can be adapted to voice data collection in different
scenarios.

In addition, to solve the problem of low speech emotion recognition rate caused
by the weak robustness of acoustic features, we propose a novel feature fusion model
Dual-TBNet, which contains two Transformers and two BiLSTM structures. In addition,
to our knowledge, our work is the first to fuse self-supervised pre-trained features and
acoustic features with different segment lengths and dimension sizes for speech emotion
recognition.

The main contributions of our work are summarized as follows:

1. We propose a new active learning strategy using cross entropy distance for the sam-
pling of imbalanced datasets. Based on the new strategy, we proposed an integrated
active learning method, which can not only improve the efficiency of overall sam-

pling, but also give priority to the small class samples of imbalanced dataset.

2. We design a framework for constructing emotional speech emotional corpus. The

proposed framework can be applied to the audio collection in different scenarios.
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Regarding the lack of corpus in the field of speech emotion recognition, our work

provides an efficient method for constructing a speech emotion corpus.

3. In the exploration of acoustic features, we list and count the feature distribution
under different segment lengths and prove that the features have a very diverse dis-

tribution under the length of 200ms, which is easy to fit the network model.

4. Traditional feature fusion schemes often fuse between acoustic features. Our study is
the first in the field of speech emotion recognition to fuse pre-trained speech features

and acoustic features to improve the robustness of the features.

5. For the feature fusion method, different from the traditional simple feature con-
catenation, we propose a novel feature fusion model Dual-TBNet, which is able to
capture the correspondence between the two features with different segment lengths

and dimension sizes at an early stage and fuse the two features more effectively.

1.4 Thesis Organizations

In this doctoral thesis, we reviewed and summarized various aspects of the field of
speech emotion recognition, including speech emotion recognition models, speech emo-
tion datasets, speech features, and speech recognition models. We also proposed our own
solutions to challenges faced by this field, such as dataset construction and low accuracy
in speech recognition. The organizational structure of this thesis is as follows:

Chapter 1: Introduction

In this chapter, we talk about the motivation, significance of this research and intro-
duce the research contents and contributions of our work.

Chapter 2: Background

In this chapter, we conducted a comprehensive review of the different components
within the domain of speech emotion recognition. This included emotion description
models, speech emotion datasets, speech features, and speech emotion recognition mod-

els.
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Chapter 3: Active Learning for Speech Emotion Corpus Construction

In this chapter, to address the issues of limited availability and low efficiency in con-
structing speech emotion datasets, we proposed a comprehensive active learning strategy.
This strategy incorporated four data selection methods, namely uncertainty, representa-
tiveness, diversity, and complementarity, to identify more valuable data for annotation.
Experimental results demonstrated the superiority of our approach.

Chapter 4: Dual-Transformer-BiLSTM for Speech Emotion Recognition

In this chapter, to enhance the accuracy of speech emotion recognition, we focused
on improving the richness of speech features to enhance the robustness of the model. We
proposed a novel feature fusion architecture that integrates two Transformer and BiLST-
M modules, allowing for effective fusion of features with different dimensionalities and
lengths. Experimental results demonstrated that our approach achieved state-of-the-art
performance.

Chapter 5: Conclusion and Future work

In this chapter, we summarize the main contents of this thesis and give meaningful

directions for future work.
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2 Background

2.1 Emotion Description Models

Emotion recognition from speech is a crucial field within affective computing, aim-
ing to identify human emotions by analyzing speech signals. Human emotions, responsive
to intricate external stimuli, find expression through diverse channels such as facial ex-
pressions, voice tone, body language, and heart rate. These emotional states offer insights
into individuals’ internal psychological experiences, profoundly influencing their behav-
ior [88]. For comprehensive research in affective computing, effective modeling and
quantification of emotional states are crucial. Two primary methods stand out: categori-
cal label-based representation and continuous dimensional representation of emotions.

Categorical models of emotional description assign distinct labels to individual e-
motions, such as happy, sad, or neutral. The categorical emotion model is more similar
to the way people express themselves in daily life, it is simple and easy to understand.
However, this approach isolates emotions from each other and doesn’t capture intricate
connections between them accurately. Its capacity to convey emotions with precision and
continuity is limited. Furthermore, categorizing the entirety of human emotions using on-
ly a handful of labels proves inadequate. Moreover, discrepancies exist in how different
researchers classify categorical emotions. In the classical categorical emotional models,
the one introduced by Ekman in 1972 divides emotions into six basic categories: anger,
disgust, fear, happiness, sadness, and surprise [34]. This categorization has gained sub-
stantial recognition. Another classical model is Plutchik’s emotion wheel as shown in
Fig.2.1, classifying emotions into eight primary types, with other emotions deriving from
these. This model employs a color gradient to represent the intensity of emotions [90].

Dimensional emotional models, unlike categorical models, employ a continuous
multi-dimensional emotional space to represent emotions, offering a more nuanced un-
derstanding. Each point in this space signifies an emotion, allowing for smoother transi-
tions between emotions. Distances between emotions in this space symbolize their rela-

tionships. Dimensional models theoretically encompass the entirety of human emotions.
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Fontaine [38] proposed the PAD model as shown in Fig.2.2, which partitions emotional
space into three dimensions: pleasure, arousal, and dominance. The pleasure dimension
gauges pleasure levels, ranging from distress to ecstasy. The arousal dimension mea-
sures physiological and mental alertness, spanning from low arousal (sleepiness) to high
arousal (tension). Dominance measures one’s control over self and environment, varying
from submission to control. The PAD model has gained widespread acceptance among

researchers.

No Arousal

Fig. 2.2. PAD emotion model proposed by Fontaine.

2.2 Speech Emotional Datasets

Deep learning stands as the prevailing approach in contemporary artificial intelli-
gence research, while datasets have emerged as an essential component for enabling in-
telligent systems to simulate real-world scenarios. Various datasets exhibit distinct per-
formance levels in speech emotion recognition across diverse contexts, underscoring the

critical significance of dataset construction and utilization. Within the realm of speech
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emotion recognition, datasets are primarily categorized into three types based on their
collection and construction methods: acted datasets, elicited datasets, and natural dataset-
S.

Acted datasets, often referred to as simulated datasets, are obtained by recording
performances of actors or speakers trained to evoke specific emotions in predefined situa-
tions. The recording process of these datasets offers flexibility and control, free from con-
straints of time and location. Consequently, such datasets possess notable advantages in
terms of both quantity and quality of data. Builders can infuse these datasets with rich e-
motional content using tailored emotional scripts, rendering them suitable for a wide array
of emotional recognition and synthesis tasks. Furthermore, these datasets can effectively
mitigate issues stemming from factors like microphone distance, encoder-decoder dis-
crepancies, and noise, resulting in generally high speech quality. However, acted datasets
lack the spontaneity and authenticity of emotions found in natural settings. Thus, the
emotional speech generated tends to be more stylized, warranting careful consideration
and processing during usage. Maintaining emotional authenticity, script diversity, and
accounting for the actors’ performance skills and accents are vital considerations.

For instance, the Emotional Speech Database (EmoDB) [14], curated by the Insti-
tute of Communication Science at the Berlin University of Technology and the Fraunhofer
Institute for Open Communication Systems, is a German performance-based emotional
speech database. It comprises 535 German phrases uttered by 10 actors, encompassing
seven emotional categories: anger, disgust, fear, happiness, neutral, sadness, and surprise.
Each sentence is meticulously annotated with its emotional category and intensity. This
database has gained extensive traction in emotion recognition research and development,
particularly for German emotion recognition tasks. The database’s strengths encompass
its inclusion of multiple emotional categories, diverse intensity levels of emotional ex-
pression, and reliable annotations. However, its limitations involve the exclusive focus on
German speech data and a relatively modest data volume.

The elicited dataset, often referred to as the induced dataset, distinguishes itself from

pure acted datasets. In its recording process, unexpected situations are introduced to align



2 BACKGROUND 14

the actor’s performance with a more natural state and authentic emotional speech expres-
sion. While the elicited dataset provides a closer simulation of emotional expression in a
natural context compared to acted datasets, the presence of such settings during recording
does influence the actors. Nevertheless, being artificially generated, the elicited dataset
has a constrained variety of external scenarios, limiting the collection of emotional sam-
ples. Additionally, although the elicited dataset effectively addresses issues arising from
factors like microphone distance, encoder-decoder effects, and noise, its recording pro-
cess is somewhat less flexible than that of acted datasets. A prominent example of an
elicited dataset is the Interactive Emotional Dyadic Motion Capture dataset IEMOCAP)
[15]. Created by the Speech Analysis and Interpretation Laboratory at the University
of Southern California, this multimodal dataset encompasses audio, video, text, and ac-
tion data. It features recordings of 10 actors in two sessions, each spanning around an
hour. Conversations within IEMOCAP predominantly delve into emotional subjects such
as daily struggles, personal experiences, and emotional events. This dataset is widely
embraced within the emotional recognition field.

In the realm of the natural dataset, emotional speech expressions are genuine and
reflect the primal and instinctual human emotions. Such datasets are rooted in real-world
settings and typically entail recordings of conversations occurring in authentic situations.
Sourcing from various contexts such as customer service phone calls, television broad-
casts, dialogues between doctors and patients in rehabilitation centers, online interviews,
and e-learning sessions, these datasets boast diverse origins. In contrast to datasets per-
formed by trained actors, natural datasets offer convenience and authentic emotional ex-
pression. Moreover, they often encompass a broad spectrum of emotional categories suit-
able for various emotional recognition tasks. However, acquiring emotional samples from
natural datasets is uncontrollable, and obtaining samples from smaller emotional cate-
gories can be challenging. Moreover, issues like noise and microphone distance in speech
collection from natural environments require subsequent processing to enhance dataset
quality and usability. An example of such a natural dataset is the FAU Aibo dataset [10],

which contains emotional speech from robots. This dataset comprises 51 instances of
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interactive speech data with Sony Aibo robots, each exhibiting different emotional states.
Compiled and organized by researchers at the Fraunhofer Institute for Applied Research
(FAU) in Germany, the dataset encompasses over 600 distinct speech segments, spanning
seven emotional states: happiness, sadness, anger, surprise, fear, boredom, and neutrality.

Through literature research and analysis, we have compiled a list of different types
of datasets used in the field of speech emotion recognition. Tab.2.1 shows the dataset-
s categorized by language, type, size, modality, and emotion categories. Based on the
statistics, it can be observed that English datasets are the mainstream in emotion recog-
nition research. In terms of dataset types, performance-based datasets account for over
60%, followed by naturalistic datasets. Regarding emotion labels, different datasets have

different classifications, generally around 6 emotion categories.

