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Abstract

Our work follows the recent shift in emotion recognition, from analysing posed expressions within

controlled lab environments to the recognition of spontaneous emotion expressions obtained in

real-world settings.

Firstly, we provide a novel segmentation method for extracting audiovisual segments from databases

annotated in a dimensional emotion space, overcoming synchronisation and other issues. We per-

form discrete emotion recognition on the extracted segments, classifying them into positive or

negative emotional states with Coupled Hidden Markov Models (CHMM). We show how the noise

reduction and background speech removal from the audio cues can improve the classification ac-

curacy by 10%. We demonstrate the first application of Support Vector Machines for classification

in the likelihood space in emotion recognition, improving our initial accuracy of 79.1%, attained

by fusing the facial expressions, audio and shoulder cues to 88.2%, accompanied by an analogous

increase in all the combinations of cues.

For continuous emotion recognition, we present the first approach in the literature which fuses

facial expressions, shoulder and audio cues. We experiment with state-of-the-art learning tech-

niques such as the Long Short-Term Memory (LSTM) neural networks and Support Vector Ma-

chines for Regression (SVR), while we present the first applications of feature and decision-level

fusion with LSTMs.

Referring to the correlation coefficient of the prediction with the ground truth, we show that

LSTMs overperform SVRs by 7.3% on average. We examine the significance of the duration of se-

quences for LSTMs with respect to the performance of audio cues, while we show that the shoulder

cues do not provide significant aid towards continuous emotion recognition. We demonstrate how

the audio cues slightly overperform the HMM accuracy for discrete emotion recognition when ex-

perimenting with continuous to discrete classification.

We experiment with dimensionality reduction, while we present a novel approach for learning

correlations and patterns within the valence/arousal values. This method provides an increase

of the correlation up to 6.6%. We perform decision-level fusion with LSTMs, and in combina-

tion with our previous approach for learning valence/arousal correlations we present a further

improvement to the correlation performance by a maximum of 32% with respect to feature-level

fusion with SVRs. Comparing with feature level fusion with LSTMs the improvement is 17% for

arousal and 19% for valence.

Our results approximate the average human coder correlation with respect to the valence ground

truth and the maximum coder correlation with respect to arousal by 3%, while comparing to the

averaged human coder correlation for arousal, our system performs better by 8%.
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Chapter 1

Introduction

The field of automatic emotion recognition is a highly active, multi-diverse research area, which

combines knowledge from fields such as behavioural sciences, cognitive sciences and psychology

, as well as fundamental knowledge and state-of-the art findings in the field of machine learning,

computer vision and human-machine interaction [86, 174, 84].

While initially, research on human emotions focused on the recognition of posed emotional ex-

pressions captured in controlled, laboratory settings [86], research attention has recently shifted

towards the analysis of spontaneous emotions in real life scenarios. This shift poses a set of new,

interesting and deeply challenging issues in the field, ranging from difficulties in accessing and

maintaining spontaneous emotion databases, to the relaxation of constraints and assumptions

imposed in laboratory settings.

Furthermore, most of the research in the field [86, 203] has been focusing on recognition in terms

of discrete emotional states, such as the basic emotion categories (happiness, sadness, surprise,

fear, anger and disgust)[59, 80, 54]. Many researchers though, claim that the affective states en-

countered and experienced in everyday life do not typically fall into the basic categorisation pro-

posed; instead, these emotional states are more subtle and complex [12], in way that the basic emo-

tional categories can not fully capture. This observation has led researchers in affect recognition

to explore the modelling and interpretation of such complex and subtle everyday life emotional

states in terms of latent dimensions. An example of such an approach, is the valence/arousal

emotion space [152], a 2D space representing how positive or negative an emotional state is with

the valence dimension, and how active or passive with the arousal. It is noted, that besides the

increase in dimensionality from the basic emotions approach (which can be considered 1D), the

valence/arousal description approach presents us with a continuous space, with real numbers

instead of labels for each of the dimension. This significant addition can allow the realisation

of automatic recognition systems which perform continuous recognition on a sequence of cues,

dealing with actual continuous emotions.