2.3 Speech Features

Speech emotion recognition constitutes a significant area of research, wherein speech
features serve as integral components of the speech system, profoundly influencing over-
all performance. To derive effective speech features, it is common practice to execute
uncomplicated preprocessing procedures on the speech signal. These operations encom-
pass conserving pivotal information while sieving out surplus data. At present, the pre-
vailing acoustic features employed in speech emotion recognition can be categorized
into two primary types: firstly, hand-crafted low-level features computed through tem-
poral and spectral algorithms, and secondly, high-level features extracted either directly
from raw signals or from low-level features through end-to-end neural network models.
Both methodologies for feature extraction have found applications across diverse emotion
recognition tasks. Hand-crafted low-level features have demonstrated efficacy in simpler
assignments, whereas high-level features obtained through end-to-end model-driven ex-

traction exhibit superior performance in more intricate undertakings.
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Tab. 2.1. The commonly used datasets for speech emotion recognition, where ’an’ represents anger, “ha’

represents happy, ’sa’ represents sad, 'ne’ represents neutral, ’fe’ represents fear, su’ represents surprise,

and ’di’ represents disgust.

No Dataset Language Type Size Modalities Emotions
1 EMO-DB [14] German Acted 500 A an, ha, sa, ne, di, boredom, and fe
2 SAVEE [45] English Acted 480 A,V an, ha, ne, su, fe, di, and sa
3 eNTERFACE [79] English Elicited 1278 A,V an, ha, su, fe, di, and sa
4 IEMOCAP [15] English  Elicited 10039 A,V,T an, ha, sa, ne
5 FAU-AIBO [10] German Natural 18216 A an, emphatic, ne, joy, and rest
6 AESDD [111] Greek Acted 500 A an, fe, di, sa, ha
7 MSP-PODCAST [75] English  Natural 62140 A an,sa, ha, su, fe, di, contempt and
ne
8 RAVDESS [74] English Acted 7356 A ha, an, ne, su, fe, di, and calm
9 RECOLA [95] French  Natural 7 hours A,V arousal degree (1-5), valence de-
gree (1-5)
10 AFEW[32] English  Natural 1426 A,V an, di, fe, sa,ha, ne, and su.
11 CHEAVD [63] Chinese Natural 2600 A,V 26 Non-prototypical emotions + 6
basic emotions and sa
12 CASIA [124] Chinese Acted 12000 A ha, sa, an, su and ne
13 EHSD [8] Hindi Acted 6048 A ha, an, sa, ne, su, and sarcastic
14 IIT-H TEMD [92]  Telgu Semi-Natural 2450 A ha, an, sa, ne, su, fe, di, sarcastic,
frustrated, relaxed, worried, shy,
excited, and shout
15 OTKGP-SESC [56] Telgu Acted 12000 A ha, an, ne, su, fe, di, sarcastic, and
compassion
16 MELD [91] English  Acted 13000 A,V positive, negative, and ne
17 CREMA-D [17] English  Acted 7442 A,V an, ha, sa, fe, ne, and di
18 EMOVO [27] Italian Acted 588 A di, joy, fe, su, sa, joy, and ne
19 JAVED [76] Japanese Acted 100 min A,V ha, an, sa, ne, and contentment
20 KVDERW [54] Korean Natural 1246 A,V ha, an, sa,ne, su, di, and fe
21 GreThE [84] Greek Acted 500 A,V valence and arousal
22 CaFE [42] French  Acted 936 A sa, ha, an, fe, di and su
23 EMOVIE [29] Chinese Acted 9724 A,V positive, negative, and ne
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2.3.1 Preprocessings

In a speech emotion recognition system, effective preprocessing of the collected
dataset is essential to comprehend the speech data better and extract its features efficiently.
The goal of speech data preprocessing is multifaceted: to safeguard and amplify crucial
speech information, diminish or eliminate redundant data, and cater to various speech-
related tasks. Standard speech preprocessing operations encompass framing, windowing,
endpoint detection, normalization, noise reduction, among others. These operations prove
instrumental in diminishing redundancy, preserving pivotal details, and augmenting fea-
ture extraction performance.

Framing emerges as a fundamental technique for managing speech tasks by segment-
ing continuous speech signals into fixed-length speech segments. Given the dynamic na-
ture of speech signals, which encapsulate both emotional and textual nuances intrinsic to
human communication, it’s crucial to encapsulate these variations. Research has indicated
that employing fixed segment lengths of 20 to 30 milliseconds maintains relatively con-
sistent parameters across segmented waveforms. This approach ensures stability within
each frame, establishing this time segment as the smallest analytical unit for audio assess-
ment. Building on this foundation, common techniques like the discrete Fourier transform
can further dissect sub-waves within each frame signal, thereby deriving distinctive frame
characteristics of speech. These extracted features subsequently serve as valuable tools
for addressing subsequent speech-related tasks.

The purpose of windowing is to make the amplitude of each framed speech signal
fade to zero at both ends, which is convenient for subsequent Fourier transform process-
ing, making the peaks on the spectrum finer, and reducing spectral leakage. Usually, a
window function is used to transform the frame signal. Generally, the commonly used
Hamming window for speech windowing is expressed as follows:

2
wOﬁ:054—QMkm( n
M

1) 0<n<M-1, 2.1)

where @ (n) represents the speech signal within a frame, and M denotes the window size.

Endpoint detection entails the identification of the initiation and termination points
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of speech within a signal segment containing spoken content. The primary objective is to
retain the voiced component of recorded speech, discard the unvoiced section, and effec-
tively harness speech information. Speech signals can be categorized into three distinct
types: voiced, unvoiced, and silence. Voiced segments encapsulate data about vocal fold
vibration, unvoiced segments capture air turbulence stemming from vocal tract constric-
tion, and silence signifies the absence of vocal tract engagement. A proficient endpoint
detection algorithm should proficiently extract continuous voiced portions while exclud-
ing unvoiced and silent portions.

Regularization stands as a pivotal process in the optimization of speech algorith-
m models. Its role encompasses mitigating the influence of outlier samples on overall
algorithm performance, curtailing the risk of speech feature overfitting, and enhancing
the model’s capacity for generalization. Among the commonly employed regularization
techniques, the z-score normalization method holds prominence. It is expressed in the

n._n

following formula, where "u" signifies the mean and " 0 " denotes the standard deviation.

_(*—H
z—( > ) 2.2)

In the speech signals of datasets, noise can arise due to environmental conditions or

issues with microphone quality, potentially causing a significant decrease in the accura-
cy of conventional recognition models or even rendering them unable to identify speech.
Therefore, noise reduction techniques are crucial for audio preprocessing. There are gen-
erally three approaches to noise reduction: one involves increasing the signal-to-noise ra-
tio of the input speech signal to enhance the intelligibility of the speech. Another method
involves purifying noise-contaminated speech features in the feature space of the speech
recognition system, minimizing the mismatch between the training model and the recog-
nition features. The third approach entails adjusting the parameters of the speech model

to adapt to the testing speech environment, thereby improving recognition accuracy.
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2.3.2 Handcrafted Features

Through time and frequency algorithms, manual computation and feature extraction
can be performed, typically encompassing prosodic features, spectral features, and voice
quality.

Prosodic features are unrelated to the semantic content of speech and are utilized to
convey emotions by controlling speech rhythm, tempo, pauses, stress, and more. Differ-
ent individuals expressing the same information can convey varying emotions due to di-
verse expressions, which can be effectively captured through prosodic features. Common
physical parameters of prosodic features include duration-related parameters (speech rate,
short-term zero crossing rate), fundamental frequency-related parameters (fundamental
frequency, average fundamental frequency variation range), and energy intensity-related
parameters (short-term average energy, energy variation rate, average amplitude). These
parameters are used to describe perceptible speech characteristics for humans.

When producing sound, the vocal tract acts as a filter, with its shape governing the
generated sound. Accurately modeling the shape of the vocal folds allows for precise
depiction of sound transmission. Spectral features capture the relationship between vocal
tract shape changes and phonation, providing insights into the characteristics of speech
signals in the frequency domain. Different emotions are conveyed through different fre-
quencies. Features related to the spectrum are primarily divided into linear spectral fea-
tures and cepstral features. Common linear spectral features include Linear Predictive
Coding (LPC) and Log-Frequency Power Coefficients (LFPC); common cepstral features
include Linear Predictive Cepstral Coefficients (LPCC) and Mel Frequency Cepstral Co-
efficients (MFCC).

Figure 2.3 illustrates the process of extracting MFCC features. First, the raw wave-
form undergoes preprocessing steps such as frame segmentation, pre-emphasis, and win-
dowing to reduce redundancy and enhance essential features. Next, the Fast Fourier
Transform (FFT) is used to convert the time-domain signal of each frame into the frequency-

domain signal. Due to the high computational complexity of the Discrete Fourier Trans-
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form (DFT), FFT is commonly used for spectrum calculation. Then, the absolute value
or square operation can be applied to the complex spectrum to obtain the magnitude spec-
trum or power spectrum. As phase spectrum information is limited in speech signals,
the magnitude spectrum is usually retained. Subsequently, a set of Mel triangular filters,
relevant to human auditory perception, is applied to the spectrum for filtering. This step
generates a feature widely used in the speech domain, known as Mel Spectral features
(also referred to as FBANK features). Following this, the Mel Spectral features undergo
a logarithmic operation to mimic the ear’s perception of sound energy. This amplifies
energy differences in low-energy regions, yielding the logarithmic Mel Spectral feature.
Furthermore, the logarithmic FBANK feature undergoes Discrete Cosine Transform (D-
CT), mapping the feature vector to a lower-dimensional space. This step primarily aims
to eliminate inter-feature correlation and extract the most significant feature coefficients,
known as MFCC features. To capture the dynamic variations of speech signals, first-
order and second-order differentials can be computed based on static features, referred to
as first-order and second-order dynamic features.

Voice quality is determined by the inherent physical characteristics of a sound and
serves as a measure of its purity, clarity, and uniqueness. Feature parameters that cap-
ture sound quality include resonance peak frequency, bandwidth, frequency perturbation,
amplitude perturbation, harmonic-to-noise ratio, vibrato, and glottal parameters, among
others. There exists a robust correlation between speech quality and the emotional content
conveyed by the speech.

Table 2.2 provides an overview of commonly utilized tools for extracting speech
features. Among these, the openSMILE tool [37] encompasses multiple collections of
speech emotion features, typically harnessed to derive low-level feature descriptors for
speech segments. Librosa [81], a widely adopted tool within the Python environment,
stands as a popular choice for extracting speech features and remains one of the predom-

inant tools in numerous research endeavors.
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Fig. 2.3. MFCC feature extraction process.
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Tab. 2.2. Speech feature extraction tools.

Tools

Platform

Description

Aubio

Essentia [12]

Librosa [81]

Madmom [11]

pyAudioAnalysis [39]

Vamp-plugins

Yaafe [80]

OpenSMILE [37]

Praat

Voicebox

C/Python

C++/Python

Python

Python

Python

C++/Python

Python/Matlab

C++/Python

C++

Matlab

Aubio is a tool designed for the extraction of annotations from
audio signals. Its features include segmenting a sound file be-
fore each of its attacks, performing pitch detection, tapping the
beat and producing midi streams from live audio

Essentia is an open-source library and tools for audio and mu-
sic analysis, description and synthesis

Librosa is a python package for music and audio analysis. It
provides the building blocks necessary to create music infor-
mation retrieval systems.

Madmom is an audio signal processing library written in
Python with a strong focus on music information retrieval
(MIR) tasks.

pyAudioAnalysis is a Python library for audio feature extrac-
tion, classification, segmentation and applications

Vamp is an audio processing plugin system for plugins that ex-
tract descriptive information from audio data

Yaafe is an audio features extraction toolbox.Features can be
extracted in a batch mode, writing CSV or HS5 files.
openSMILE (open-source Speech and Music Interpretation by
Large-space Extraction) is an open-source toolkit for audio fea-
ture extraction and classification of speech and music signals.
Praat is a cross-platform multi-purpose speech learning soft-
ware, mainly used for digital speech signal progress analysis,
annotation, processing and synthesis, etc.

Voicebox is a speech processing toolbox based on MATLAB,
including speech framing, windowing, speech feature extrac-

tion, etc.
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2.3.3 Features Extracted by End-to-End Models

In recent years, within the domain of speech emotion recognition, aside from manual
extraction of low-level features, there has been a trend towards employing end-to-end neu-
ral network models to extract high-level features from raw signals or low-level features.
This approach helps overcome potential subjectivity and limitations in manual feature
extraction, thereby enhancing recognition accuracy and robustness.

A common approach to feature extraction involves extracting valuable information
from raw speech signals, as demonstrated in [58], where a combination of Convolutional
Neural Networks (CNNs) and Long Short-Term Memory networks (LSTMs) is employed
to directly model raw speech signals. Results indicate that features captured from raw
speech can achieve recognition performance similar to handcrafted features. However,
directly modeling raw audio signals may not capture more intricate speech features due
to information redundancy. Thus, some researchers utilize convolutional neural networks
on speech spectrograms to extract higher-dimensional features. The most commonly used
neural network architecture is CNN+RNN, where CNN captures local speech features,
while RNN captures contextual relationships between speech features. In the study[67],
using MFCC spectral features as a base, CNN+LSTM modules and triplet loss functions
achieved state-of-the-art performance on the IEMOCAP dataset. To further capture re-
lationships between speech sequences and identify crucial parts of the data, researchers
introduced attention mechanisms, enabling models to automatically focus on distinct parts
of speech sequences and allocate varying weights to each part [21, 130, 117]. In essence,
neural network feature extraction methods bypass the intricate process of manual feature
extraction, thereby enhancing the accuracy of speech emotion recognition.

Due to the labor-intensive process of constructing speech datasets, existing datasets
often have limited sample sizes. When training neural networks on constrained datasets,
there is a risk of underfitting, leading to inadequate accuracy in emotion recognition. To
address this issue, recent research has focused on speech representation learning. Speech

representation learning involves self-supervised methods that learn latent relationships
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between speech frames within large-scale datasets, aiming to capture higher-dimensional
speech features.

Speech self-supervised learning primarily includes contrastive prediction and au-
toregressive predictive coding methods. Contrastive prediction methods involve using
autoregressive models to predict future data, thereby learning speech feature represen-
tations. Initially, speech signals are divided into overlapping frames, and autoregres-
sive models are then used to predict the features of the next frame. During training,
contrastive prediction maximizes the similarity between the next frame and other future
frames, commonly utilizing contrastive loss functions to learn high-quality, expressive,
higher-dimensional speech feature representations [87]. Autoregressive predictive coding
seeks to learn the structure and representation of speech signals through autoregressive
models, often trained using cross-entropy loss functions. This method recursively pre-
dicts each sample point of the speech signal, progressively learning the structure and
representation of the speech signal, resulting in high-quality speech representations [26].
Moreover, there are BERT-based masked reconstruction algorithms utilized for advanced
speech feature learning [66, 65, 25].

Furthermore, from another perspective, speech features can also be classified. Ta-
ble 2.3 summarizes the classification of speech features. Beyond traditionally manually
extracted low-level features and currently popular deep learning techniques extracting
high-level features, based on the length of the speech signal, speech features can also be
classified into local features and global features. Local features focus on extracting local-
ized information at the frame level, while global features encompass fusion and statistical
analysis of features across the entire speech segment. Based on signal representation, they
can be categorized as time-domain features, frequency-domain features corresponding to

energy, and time-frequency features combining both.
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Tab. 2.3. Summary of commonly used feature classification methods.

Classification Method Type

Traditional Classification Prosodic features, spectral features and sound quality

Feature Extraction Low-level features and end-to-end features
Speech Signal Length Local features and global features
Signal Representation Time-domain features, frequency-domain features and time-frequency feature

2.4 Speech Emotion Recognition Model

2.4.1 Traditional Machine Learning

Traditional classifiers commonly used for speech emotion recognition encompass
Gaussian Mixture Models (GMMs), Support Vector Machines (SVMs), and Hidden Markov
Models (HMMs), among others. When employing SVMs for speech emotion recognition,
it is customary to extract features such as MFCC and energy, representing prosodic as-
pects of the speech signal, and employ them as input for SVM classification. SVMs map
these features to a higher-dimensional space to ascertain an optimal hyperplane that ef-
fectively separates speech data belonging to distinct emotional states. The training of
SVM models necessitates a labeled dataset of speech data annotated with emotional la-
bels, thereby segmenting the speech data into different emotion categories based on these
labels. By adjusting SVM hyperparameters and utilizing appropriate kernel functions,
the optimal classifier can be identified. For example, in [82], the SVM algorithm was
harnessed for speech emotion recognition, achieving a 68% accuracy on the Berlin Emo-
tional Speech Database utilizing 24 MFCC features. Recent studies frequently integrate
SVM as an integral component of speech emotion recognition systems, enhancing overall
system performance [35, 125, 46].

When exploiting HMMs for speech emotion recognition, a prevalent strategy in-
volves segmenting the speech signal into discrete time frames and extracting features like
MFCC and energy for each frame. These sequences of features serve as observation se-

quences for the HMM. In this framework, each emotional state is treated as a hidden state
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within the HMM, and classification entails leveraging transition probabilities, observation
probabilities, and initial probabilities across the various emotional states [49, 109].
Gaussian Mixture Models (GMMs), well-known statistical models, find utility in
tasks like probability density estimation and clustering. In the context of speech emotion
recognition via GMMs, the acoustic features of speech are fed into the GMM as inputs.
The GMM model separates speech data from different emotional states by learning the
probability density distribution of the training dataset. During the training of the GMM
model, speech data is categorized into different emotional classes based on emotion la-
bels, and statistical methods such as Maximum Likelihood Estimation are employed to
estimate the mean values and covariance matrices of Gaussian distributions correspond-
ing to each emotional state. During prediction, the trained GMM model can be applied to

classify new speech signals and discern their associated emotional classes [47, 86].

2.4.2 Deep Learning

In the field of speech emotion recognition, deep learning models have been wide-
ly applied and achieved remarkable performance across various datasets. Among them,
Convolutional Neural Networks (CNNs) are commonly used models that extract frequen-
cy and temporal features from audio signals through convolutional layers, capturing local
audio information. Hence, they are suitable for short-term speech emotion classifica-
tion tasks. Conversely, Recurrent Neural Networks (RNNs) utilize recurrent layers to
capture temporal dynamics within the signal, granting them stronger capabilities in han-
dling temporal information, thus being suited for long-term speech emotion classification
tasks. Long Short-Term Memory networks (LSTMs), an advancement of RNNs, intro-
duce memory cells and gating mechanisms, effectively addressing the vanishing gradient
problem in traditional RNN models and improving the accuracy of speech emotion recog-
nition.

Self-attention mechanisms are deep learning components that have gained wide adop-
tion in recent years to acquire richer context information from speech signals. By com-

puting weighted sums of self-generated information for each input position, this mech-
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anism obtains feature vector representations, intensifying the representation of relevant
information while suppressing irrelevant information. This empowers the model to more
accurately capture contextual information within speech signals. Additionally, Gener-
ative Adversarial Networks (GANs) have been applied to speech emotion recognition,
employing adversarial frameworks to iteratively enhance both the generator and discrim-
inator, thereby bolstering model robustness and generalization.

With the evolution of neural networks, various network variants have emerged to
enhance speech emotion recognition performance. For example, Bidirectional LSTM
networks consist of two RNN models—one processing input sequences in the forward di-
rection and the other in reverse. Gated Recurrent Unit networks (GRUs), akin to LSTMs
but with fewer parameters and faster computation speeds, perform well in short-sequence
speech emotion recognition tasks. Emotion recognition models based on Variational Au-
toencoders (VAEs) compress and reconstruct data by learning latent distributions of data.
Additionally, unsupervised transfer learning can lead to superior performance with limited
annotated data, while simultaneously reducing training time and computational resources.

Deep learning offers several advantages over traditional machine learning. Tradi-
tional methods relying on feature extraction and classifiers necessitate manual feature
design, whereas deep learning can automatically learn valuable features from raw speech
signals, reducing reliance on domain expertise and manual processing. As speech signal
quality might be influenced by factors like environmental noise and speaker variations,
deep learning models can adaptively learn and address these variations, enhancing model
robustness. Deep learning models demonstrate strong generalization abilities, perform-
ing well in new speech emotion recognition tasks, even when differences exist between
training and testing data.

Table 2.4 presents the pros and cons of various algorithms, encompassing both tra-
ditional machine learning and deep learning algorithms, while also summarizing speech
features utilized in previous literature. From the table, it’s evident that traditional machine
learning algorithms typically employ manually designed prosodic features as inputs. In

[18], the authors proposed an approach that combines ranking and classification, utiliz-
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ing openSMILE to extract acoustic and linguistic features for emotion recognition. By
training SVM models, a 6.6% improvement in speech emotion recognition accuracy was
achieved on the FAU AIBO dataset. Deep learning algorithms, on the other hand, further
leverage spectral features for feature extraction. In [127], a Deep Convolutional LSTM
(DC-LSTM) model utilizing multi-scale convolutional layers was introduced to classi-
fy and predict features of speech signals across multiple frequency components. This
model achieved state-of-the-art results on the AFEW5.0 and BAUM-1s datasets. More-
over, an increasing number of studies are integrating deep learning and traditional ma-
chine learning methods to enhance the efficiency of speech emotion recognition systems

[68, 35, 125].
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Tab. 2.4. Advantages, disadvantages between different algorithms.

Algorithm

Advantages

Disadvantages

SVM

HMM

GMM

KNN

ELM

Able to address issues such as small sam-
ple size, high dimensionality, and non-linearity;
Strong generalization ability; Avoidance of net-
work structure selection

Suitable for analyzing short-term stationary

speech signals

High fitting performance for speech emotion data

Simple and effective; Low cost of retraining; Suit-
able for automatic classification of class domains
with large sample sizes

Strong generalization ability; Fast learning speed,
accurate prediction, and reduced computational

burden

Sensitive to missing data; No universal solution

for non-linear problems; Long training time.