The work we present in this project lies at the centre of the state-of-the-art research in affect

recognition. Our goal is firstly to extract audiovisual segments portraying spontaneous emotional

expressions which can be considered to be either negative or positive, and subsequently to per-

form various experiments in both discrete and continuous audiovisual emotion recognition. Due

to the nature of the data, we do not only have to deal with basic emotional states, but also with

more subtle everyday life expressions. These affective states manifest in the SAL database, which
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carries the audiovisual data we work on. The database presents a scenario where a virtual avatar

interacts with a human subject, and during the conversation various emotional states are exhib-

ited by the individual, including states such as boredom, tiredness and depression.

In order to extract such segments, the actual material of the database needs to be in someway

assessed in terms of the desired characteristics. For example, some approaches rely on manual

segmentation [29]. The SAL database though has been annotated by a set of coders (i.e. human

experts) who watch and listen to the audiovisual material and provide a continuous annotation

in the valence-arousal space. In order to extract the segments, we present an automatic method

which combines the available annotations and attempts to extract the relevant data, while also

attempting to overcome several issues that are presented. For example, the most obvious issues

relate to the fact that more than one person is providing the annotations. Subsequently, not all the

persons agree on the annotation at a certain time, while there are also issues of synchronisation

across the coders.

While extracting the relevant audiovisual data, the segmentation process also presents us with

a set of valence/arousal annotations, acquired during the analysis of the individual coder an-

notations. The produced set of annotations is what we consider in our continuous recognition

experiments to represent the ground truth.

Having extracted the audiovisual segments, features that will be used for learning need to be

extracted. We extract features from the audio signal that accompanies the data and carries essen-

tially the speech of the individual, from the facial expressions by tracking 20 fiducial points on

the face, while we also track 5 points relating to the shoulder movement of the individual, with a

goal of capturing the upper body movement.

Then, we perform a set of experiments on discrete emotion recognition, classifying our data into

the positive and negative emotional classes. In order to perform such a classification, we use Hid-

den Markov Models, which are generative probabilistic models. Two HMM models are trained,

one for each class. When presented with a sequence (in our case, the sequence of features ex-

tracted from the audiovisual segment) they output a likelihood, describing how probable it is that

the model produced this sequence. Therefore, we obtain two likelihoods, one from the negative

and one from the positive class HMMs. This is where we experiment with increasing the accuracy

of the HMMs, by using another popular classification technique, Support Vector Machines (SVMs)

in order to classify in the likelihood space. We show that this method outperforms other methods

that have been used for this scenario in emotion recognition. It is noted that when using multiple

cues, the fusion in HMMs is done model-level, with Coupled Hidden Markov Models (CHMMs).

Moving to continuous recognition, the scenario changes: We now have a set of audiovisual data

and features (as before) but for each frame of each sequence (or video), we have a 2D annota-

tion in the valence/arousal space, the ground truth. Our goal now, is to train a set of learning

techniques which would estimate the valence/arousal ground truth, thus performing actual con-

tinuous emotion recognition. For such a task, we take advantage of a state-of-the-art sequence

learning technique, the Long Short-Term Memory recurrent neural networks (LSTM). LSTMs have

been known to overcome issues that appear in traditional recurrent neural networks and have the

ability to learn from long range temporal dependencies in the input data. Furthermore, we ex-

periment with another technique, Support Vector Regression (SVR), a popular algorithm which

is though static - it does not perform sequence learning but just considers the training data as a
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set of frames, and not a set of videos (sequences of frames). We will show that in general, LSTMs

outperform SVRs for the task at hand.

Finally, we will discuss the issue of evaluating the estimated ground truth from such a technique,

while we will also explore methods which can increase the accuracy and performance of such

systems, by learning patterns in the valence/arousal annotations and also correlations between

the two dimensions. We experiment with both feature-level and decision-level fusion of cues:

Feature-level refers to compiling multiple cues (in our case, the shoulder, audio and facial expres-

sion cues) in a feature vector which will be subsequently used as input for the learning technique,

while with decision-level, a classifier is trained for each set of cues and the results of each classifier

are combined.

1.1 Key Contributions

Having summarised the project itself, we will now present our key contributions:

• We present a novel method for the segmentation of audiovisual data which has been anno-

tated in the valence/arousal dimensional space. These annotations are typically from more

than one coders and achieving agreement across the coders is one of the great challenges in

the field [84]. Our method attempts to overcome issues of disagreement, synchronisation

and other inconsistencies that appear in such manual annotations. Furthermore, a ground

truth sequence is composed from the analysis, corresponding to each of the segments ex-

tracted.