Limited ability to process massive data

Needs to store parameters of each dimension and
Gaussian component; Strong dependence on train-
ing data; Computationally complex

Class domains with small sample sizes are prone
to misclassification; Weak output interpretability;
High computational cost

The calculation of the output layer decision values

depends entirely on the labels

CNN

DNN

LSTM

GAN

GCN

Strong ability to extract abstract features; Possess-
es characteristics of intra-class convergence and
inter-class divergence

Able to simulate any function and has strong emo-
tion representation capability

Possesses memory characteristics and can effec-

tively learn inter-frame correlations

Strong perception ability for underlying probabil-
ity distributions of raw data

Capturing global features in a graph-based form

Requires a large amount of resources and time to
establish the model, needs a large amount of da-
ta to train the model, and parameters such as the
number of hidden nodes and layers need to be re-

peatedly debugged




3 ACTIVE LEARNING FOR SPEECH EMOTION CORPUS CONSTRUCTION 30

3 Active Learning for Speech Emotion Corpus Construction

3.1 Introduction

Speech plays a crucial role in human society since it is one of the information con-
veyed by human communication. With the joint efforts of researchers in recent decades,
speech emotion recognition has been rapidly developed [4, 85, 108], especially the emer-
gence of machine learning in recent years has greatly promoted this boom [105, 53, 126].
Machine learning relies on large amounts of data for training, which makes the datasets
in the current research on speech emotion recognition become precious and indispens-
able. The construction of corpus labeled data samples is a huge project with extremely
high cost, which often requires countless manpower and material resources. It not only
requires professional actors to record, but also the recorded voice fragments have to be
manually screened and annotated.

The current methods of constructing datasets usually have the following shortcom-
ings: 1. Most of the datasets are obtained by professional actors performing in a given
scene, so the scene is relatively single, the emotional performance is relatively exagger-
ated, and the naturalness is not high. 2. In the process of labeling speech utterances, due
to the uneven distribution of different types of emotions, it is impossible to prioritize the
screening of rare samples. The annotator is required to listen to all the speech utterances
one by one, and the labelling cost is high. 3. Datasets are mostly collected in specific
scenarios. In actual application scenarios, the accuracy of speech emotion recognition
will be low due to different languages, different speaking styles, and different application
scenarios.

Lack of emotion corpus restricts the development of deep learning in the field of
speech emotion recognition. To cope with the problem of insufficient datasets, researcher-
s often use data enhancement in speech emotion experiments to increase the number of
corpus samples [9, 20, 36], which expands the amount of data. Since the target voice is
generated by the algorithm, it is impossible to ensure the quality of the voice. There are

also some studies [104, 128, 77, 129] that make up for the shortcomings of the corpus
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through the form of cross-corpus, but it can’t solve the problems fundamentally because
of insufficient datasets. In the process of constructing the corpus, some tools for labelling
emotion types were invented [28, 83, 95], which improved the efficiency of constructing
the corpus to some extent but required the annotator to listen to the voice from the be-
ginning to the end. Therefore, how to construct a corpus suitable for specific application
scenarios quickly, efficiently and at low cost is the focus of this paper.

In classification tasks, supervised learning usually relies on many manually labeled
training samples, and the process of labeling samples is very expensive [57]. The emer-
gence of active learning has played a significant role in reducing the cost of marking.
It is mainly composed of five core parts, including: unlabeled sample pool, screening
strategy, labeling experts in related fields, labeled sample pool, and target classification
model. Active learning combines the above five parts into the same process, and updates
the performance of the classification model, unlabeled sample pool, and labeled data set
in an iterative training method until the target model reaches the preset performance or no
longer provides labeled data.

Regarding active learning research, the most important thing is how to choose the
most valuable samples for labeling [99, 40, 98]. There are some classic sampling strate-
gies developed so far, such as the random sampling strategy [97], which mainly randomly
selects a certain proportion of samples from unlabeled samples and provides them to the
model. Uncertain sampling strategy [60], mainly by combining the characteristics of the
sample itself, calculating and selecting the least easily distinguishable sample, the sample
with the best value. QBC query strategy [100], this algorithm will train multiple classi-
fiers from different perspectives, and jointly screen samples for labeling experts. Active
learning has attracted the attention of many researchers, and many methods have been
expanded on this basis. For example, Density [33] uses a density map to find the most
representative sample for labeling from all unlabeled samples. LAL [55] uses the pre-
trained regression model to calculate the sample prediction error to determine the sample
to be labelled. Query [48] finds the most informative and representative samples, and

provides them to the annotators for labelling.



3 ACTIVE LEARNING FOR SPEECH EMOTION CORPUS CONSTRUCTION 32

Over the years, active learning has been widely used in different fields. Goudjjl et al.
[41] combined active learning with the SVM model, and selectively selected informative
samples to train the SVM model, which achieved excellent results in text classification.
Yan et al. [119] addressed the problem of difficult sample labeling in long text classi-
fication, combined with active learning to screen long text samples with high labeling
value, and condenses the long text into words to facilitate labeling by the annotator. The
papers[116, 120] combined active learning and deep learning to improve the efficiency of
image segmentation and labeling in the biological field. Cao et al. [19] combined active
learning and the CNN model to label complex spectral pictures. In the field of speech e-
motion recognition, Mohammed et al. [2] proposed an iterative fast converging incremen-
tal adaptation algorithm that combines active learning and supervised domain adaptation
to address the lack of generalization of speech emotion classifiers in real applications.
Mohammed et al. [3] also used greedy sampling and DNN model to conduct speech e-
motion recognition experiments, and the results show that active learning can improve
the performance when the training set is limited. Vaaras et al. [110] combined CPC and
various dimensionality reduction methods to explore the performance of clustering-based
active learning under different feature conditions.

According to our knowledge, there is not much research and application for the im-
provement of the efficiency of labeling samples in the construction of speech emotion
datasets. In this work, we present an active learning method to improve the construction
efficiency of speech emotion data sets in the labelling process of constructing the emotion
corpus. Our method is divided into the following steps. First, use a small number of
labeled samples to train a logistic regression classifier, predict all unlabeled samples, and
use the predicted probability to find the samples with the most unclear category, which
we call uncertainty sampling. Then, use the feature relationship of all unlabeled samples
to find the sample at the feature center in the feature space, and filter out the most a rep-
resentative sample, which is representative sampling. Next calculate the feature distance
between the unlabeled sample and the labeled sample one by one and select the samples

that are different from the labelled samples, which is diversity sampling. Finally, by us-
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ing the probability of the unlabeled data and labeled data, select the unlabeled samples
which make all categories have the same distribution. Therefore, the samples selected
by our method have the characteristics of strong uncertainty, strong class representative-
ness, strong feature diversity, and strong complementarity between classes. Compared
with other active learning algorithms, the experimental results show that our algorithm is
significantly better than other algorithms in screening small class samples.

To solve the problem of the lack of datasets in the field of SER, we designed a
framework for speech emotion corpus construction. The framework integrates the new-
ly proposed active learning strategy, and at the same time uses voice activity detection,
feature extraction and other technologies. The raw voice of our framework is not limited
to the performance of the actors, so it can be adapted to voice data collection in differ-
ent scenarios. The framework first splits long raw data into segments by using endpoint
detection. After simple filtering, uses openSMILE [37] feature extraction tool to extract
the features of all filtered segments as unlabeled datasets. Finally, by using the proposed
active learning method, screen out the samples for labelling. The framework can be ap-
plied to data collection in different voice scenarios, and has the characteristics of high
naturalness, flexibility, and high efficiency. In this work, we take TV drama videos as the
data source. After subjective listening and discriminating experiments, our scheme has

achieved excellent results.

3.2 Methodology

In our work, we propose an integrated active learning method. The proposed method
includes a commonly used logistic regression pre-classifier and four sampling strategies,
uncertain sampling, representative sampling, diverse sampling and complementary sam-
pling. Especially for complementary sampling, it is able to preferentially select rare sam-
ples and provide them to the annotator for labeling according to the distribution of the
current samples.

For the logical classifier, suppose we have a total data set C with K categories. The
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dataset C contains the labeled data set L and the unlabeled data set U , namely C = L+ U,
where L = {(X;,Y;), ..., (Xm,Ym)}. X; € R represents the features of the sample with
N dimensions; Y; € Bfrepresents the category of sample with K dimensions, and each
dimension represents a different category value.

We train K binary logistic regression models for K different categories:
F:RY 5B (3.1

Therefore, for each binary logistic regression, we can get:

1
T 1 +exp(—Wi*X)

Yie = fi(X) (3.2)

Among them, W, is the weight of each logistic regression classification model, Y; is
the probability of the logistic regression of the k-th category of each binary classification,
and its value is between 0 and 1, and then F; is used to represent Y, in the following paper.

Uncertain sampling is mainly used for sampling ambiguous sample points at the
decision boundary, which helps to clarify the decision boundary. Therefore, combined
with the predicted probability of the sample, we use cross entropy to find the largest
uncertain sample point. The following is the calculation formula for uncertain sampling.
For sample X, the cross entropy H of each category is calculated separately, and the
largest cross entropy is selected as the uncertainty value of the sample. We will sort all

the samples and select the samples with the greatest uncertainty for subsequent sampling.
UX)=max{H (P)lk=1,...K} (3.3)

H(P;) = —Pclog P — (1 — P)log(1 — Fx) (34

Representative sampling is a kind of sampling that can best represent all unlabeled
sample points. The sample point closest to the center of the unlabeled samples will be
selected through the distance calculation of all sample features as the most representative
sample point for labeling. In the following formula, for each unlabeled sample X, the
feature distances of N dimensions between X and all other unmarked sample points will

be calculated, and the average value is calculated as the feature similarity of the sample
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points.
1
RX)= —— —Dise, (X, X') (3.5)
U1 X'eU-X
N
Diseu(X,X") = | Y. (X; — X!)? (3.6)

i=1
Diversity sampling is mainly to find the unlabeled sample point closest to the feature

center of all labeled samples. We assume that the feature center of the labeled sample is
the boundary center of feature diversity, so that by looking for the closest to the feature
center can effectively reduce the overfitting of the trained model. We use the following
formula to calculate and find the point with the smallest feature distance between the
unlabled sample X and all the labeled points X’.
D(X) = ’;?72’% Dis,(X,X") (3.7)
Complementary sampling can give preference to samples of small categories as
much as possible, so that the overall category distribution of labeled data will become
similar. Cross entropy is used to measure the similarity of the distribution using the cate-
gory probability, the smaller the value, the more similar the distribution. In the following
formula, P represents the sum of the category distribution with the probability of unla-
beled points and the category of all labelled points, and Q is a reference, which represents
the distribution of K same proportions, (1/K,...,1/K). When the sum of the distribu-
tion of the unlabeled point we selected and all labelled points is close to the Q of the
equal distribution, the cross-entropy value is the smallest, then the unlabeled points will

be selected for labelling.

D(X) = min Disce(P(L(X)). Q) (3.8)
L(X)=LU(X,Y) (3.9)
K
Disce(P.Q) = — Y Q;logP; (3.10)
i=1

When speech emotion recognition is applied in a specific scene, it is usually nec-

essary to construct an emotion corpus corresponding to the specific scene, which often
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Fig. 3.1. Flow chart of the speech emotion corpus construction.

consumes large costs. To solve this problem, we propose a framework for constructing
speech emotion corpus based on our active learning strategies.

The framework is shown in Fig.3.1. The audio processing part is mainly divided
into three steps. First, the voice is split into segments through voice activity detection.
Since the segments are split from the original data, data cleaning and manual filtering are
required. After simple filtering, all the segments will be extracted for features.

For the labelling process, sample selection is an important part of active learning. It
consists of five components, labeled data set, unlabeled data set, classifier, annotator, and
selection strategy. All the features we get from the audio processing part will be divided
into unlabeled data and labeled data. First, manually annotate a part of the samples. The
classifier trained with this data will do a preliminary pre-classification of other unlabeled
data and send all the feature values and probability values into the core selection strategy.
Our method will repeatedly filter out a batch of high-quality data, let the annotator label,
and the annotator will update the labelled data and unlabeled data respectively, then carry
out the next round of screening. After several times of manual labeling, the finally trained

target classifier replaces the manual labeling, so as to achieve the purpose of saving cost.
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In the entire speech emotion corpus construction framework, the original audio source
can be combined with the current application scenario, not only can be obtained from the
network video, but also the audio from a specific scene can be recorded, which greatly
improves the flexibility of the data source. For the voice activity detection part, we use
the auditok tool to split the utterance into segments. In the feature extraction part, we use
the openSMILE speech feature extraction tool to extract low-level descriptors of acoustic

features as language features.

3.3 Active Learning Comparative Experiment

3.3.1 Datasets

To verify the effectiveness of our proposed active learning strategy in imbalanced
class datasets, we selected 13 imbalanced class datasets which are commonly used in
machine learning experiments and speech emotion recognition filed. Tab.3.1. shows the
description of the used dataset in detail, which contains the name of the dataset, the num-
ber of instance, class and feature, the detail in different classes. Aggregation, Blood,
Diabetes, gsar-biodeg, Vote, Vowel WBC and Thyroid are UCI data sets [52]. SAVEE
[45], EMO-DB, CASIA [124],eNTERFACEOS [79] and IEMOCAP [15] are speech e-
motional datasets. Since CASIA, eNTERFACEOS and IEMOCAP datasets are not so
imbalanced datasets, we manually selected a part and processed them into CASIA_im,

eNTERFACEOS5_im and IEMOCAP_im as imbalanced datasets.

3.3.2 Baseline

In addition, we also compared our proposed method with five baseline active learning

strategies as follows:

1. QBC [100]: Active learning that trains multiple classifiers from different perspec-

tives, and jointly select the samples for labeling.

2. Random: Random sampling, randomly selecting samples that need to be labeled

from the sample pool to be labeled



3 ACTIVE LEARNING FOR SPEECH EMOTION CORPUS CONSTRUCTION 38

Tab. 3.1. Detail description of the 16 datasets used in the experiment.

Dataset Instance Class Feature Detail

SAVEE 480 7 62 60;60;60;60;120;60;60
EMO-DB 535 7 62 127;81;46;69;71;79;62
CASIA 6000 5 62 1200;1200;1200;1200;1200
CASIA_im 1400 5 62 100;100;1000;100;100
eNTERFACEO5 1257 6 62  210;210;210;209;209;209
eNTERFACEO5_im 610 6 62 40;60;80;100;150;180
IEMOCAP 4983 4 62 1051;1707;1161;1064
IEMOCAP_im 1600 4 62 300;1000;200;100
Aggregation 788 7 3 45:170;102;273;34;130;34
Blood 748 2 5 570;178

Diabetes 768 2 9 500;268
gsar-biodeg 1055 2 42 356;699

Vote 435 2 17 267,168

Vowel 871 6 4 72;89;172;151;207;180
WBC 683 2 9 444239

Thyroid 215 3 6 150;35;30
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3. Unc [60]: Uncertainty sampling, select the most uncertain sample considered by the

model.

4. Density [33]: Using a density map to find the most representative sample for labeling

from all unlabeled samples

5. LAL [55]: LAL uses the pre-trained regression model to calculate the sample pre-

diction error to determine the samples for labeling.

3.3.3 Evaluation Metrics

For the evaluation index of the experiment, we used the macro-average F1 value to
measure the prediction effect of different methods. The F1 value is the harmonic average
of the model’s accuracy and recall, which indicates the two prediction performances of

the model as follows:

2% (Precision* Recall)

| = (3.11)

Precision + Recall

3.3.4 Experimental Results

In the experiment, we used the Alipy [122] active learning tool developed by Huang
Shengjun’s team. A total of 5 active learning algorithms were used in our experiments
on 13 imbalanced datasets. Fig.3.2 is the result of our experiment, where the horizontal
axis represents the number of labelled samples, and the vertical axis represents the results
of the macro average F1 value in the test set using the labelled samples, of which the
test set accounts for 30%. The different colored lines in the figure represent the results
of different algorithms. The red line is our proposed method and our method achieved
excellent results, whether it is a two-class or multi-class imbalanced dataset.

To further illustrate the effectiveness of our method in imbalanced sample selec-
tion, we selected the results on the dataset gsar-biodeg and the multi-class Vowel dataset.
Fig.3.3 shows the results on the gsar-biodeg dataset. The horizontal axis represents the to-
tal number of samples selected, and the vertical axis represents the number of samples in

different classes. The labels 0 and 1 represent two different types of samples. The dataset
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Fig. 3.2. Comparison of different active learning methods on 13 datasets using the macro-average F1 value.
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gsar-biodeg contains two classes with a ratio of 1:2. In the selection of random sampling
(d), the selected sample has a uniform proportion, which best shows the proportion of the
data set itself. (a)(b)(c)(e) methods do not calculate the class ratio of labelled samples, so
they cannot achieve the balance of overall samples. Our algorithm (f) can give priority
to the balance between different classes and select rare samples so that the proportions of
different samples are close to each other.

Also in the multi-class emotional data set EMO-DB, as shown in Fig.3.4. Due to the
limited number of labeled samples, the trained classification decision boundary cannot
accurately determine the feature space of the category. Our method fully considers the
category distribution of the labeled samples, so it can prioritize the selection of samples

with rare classes to ensure that the selected sample classes are balanced.

3.4 Speech Emotion Corpus Construction Experiment

3.4.1 Datasets

To evaluate the performance of our proposed method in the construction of speech e-
motion dataset, we perform the selection experiment on several speech emotional dataset-
s. This experiment uses the following datasets commonly used in the field of SER. Each
dataset represents a fixed speech annotation scene, so we can better test the annotation

effect of our method on the speech emotion datasets.

1. CASIA [124]: A dataset constructed by the China Institute of Automation Science in
2005, which was recorded in a pure environment by 4 professional sound recorders,
two men and two women. There are 5 emotions including happiness, sadness, anger,

surprise, and neutrality.

2. EMO-DB [78]: A German emotional speech corpus recorded by the Technical Uni-
versity of Berlin, with 10 actors (5 males and 5 females) performing 7 emotions on
10 sentences (5 long and 5 short). The selection of corpus text follows the principle
of semantic neutrality and no emotional tendency. Voice recording is done in a pro-

fessional recording studio, requiring actors to reminisce their own real experience or
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experience to brew emotions before interpreting a specific emotion to enhance the

realism of emotions.

3. eNTERFACEOS [79]: It is an audition emotion dataset that contains six emotions
such as anger, disgust, fear, happiness, sadness, and surprise. The dataset contains a
total of 1166 video sequences. Of these 1166 video sequences, 264 female record-

ings (23%) and 902 male recordings (77%).

4. IEMOCAP [15]: Collected by the Sail Laboratory of the University of Southern
California, it is a database of actions, multiple modes and multiple peaks. Completed
by 10 actors and actresses, the dataset is about 12 hours of audiovisual data, which

contains 10 emotions such as anger, neutrality, and excitement.

5. SAVEE [45]: The database contains a total of 480 British English audios from 4
male actors. These recordings have 7 different emotions: angry, disgusted, scared,

happy, sad, surprised, neutral.

The detail description of emotion datasets used are shown in Tab.3.1.

3.4.2 Experiments and Results

We conducted two sets of experiments respectively. In the first group of experiments,
the number of samples to be queried is fixed to 20 each query. In the second group of
experiments, the samples to be selected are fixed to 5 percentage each query. We use
macro average F1 valuation to measure our method. The train set and test set of each
experiment were randomly divided five times, so the experimental results were averaged.

Tab.3.2 and Tab.3.3 show the selection efficiency results of our experiments respec-
tively, the number 1 to 10 represent annotation times. The number 1 represents the initial
labeling round. We observe that the trained classifier is positively correlated with the
number of labeled samples, but the efficiency of proposed method is affected by the sam-
ple size of datasets. For example, the total size of CASIA and IEMOCAP data sets are
6000 and 4983, when the number of labelled samples is about 20%, the classifier will
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have a good performance. For the datasets eNTERFACEOS5, EMO-DB and SAVEE, the
total sample size is small, and the classifier can chive better results when the number of
labelled samples is about 40

Based on the above experiments, we used our proposed framework to construct a
lightweight speech emotional dataset. The speech audio was derived from Chinese TV
dramas. After the processing of video-to-audio, voice activity detection, and simple filter-
ing, 1151 speech segments were filtered out as the unlabeled pool. We divide emotion into
four classes: angry, happy, neutral, and hurt. Using the proposed active learning method,
we labelled a total of 404 samples on 20 rounds, and finally, get the dataset shown in
Tab.3.4.

Tab. 3.4. The results of actual speech emotion dataset construction.

Anger Happy Neutral Sad Total

Labeled Sample 50 32 298 24 404
Prediction Sample 16 16 712 3 747
Total Sample 66 48 1010 27 1151

Due to the selection of our proposed active learning strategies, many small-class
samples are preferentially selected. The subjective audiometric test shows that when the

amount of labelled data is less than 50%, the accuracy rate can reach 90%.

3.5 Discussion

3.5.1 Query Strategy Combination

To verify the efficiency of different strategy combinations, we randomly combined
strategies into the following models, where C is a single complementary sampling, U+C
is a combination of uncertainty sampling and complementary sampling, and R+C is a
combination of representative sampling + Complementary sampling, D+C is combination
of diversity sampling and complementary sampling, and U+R+D+C is a fusion of four

sampling strategies.
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We counted the average of the first 5 querying accuracy values. Tab.3.5 shows the
comparison results of different strategy combinations. U+R+D+C model achieves best
performance, where U+R+D is used to improve the accuracy of overall dataset, and C is

used to give the priority of selecting the small-class samples.