• We experiment with positive vs. negative discrete classification of spontaneous emotional

states. Following our initial experimentation with HMMs, we experiment with classification

in the likelihood space. We present the first experiments with using SVMs for likelihood

classification in emotion recognition, where we show that they outperform other previously

used techniques. We also present an assessment of the improvement in the recognition

accuracy from the audio signal, by the removal of background noise and speech.

• Continuous emotion recognition has been attempted for speech [199, 117] and the fusion

of facial expressions and speech [101]. We present the first approach which focuses on the

fusion of three sets of cues: facial expressions, shoulder and audio. We also present the

first application of LSTMs on cues related to the visual modality, such as facial expressions

and shoulder movement, assessing for the first time the performance of LSTMs with both

decision and feature level fusion. We compare the performance of LSTMs to SVR, while we

provide comments and discussion on the metrics that may be used for ranking and compar-

ing the performance of such systems.

• We provide experiments which indicate the significance of the length of training sequences

for LSTMs, and demonstrate how the overall performance is affected when the features are

extracted at a different rate. Furthermore, we describe an experiment for discrete emotion

classification given the estimated continuous values from the continuous emotion recogni-

tion experiments.
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• We provide experimental results with using dimensionality reduction techniques, while we

experiment with the further improvement of the performance of our techniques, by provid-

ing the first attempts to incorporate correlations between valence and arousal into continu-

ous emotion recognition systems. The related methodologies are then applied with decision-

level fusion.

1.2 Structure

The work which we present in this report can be summarised as follows:

• In Chapter 2, we present a review of the theory behind emotion recognition systems. We

discuss approaches in emotion description and refer to how emotions are perceived by hu-

mans, while also elaborating on issues and challenges that are the focus of research in the

field, such as the optimal fusion of modalities, the discrimination between spontaneous and

posed emotional states and the dimensional and continuous emotion recognition.

• The theoretical foundations of a set of learning techniques which have been used for contin-

uous emotion recognition are presented in Chapter 3. We focus on Long Short-Term Memory

recurrent neural networks and Support Vector Machines for Regression, since these are the

basic methodologies used in our project. Furthermore, we briefly discuss Condition Random

Fields (CRFs), a probabilistic framework for labelling sequential data. CRFs are described

since they have been used for (quantized/labelled) continuous emotion recognition [199].

• Chapter 4 will refer to the process of actually segmenting the audiovisual material, produc-

ing the ground truth and extracting the relevant features. We also describe our annotation

pre-processing experimentation.

• The essence of our experimental work is presented in Chapter 5. We describe various exper-

iments in both continuous and discrete emotion recognition, ranging from SVM for classi-

fication in the likelihood space to fusion of cues/modalities with LSTMs and SVRs. Fusion

with LSTMs includes experiments with decision level fusion, while we also apply dimen-

sionality reduction techniques. Finally, we explore whether patterns and correlations in the

valence/arousal annotations can further improve our recognition accuracy.

• Finally, in Chapter 6 we summarise and further discuss our findings and conclusions, while

we denote topics for future work in the direction of this project.
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Chapter 2

Background & Related Work

Any emotion, if it is sincere, is involuntary
- Mark Twain

The background chapter will introduce the reader to concepts relevant to the theme of our project.

Our description will cover general related areas and topics within the scope of emotion research,

focusing mostly on aspects that will be used in the project while also briefly covering other rel-

evant work. In more detail, Section 2.1.2 will introduce various approaches that relate to the

description of affect, discussing some of their advantages and disadvantages. Section 2.2 will dis-

cuss emotion perception in humans, focusing on the audio and visual modalities. This section

will include a discussion on the temporal features exposed in human emotion expression (Section

2.2.5), a topic particularly interesting with relation to the temporal characteristics of the Long

Short-Term Memory networks we later use. Furthermore, in Section 2.4 we will briefly discuss

topics related to data annotation and available emotion databases, while in Section 2.4.1 we will

discuss issues in discriminating in discriminating posed vs. spontaneous emotional expressions.

Finally in Section 2.5 we will refer to continuous dimensional emotion recognition.