Tab. 3.5. The average accuracy performance of different strategy combinations.

C U+C R+C D+C U+R+D+C
SAVEE 0.305+£0.03  0.326+0.04 0.2954+0.05 0.296£0.03 0.291+£0.03
EMO-DB 0.451+0.05 0.476+0.05 0.439+0.03 0.472+0.03 0.455+0.03
CASIA_im 0.691+0.04 0.684+0.02 0.68+0.03  0.68+0.03  0.666+0.04
eNTERFACEOS5_im 0.265+£0.03 0.271+£0.02 0.267+0.02 0.2714+0.04 0.286+0.03
IEMOCAP_im 0.45+0.03  0.465+0.05 0.458+0.04 0.448+0.05 0.455+0.03
Aggregation 0.548+0.06  0.542+0.01 0.555+0.03 0.536+0.05 0.564+0.02
Blood 0.527+£0.06  0.532+0.07 0.5744+0.07 0.517£0.06 0.584+0.06
Diabetes 0.691+£0.03 0.688+0.02 0.6594+0.04 0.694+0.02 0.672+0.03
gsar-biodeg 0.79+0.03  0.796+0.02 0.791+0.03 0.802+0.03 0.805+0.03
Vote 0.923+0.02  0.923+£0.01  0.933+0.02 0.924+0.02 0.932+0.02
Vowel 0.681+£0.03 0.656+0.04 0.687+0.03 0.684+0.05 0.679+0.04
WBC 0.941+£0.02 0.934+0.02 0.9364+0.01 0.941£0.02 0.916+0.02
Thyroid 0.919+0.05 0.919+£0.05 0.924+0.06 0.921+0.04 0.928+0.04

3.5.2 Ratio Value

The Ratio value represents the proportion of samples to be retained after querying by
the four strategies. To further explore the efficiency of different ratio values, we perform
the experiments with parameters 0.5, 0.6, 0.7, 0.8, and 0.9. As the Tab.3.6 shown, we

observed that the ratio value around 0.8 can achieve better results.

3.5.3 Algorithm Running Speed

We reported the average CPU time of each query time for the datasets with different

sample sizes. Fig.3.5 shows the running speed of our proposed method under the CentOS
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Tab. 3.6. The accuracy performance of different Ratio values in the average of first 5 queries.

R_0.5 R_0.6 R_0.7 R_0.8 R_0.9

SAVEE 0.317+0.06  0.313+0.04 0.299+0.06 0.311+0.04 0.319+0.03
EMO-DB 0.4394+0.01 0.448+0.03 0.434+£0.01 0.46:+0.05 0.437+£0.05
CASIA_im 0.5894+0.03 0.653+0.02  0.68+0.03  0.679+0.03 0.679+0.04
eNTERFACEO5_im  0.305+0.03  0.306+0.06 0.305+0.03  0.294+0.03  0.29140.03
IEMOCAP_im 0.476+0.02 0.479+0.02 0.468+0.02 0.4784+0.02 0.457+0.02
Aggregation 0.5044+0.03  0.523+0.04 0.563£0.03 0.571+0.03 0.559+0.04
Blood 0.591+0.02  0.599+0.03 0.588+0.03 0.594+0.04 0.571+0.05
Diabetes 0.597+0.05 0.605+0.04 0.626+0.05 0.635+0.04 0.641+0.05
gsar-biodeg 0.808+0.02 0.807+0.02 0.813£0.02 0.7994+0.02  0.84+0.01

Vote 0.902+0.04 0.907+0.04 0.914+0.03 0.916+0.02 0.922+0.02
Vowel 0.657+0.05 0.686+0.03 0.692+£0.04 0.706+0.06 0.696+0.04
WBC 0.894+0.03 0.893+0.04 0.907+0.06 0.925+0.02 0.929+0.02
Thyroid 0.841+0.07 0.864+0.07 0.86+0.08  0.884+0.04 0.857+0.03

system with the machine configured as Intel(R) Core(TM) i7-6800K CPU @ 3.40GHz.
The horizontal axis represents the number of queries, and the vertical axis represents
the running time of each query. The CASIA and IEMOCAP datasets are too large and

consume more time, and other data sets are kept within 100s.

3.5.4 Necessity of Constructing Speech Emotion Dataset

The extracted features of voice collected in different scenarios have different feature
spaces. In the application of the specific scene, it is very important and necessary to
construct a new dataset. To verify our thinking, we selected 4 datasets, each of which has
4 common emotions, Anger, Happy, Neutral, and Sad. We divide the training set and the
test set with the ratio of 8:2 and train the classifier on each dataset. Then we used the four
classifiers to view the performance of the four datasets.

Fig.3.6 shows the cross-prediction results for four datasets. We observe that the

classifier trained on its own dataset has the best performance, but performs poorly on
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Fig. 3.6. The cross-prediction results on four datasets.
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other datasets, which means that the contextual speaking styles in different scenarios will
affect the recognition accuracy. Therefore, in the field of SER, it is very necessary to

construct new corpus under different application scenarios.

3.6 Summary

To solve the high cost of the speech emotion corpus construction, especially for
the problem of difficulty in sampling small-class samples, we propose an integrated ac-
tive learning strategy and designed a framework for the construction of speech emotion
dataset. In comparison experiments with other active learning strategies, our proposed
active learning method achieved the best performance for sampling on different datasets,
especially for the selection of small-class samples, which is significantly better than other
methods. In another actual dataset construction experiment, our method in the process of
constructing the dataset, when the total number of labeled samples is less than 50%, the

recognition accuracy of emotion classes reaches more than 90%.
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4 Dual-Transformer-BiLSTM for Speech Emotion Recognition

4.1 Introduction

In the feature construction process of speech emotion recognition, it is usually neces-
sary to learn features from a large amount of speech data. However, in the case of a small
number of samples in the speech emotion dataset, the extracted features will be over-fitted
by the neural network model due to poor robustness, so the model cannot obtain a high e-
motion recognition accuracy. Speech self-supervised learning [70] is to find a higher-level
information expression from massive speech, not limited to a single sample, and can be
used for a variety of downstream tasks related to speech. The speech pre-trained features
extracted by the speech pre-training model can represent the general features of speech,
which can effectively improve the robustness of features. In recent years, in the field of
speech signal processing, the speech representation obtained by unsupervised training on
large-scale data sets through transfer learning technology has a greater performance in
downstream tasks than traditional features that focus on a single sample.

Acoustic features are typically manually designed and based on signal processing.
The advantages of acoustic features are their simplicity, effectiveness, and ease of cal-
culation. The traditional manual extraction of acoustic features for modeling research
is still the current mainstream. Some classic machine learning models, such as SVM,
k-nearest neighbors(KNN), GMM, etc., often use acoustic features to classify emotions
[106, 5]. Low-level descriptors (LLDs) are difficult to express contextual information in
the temporal domain without incorporating a time-series model. [16] explored the use of
different types of acoustic features and their influence on the LSTM time series network,
and achieved excellent results. Issa [51] taked the acoustic features of audio MFCC and
mel spectrum as input, and uses CNN neural network to achieve high emotion recogni-
tion rate on three data sets. Although CNN/RNN/LSTM models can capture higher-level
features, they do not have the ability to pay attention between features. Therefore, Li
[61] proposed the BILSTM-DSA model, a BILSTM with a self-attention mechanism, to

improve the robustness of the acoustic features of the model.
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The feature extraction process usually requires human experience and domain knowl-
edge, which may introduce bias to the dataset and task and may not fully capture the
dynamic characteristics of speech signals. Pre-trained features are automatically learned
through neural networks, typically using large-scale speech datasets. Compared to acous-
tic features, pre-trained features can better capture the dynamic characteristics and con-
textual information of speech signals, with better representation and generalization abili-
ties. Speech self-supervised learning has the following categories. One is self-supervised
learning with the idea of contrast prediction [87], which uses an autoregressive model to
predict the future of the latent space to learn advanced representations. Schneider [96] us-
es this idea to encode the upper part of the speech in combination with multi-layer CNN,
and predicts the lower part of the speech by comparison .Another type is self-supervised
learning using autoregressive predictive coding. Unlike the left-to-right prediction of
contrast prediction, it can predict information at any location through context. Chung
[26] used the autoregressive model to encode the context information of the past acous-
tic sequence of speech to predict the future frame information of the speech. There is
also a way to encode speech information in a way of masking reconstruction, especially
in recent years, the bert-based model learns the learning of high-dimensional informa-
tion of speech [25, 65, 66].However, pre-trained features may face domain shift issues,
where their performance may degrade on different datasets. Therefore, combining and
fusing both types of features can increase their robustness and enhance the performance
of speech recognition systems [72].

Among the current feature fusion methods in the field of speech emotion recognition,
most methods fuse features after processing speech features through a multi-layer network
[23, 131, 118]. These methods cannot capture the correspondence between the speech
features in the early stage, so causing the loss of corresponding information of speech
features. There are also some studies that try to fuse the features as early as possible
[112, 131]. These methods only use concatenation methods and cannot effectively learn
the correspondence between different types of features. In addition, due to the different

segment lengths and dimensions of the features, part of the information contained will be
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forcibly converted into a uniform dimension for fusion, resulting in loss of information
and making it difficult to achieve efficient feature fusion.

Therefore, in order to solve the problem of low speech emotion recognition rate
caused by the weak robustness of acoustic features, we propose a novel feature fusion
model Dual-TBNet, which contains two Transformers and two BiLSTM structures. In
addition, to our knowledge, our work is the first to fuse self-supervised pre-trained fea-
tures and acoustic features with different segment lengths and dimension sizes for speech
emotion recognition. Experiments show that our model achieves higher speech emotion

recognition rate on 5 speech emotion data sets.

4.2 Methodology

As shown in Fig.4.1, the entire framework mainly includes a feature construction
part and a feature fusion part. The feature construction part includes the acoustic features
and pre-trained features. The model part includes two 1D convolution modules, two
Transformer-based feature fusion modules and two BiLSTM modules, as well as the final
fully connected layer and Softmax classification module.

The 1D convolutional layer can effectively align features of different lengths and
dimensions and convert them into the same dimension. Acoustic features and pre-trained
features will first be processed by 1D convolutional layers, and the two features will be
converted into vectors with the same dimensions. And then feed the output result into the
Transformer attention fusion model for further fusion. The Transformer network structure
is entirely composed of the Attention mechanism, which increases the training speed and
can effectively capture the relationship between the input units. We use the self-attention
mechanism in Transformer to capture the correspondence between acoustic features and
pre-trained features. Then, the fused features are fed into BILSTM to further learn the
contextual relationship. Finally, the fully connected layers and softmax layers are used

for emotional classification.
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Fig. 4.2. Feature distribution calculation process for exploring the diversity of acoustic features.

4.2.1 Feature Extraction

In the research, we use five speech pre-trained models, Tera [65], Audio Albert [25],
NPC [64], Wav2Vec [96] and Vg-wav2vec [7] combined with acoustic features to im-
prove the accuracy of speech emotion recognition. TERA is a self-supervised speech pre-
training method, which is used for pre-training on a large number of unlabeled speech by
masking the speech spectrum along three orthogonal axes to obtain Transformer encod-
ing model. AUDIO ALBERT uses the ALBERT self-supervised learning model, which
is trained on large-scale speech data sets, and can be used for feature extraction of down-
stream tasks such as speech-related tasks, or as a fine-tuning participation model training.
NPC is also a self-supervised learning method. It only relies on the partial information
of the speech to represent the speech in a non-autoregressive manner. Wav2vec uses con-
trastive loss as the loss function for training, and the final representation can replace the
acoustic feature. Vg-wav2vec adds a quantization module to wav2vec to improve the
performance of the model.

For the acoustic features, each utterance is segmented into several sub-segments with
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a fixed time length. We used the openSMILE tool to extract the acoustic features of each
sub-segment to the dimension of 1582, constructing a total of n x 1582 feature blocks,
where 7 is the number of sub-segments after different speech segments. Acoustic features
can represent the static characteristics of a certain segment of speech, but cannot represent

the context information of entire utterance.

4.2.2 Acoustic Feature Statistics

As shown in Fig.4.2, to explore the effect of segmentation time on the model, we
divided each utterance into several speech segments by taking 100ms, 200ms, 300m:s,
400ms and 500ms as time units and use the standard deviation to calculate the distribution
of the 1582 features of a speech file in different length segments.

Eq.4.1 is the standard deviation calculation formula, n represents the number of seg-
ments of the speech divided by the specified time length, X represents the average value of
one of 1582 features, and x; represents the features of different segments. ¢ represents the
distribution of the value of the feature over the time length. The larger the value, the more
diverse the feature distribution. By using the statistic method, to calculate the distribution
of the feature value in different time lengths. The more diverse the distribution of feature
values, the better the recognition results of the model [132]. We found that the features of
the same dimension are very diversely distributed in the 200ms segments. So we use the

200ms features as our acoustic features.

4.1

4.2.3 Model Structure

In Fig.4.3, the attention mechanism in Transformer can focus on the correspondence
between speech segments. Therefore, with the help of this mechanism, it can fully pro-
mote the full fusion of acoustic features and pre-trained features. In our experiment, we

use a 6-layer Transformer encoder to fuse the features. The attention mechanism in the
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Fig. 4.3. Feature fusion Transformer for fusing acoustic features and pre-trained features.

traditional Transformer is represented by Eq.4.2, Q(Query) represents the query vector,
and K(Key)V (Value) represents the vector being queried. QKV are derived from the mod-

el’s input vector through three different matrix multiplication linear transformations.

Attention (Q,K,V) = Softmax (QKT> 1% 4.2)
o Vi '

In our method, since pre-trained features and acoustic features have different max-
imum lengths and dimensions, we first use 1D convolutional network to convert the a-
coustic features and pre-trained features to the same dimensional features. Then use
the one feature as query Q, and the another feature as K and V, and fuse them by us-
ing the Eq.4.3. X4 and Xp respectively represent the acoustic features and pre-trained
features. We define the Querys as Qo = XoaWp,,, Keys as Kg = XgWk, and Values as
Vg = XﬁWVﬁ. The adaptation from pre-trained features(PF) to acoustic features(AF) is

presented as AFg_, (Xq,Xp).
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A (X ) = Soft ’ E
F ,Xg) = Softmax V
B—a \Ao,AB \/d_k B

XaWQanﬁXg

= Softmax (T) XBWVB

In contrast, the adaptation from acoustic features(AF) to pre-trained features(PF) is

4.3)

presented as PFy_,p (Xo,Xp) in Eq.4.4. Through the two Transformer fusion structures,
the features can be fully fused and then fed to the BiLSTM model.

0pKy,,
PFy_.g (Xa,Xg) = Softmax N Vo

XB WQ;; ngaxg W
NGB oV

In Fig.4.4, we use the BiLSTM structure to further learn the front and back spatial

4.4)
= Softmax (

information fused by Transformer to enhance the robustness of features. BILSTM is com-
posed of two reverse LSTM networks. LSTM is a long and short-term memory network,
a structure further optimized on the basis of RNN. LSTM can learn what information to
remember and what information to forget through the training process, and solves the
problem of gradient explosion and gradient disappearance caused by the RNN as the sen-
tence length is too long. LSTM is often used in tasks with time series context information
such as text data and speech data. Since it is unable to encode the information from the
back to the front of the sentence, BILSTM uses two LSTM structures in the opposite
direction [101].

4.3 Experimental Setup

4.3.1 Datasets

In the experiment, we used 5 kinds of data sets, CASIA, eNTERFACEOS, IEMO-
CAP, EMO-DB, and SAVEE. The specific division of the datasets used in the experiment
is shown in Tab.4.1. The total number of utterances in the five datasets, CASIA, eN-
TERFACEOS, IEMOCAP, EMO-DB, and SAVEE, are 6000, 1257, 4660, 535, and 480,
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Fig. 4.4. BILSTM module for capturing contextual information.

respectively. We divided the datasets into training, validation, and test sets in a ratio
of approximately 8:1:1. However, due to the presence of overly long utterances in the

IEMOCAP dataset, we removed these samples from the comparison experiments.

Tab. 4.1. The division of training set, validation set and test set of 5 kinds of data sets.

Total train valid test

CASIA 6000 5440 280 280
eNTERFACEOS 1257 1017 120 120
IEMOCAP 4660 3705 464 491
EMO-DB 535 426 40 69
SAVEE 480 408 36 36

4.3.2 Baseline Models

In order to compare the performance of different feature fusion models, we designed
a total of four feature fusion models. The details of the four special fusion models are

shown in Fig.4.5.

1. TB_af: The TB_af model contains two 1D convolutional layers, a Transformer fea-
ture fusion module and BiLSTM module. Acoustic features are used for Q query

vectors, and pre-trained features are used for KV vectors.
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2. TB_pt: The TB_pf model is similar to the TB_af model. The only difference is that
TB_pf uses pre-trained features for the Q query vector, and acoustic feature features

for the KV vectors.

3. DT: The DT model contains two 1D convolutional layers, two Transformer feature
fusion modules and two common Transformer modules. Acoustic features and pre-
trained features are respectively used as Q query vectors, and finally output to two

Transformers for further fusion.

4. Dual-TBNet: DBual-TBNet is our proposed model, which is similar to the DT net-
work. The only difference is that after the features are fused with the output of the

two common Transformer, the context information is further learned through two

BiLSTM modules.

For the feature input of all models, we use acoustic features to fuse with Tera, Audio
albert, NPC, Wave2vec and Vqwav2vec pre-trained features. Each model will have 5 fea-
ture fusion combinations, and finally 20 sets of experiments to compare the final speech

recognition performance.

4.3.3 Evaluation Metrics

In this experiment, for the results of speech emotion recognition, we used two evalu-
ation metrics, namely F1 and Ac. The F1 is the weighted average of precision and recall,
and the F1 formula is expressed as Eq.4.5. Among them, TP (True Positive) indicates that
the model prediction result is positive, and the sample is also positive, TN (True Negative)
indicates that the model prediction result is positive, but the sample is negative, FP (False
Positive) indicates that the prediction is negative, and the sample is positive, FN (False

Negative) indicates that the prediction is negative, and the sample is also negative.

B 2xTP
- 2xTP+FP+FN
Ac is the classification accuracy score, which refers to the percentage of all classifi-

4.5)

F

cations that are correct. The Eq.4.6 is as follows:
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TP+TF

Ac =
TP+TF+FP+FN

(4.6)

4.4 Experimental Results

4.4.1 Acoustic Feature Statistical Results

Tab.4.2 shows the statistical results of feature diversity under different time segments
using the standard deviation as the measurement standard. For all data sets, nearly half
of the samples have more diverse distributions of features in the case of the 200ms time
length and the length is the best for the recognition accuracy of the time series model
[73]. Therefore, we use 200ms as the time segmentation length to extract static acoustic

features.

Tab. 4.2. The statistical results of the feature diversity of 5 data sets under different time lengths.

100ms 200ms 300ms 400ms 500ms

CASIA 660 3298 562 621 859
eNTERFACEOS 347 525 95 129 161
IEMOCAP 1448 2065 348 365 757
EMO-DB 58 383 38 14 42
SAVEE 71 205 47 48 109

4.4.2 Emotion Recognition Results and Discussion

Tab.4.3 to Tab.4.6 respectively show the recognition results of the four models using
five kinds of feature combinations. The 4 tables correspond to four fusion models respec-
tively. Each table shows the Ac and F1 values with five pre-trained features and acoustic
features on 5 data sets.

From the table, we observe that for all feature combination schemes, the recognition

results of Tera and acoustic feature fusion schemes are better than Audio Albert, NPC,
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Tab. 4.3. The results of Dual-TBNet model with different pre-trained features and acoustic features, where

A presents acoustic features.

A+NPC  A+AAlBert A+Wav2vec A+Vqwav2vec — A+Tera

Ac Fl Ac Fl Ac  Fl1 Ac F1 Ac Fl
CASIA 0.882 0.881 0.918 0.918 0.886 0.886 0.846 0.846 0.957 0.958
eNTERFACEOS5 0.533 0.513 0.575 0.567 0.558 0.552 0.517 0.495 0.667 0.656
IEMOCAP 0.554 0.547 0.629 0.627 0.623 0.617 0.556 0.555 0.648 0.649
EMO-DB 0.565 0.504 0.725 0.723 0.754 0.738 0.812 0.811 0.841 0.843
SAVEE 0.722 0.677 0.722 0.71 0.778 0.769 0.639 0.64 0.833 0.821

Tab. 4.4. The results of TB_af model with different pre-trained features and acoustic features.

A+NPC A+AAlBert A+Wav2vec A+Vqwav2vec  A+Tera

Ac Fl Ac Fl Ac Fl Ac F1 Ac Fl

CASIA 0.796 0.799 0.821 0.821 0.779 0.781 0.796 0.796 0.825 0.826
eNTERFACEO5 0.525 0.501 0.525 0.511 0.533 0.511 0.533 0.523 0.467 0.44
IEMOCAP 0.55 0.544 0.578 0.574 0.578 0.574 0.568 0.567 0.556 0.553
EMO-DB 0.536 0.495 0.507 0.455 0.551 0.481 0.565 0.502 0.522 0.463
SAVEE 0.639 0.63 0.722 0.695 0.583 0.547 0.639 0.618 0.611 0.607

Tab. 4.5. The results of TB_pf model with different pre-trained features and acoustic features.

A+NPC  A+AAlBert A+Wav2vec A+Vqwav2vec  A+Tera

Ac F1 Ac F1 Ac F1 Ac F1 Ac F1

CASIA 0.861 0.861 0.914 0.915 0.857 0.859 0.843 0.843 0.943 0.942
eNTERFACEO5 0.45 0.422 0.592 0.579 0.525 0.516 0.525 0.516 0.558 0.532
IEMOCAP 0.57 0.571 0.576 0.566 0.635 0.634 0.599 0.595 0.642 0.64
EMO-DB 0.522 0.469 0.725 0.717 0.797 0.798 0.696 0.697 0.754 0.757

SAVEE 0.556 048 0.611 0.589 0.611 0.52 0.639 0.594 0.722 0.726
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Tab. 4.6. The results of DT model with different pre-trained features and acoustic features.

A+NPC  A+AAlBert A+Wav2vec A+Vqwav2vec  A+Tera

Ac Fl Ac Fl Ac  Fl1 Ac F1 Ac Fl
CASIA 0.879 0.878 0.893 0.893 0.882 0.883 0.839 0.84 0.911 0.91
eNTERFACEO5 0.5 0.475 0.508 0.497 0.492 0.486 0.467 0.442 0.5 0491
IEMOCAP 0.568 0.562 0.56 0.557 0.65 0.649 0.566 0.566 0.589 0.585
EMO-DB 0.507 0.505 0.667 0.667 0.623 0.584 0.623 0.591 0.58 0.569
SAVEE 0.472 0.404 0.639 0.634 0.611 0.605 0.639 0.635 0.611 0.605

Wav2vec and Vg-wav2vec. Tera is a new generation of pre-trained model based on BERT,
which has a stronger advantage for capturing the information between speech data frames.

In the case of the same feature fusion scheme, the result of TB_pf is better than
the result of TB_af. Different from TB_af, TB_pf uses pre-trained features as Q query
vector, which has better performance for model recognition. Comparing TB_pf and DT,
TB_pf is also better than DT model, because BiLSTM further extracts the fusion context
information in the output layer. The Dual-TBNet model performs best among all mod-
els, not only has the attention mechanism but also uses BiLSTM to capture contextual
information, fully fusion of pre-trained features and acoustic features. Tera’s pre-trained
features are more suitable for model recognition. In general, our proposed model achieved
the accuracy of 95.7%, 66.7%, 64.8%, 84.1%, and 83.3% on the 5 data sets of CASIA,
eENTERFACEOQS5, IEMOCAP, EMO-DB, and SAVEE, respectively.

To analyze the performance of our Dual-TBNet model with Tera and acoustic fea-
tures on different types of emotion across five datasets, as shown in Tab.4.7, we conducted
a statistical analysis on all categories using precision(P), recall(R), and F1 score(F1). We
also plotted a confusion matrix in Fig.4.6, which provides a more visual representation
of the performance of emotion recognition. In the CASIA data set, happy, neutral, and
sad all achieved 98% recognition rate. Due to similar emotional polarity, some samples
of anger and surprise were incorrectly identified as happy. Our model performs well on

the Chinese act-based dataset. In the data set of eENTERFACEOQS, the recognition re-
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Fig. 4.6. Confusion matrix of Dual-TBNet emotion recognition results on CASIA, eNTERFACEOQ5, IEMO-
CAP, EMO-DB, SAVEE datasets.

sults of Disgust and Fear are poor due to the imbalance of the categories of the data set.
The neutral emotion prediction results in the IEMOCAP data set are the best. Although
the EMO-DB and SAVEE data sets have a small sample size, they also achieve a high
accuracy rate.

To compare with previous studies, we collected the data results of researches in the
field of speech emotion recognition in the past three years. As shown in Tab.4.8, we
list the emotion recognition results of different studies according to the different datasets.
From the table, we can find that the models with attention mechanism have achieved good
results. Among them, our proposed model achieves state-of-the-art results on the CASIA
and SAVEE datasets, and achieves mid-to-upper results on eNTERFACEQOS, IEMOCAP,
and EMO-DB. CASIA is a Chinese speech emotion dataset, and SAVEE is an English
dataset, both recorded in a pure environment and composed of many short sentences. For

such data, our model has the best results. For speech datasets collected in natural environ-
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Tab. 4.7. Performance of the Dual-TBNet on different emotions in CASIA, eNTERFACEOS5, IEMOCAP,
EMO-DB, and SAVEE datasets.

IEMOCAP CASIA eNTERFACEO05 EMO-DB SAVEE
P(%) R(%) F1(%) P(%) R(%) F1(%) P(%) R(%) F1(%) P(%) R(%) F1(%) P(%) R(%) F1(%)

Angry 0.7 062 066 1 093 096 0.65 085 0.74 0.75 0.75 0.75 08 1 0.89
Sad 0.74 0.64 0.69 098 098 098 0.65 0.85 0.74 1 1 1 I 05 0.67

Neutral 0.57 0.71 0.63 098 098 098 - - - 092 075 083 08 1 0.9
Excited 0.66 0.59 0.63 - - - - - - - - - - - -

Happy - - - 086 098 092 067 0.8 073 082 082 082 08 1 0.89
Disgust - - - - - - 064 045 053 1 1 1 I 05 0.67
Fear - - - - - - 083 05 062 09 09 09 075 075 0.75
Surprise - - - 098 091 094 0.61 055 058 - - - 1 075 0.86
Bored - - - - - - - - - 064 088 074 - - -

Tab. 4.8. Performance comparison between the proposed model with other models on the CASIA, eNTER-
FACEOQOS, IEMOCAP, EMO-DB and SAVEE emotion corpus.

Models CASIA eNTERFACEOS5 IEMOCAP EMO-DB SAVEE
CNN+LSTM [30] - - 0.775 0.785 0.781
RNN+Attenttion [61] - - 0.643 0.861 -
3DRNN-+Attention [22] - - 0.647 0.828 -
CNN(Spectrogram and Phoneme Features) [121] - - 0.64 - -
CNN(Phonological Features) [112] - - 0.6002 - -
SVM+SISMOTE [71] 0.902 - - 0.8582 0.75
DenseNet-GRU [24] 0.8 - - - -
FaceNet [69] 0.9 - 0.689 - -
SVM-+Decision Tree [107] 0.853 - - 0.858 -
SVM [6] - 0.564 - 0.815 0.7563
CNN+Frequential Attention [62] - 0.758 0.804 0.833 0.565

Dual-TBNet 0.957 0.667 0.648 0.841 0.833
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ment such as eNTERFACEOQS, IEMOCAP, our model also achieves good performance.

4.5 Summary

To improve the accuracy of speech emotion recognition on limited datasets, we use
the pre-trained features learned on large-scale datasets by self-supervised learning to en-
hance the robustness of acoustic features. Furthermore, we propose a new feature fu-
sion model called Dual-TBNet, which mainly consists of dual Transformer and BiLSTM
modules. With the help of attention mechanism and bidirectional time series module,
our model can fully learn the corresponce information betwwen acoustic features and
pre-trained features with different segment lengths and dimension sizes.

A total of four fusion models are designed to fuse five pre-trained features and a-
coustic features. Among them, the Dual-TBNet model achieve 95.7%, 66.7%, 64.8%,
84.1% and 83.3% accuracy in the comparative experiments of CASIA, eNTERFACEOS,
IEMOCAP, EMO-DB and SAVEE datasets respectively.
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5 Conclusion and Future Work

5.1 Conclusion

Speech emotion recognition can help us better understand and interpret the emotional
states expressed by people in verbal communication. Emotion is an essential component
of human interaction, as it can influence our behavior, attitudes, and decisions. By ac-
curately recognizing and understanding emotions in speech, we can gain deeper insights
into others’ inner feelings, thus establishing stronger interpersonal relationships.

Currently, there are several challenges in constructing such datasets. Firstly, collect-
ing emotional data requires the participation of many subjects, which requires a lot of
time and manpower resources. Additionally, since emotion is a subjective experience, the
quality and quantity of the data collected depend on the participants’ emotional expres-
sion. Secondly, to train machine learning models, emotional data needs to be labeled with
emotional categories. Annotators need to listen to all speech materials one by one, which
is a costly process and cannot prioritize rare samples. Thirdly, emotional data is often im-
balanced, as some emotions may be more common than others, leading to a shortage of
samples for certain categories in the dataset. This may result in poor model performance
when predicting less common emotions. Fourthly, the data collected is often specific to
certain scenarios, which affects the accuracy of speech emotion recognition in differen-
t languages, speaking styles, and application scenarios. Therefore, the dataset needs to
include participants with different languages, cultural backgrounds, ages, genders, and
personalities. Finally, the accuracy of speech emotion recognition is affected by many
factors, such as audio quality, speaker pronunciation and language habits, environmental
noise, etc.

Most current research in this field is based on extracting speaker-specific features for
model training. These features only reflect the characteristics of the current dataset, and
therefore have poor robustness. In order to improve feature robustness, future research
can combine the use of pre-training models to extract high-dimensional feature spaces.

For example, using speech representation learning methods to construct feature spaces on
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massive speech data, to learn personalized speech features and enhance the robustness of
speech features. In addition, with the continuous deepening of research on speech fea-
tures, various emotion-related features have been proposed. For these features, exploring
fusion schemes between different categories of speech features can effectively promote
the improvement of speech emotion recognition accuracy.

To address the two challenges in the field of speech emotion recognition mentioned

above, we conducted research on the following aspects to promote its development.

1. We propose an effective active learning strategy to overcome challenges related to
limited dataset availability and construction efficiency. By incorporating uncertain-
ty, representativeness, diversity, and complementarity data selection methods, the
proposed strategy identifies valuable data for annotation, resulting in superior out-

comes.

2. We present a novel feature fusion architecture that combines two Transformer and
BiLSTM modules. This architecture enhances the accuracy of speech emotion recog-
nition by enriching the richness and robustness of speech features. Experimental
evaluations demonstrate the state-of-the-art performance achieved by the proposed

approach.

5.2 Future Work

The architecture of the active learning method we proposed is serial, which cannot
achieve parallel operations. In the future, we will try a parallel sampling architecture to
further improve the overall running speed of the method. Additionally, the sampling al-
gorithm we propose combines the logistic regression classifier for sample selection. In
the future, we will explore other classification models to improve the sampling efficiency.
Moreover, in the actual application of active learning, we will further explore the appli-
cation of active learning methods in the construction of multimodal emotional corpus to
adapt to the increasingly complex mass data.

For the speech emotion recognition model, our Dual-TBNet model is in the form of
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a frozen pre-trained model to extract the speech feature information. In the future, we will
try to add the pre-trained model to our framework to fine-tune the model. In addition, we

will further explore the accuracy of speech emotion recognition under natural conditions.
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