2.1 Description of Affect & Emotion

The description of affect has been a long standing problem in the area of psychology. The selection

of a proper description is of vital importance to the design of systems relating to emotion recog-

nition, since firstly they would have to be able to process and detect information which is relative

to the description, while the type of the description could cause variations in the experimental

results of the system. Other secondary issues could involve the complexity of the description or

the difficulty in obtaining the cues which would lead to a description of the selected type (which

could affect performance of real-time systems).

It is notable that the definition and classification of emotions has been a long standing problem

for the human race. The Stoics (3rd century B.C.) [75] considered a categorisation of emotions

into pleasure and delight, distress, appetite and fear, while the Li Chi, a Chinese encyclopedia

compiled during the 1st century B.C., discriminates between seven feelings, which are biologically

hard-wired 1to humans [158] :

1In fact, one of the emotion theories that we will discuss in Section 2.1, which is one of the dominant approaches in
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What are the feelings of men? They are joy, anger, sadness, fear, love, disliking and liking.
These seven feelings belong to men without their learning them [112]

Other similar attempts took place by philosophers and scientists such as Descartes [47], Spinoza

[172] and Darwin [43], until the modern theories on emotion classification which appeared in the

1970s, which we will describe in Section 2.1.

Throughout this chapter, we will often refer to terms such as affect, feeling and emotion. To resolve

any ambiguities, it would be useful if we provided some definitions [120]:

• Affect: is an innately structured, non-cognitive evaluative sensation that may or may not

register in consciousness.

• Feeling: feeling is affect made conscious, possessing an evaluative capacity that is not only

physiological based, but that is often also psychologically (and sometimes relationally) ori-

ented.

• Emotion: is psychosocially constructed, dramatised feeling.

Of course, emotion, affect and feeling, although they are terms which are deeply routed in human

behaviour they are quite subtle when it comes to defining them and in many occasions the terms

are used interchangeably, to a certain extent.

In general, there are three well accepted approaches to describing affect in psychology, which we

will now summarise.

2.1.1 Theory of Basic Emotions

The basic emotions theory (or the categorical approach) is one of the most dominant approaches,

which claims that there is a set of basic emotions which are universally identified by humans, due

to being biologically fixed (innate) in human nature and thus independent of factors such as cul-

ture and origin. As we have mentioned in the introduction to this chapter, this notion of a categor-

ical approach has been supported throughout the centuries, with references from the 3rd (Stoics,

[75]) and 1st (Li Chi, [112]) century B.C.. Modern work, such as that of Ekman ([59, 80, 54]) who

after researching stills of posed facial behaviour2 ended up in categorising 6 emotions as basic:

happiness, sadness, surprise, fear, anger and disgust. This theory is the most widely used in auto-

mated affect recognition systems [86, 203]. The fact that this approach is intuitively mapped from

the description to the actual emotion by humans (since it is self-descriptive) is considered one of

its major advantages. On the down side, it is a very limited discrete categorisation and using it by

itself disables the expression of many non-basic emotions which do not fall into these categories.

Also, there is dispute on whether emotional states such as surprise express real emotion or if they

are just (affect) neutral states [136], while there has been criticism on the inability of this model

to capture complex emotional states.

Furthermore, it is argued that these so called basic emotions are usually a small fragment of

the emotions that are expressed in human every day life, whereas more subtle emotional states

modern psychology, considers again a set of emotions biologically related to humans.
2Ekman had participants from 10 different countries which would rate expressions based on 7 emotions
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Figure 2.1: Complex Cognitive Mental States, image from [61]

are considered more common [12]. With respect to the latter statement, some researchers have

focused on cognitive mental states (Fig.2.1), while claiming that these states do appear more often

in everyday life [136]. Finally, we should note that there have been suggestions of maintaining a

set of more than 6 basic emotions (ranging from 2 to 18 categories) [136, 196].

2.1.2 Dimensional Description

Another approach in describing affect is taking, instead of discrete emotions, a dimensional de-

scription, i.e. in a small number of latent dimensions (Fig. 2.3). Initially, the characterisation

of emotions into such dimensions comes from Wilhelm Wundt, who in 1897 concluded that af-

fect could be described by the dimensions of pleasure-displeasure, excitement-calm and strain-

relaxation [23]. The modern relevant theory in psychology follows the model of Russel [157, 152],

accepting two major dimensions, which are assumed to represent the major aspects of affect:

arousal and valence (Fig. 2.2). Arousal is considered to designate the relaxed vs. aroused state,

while the valence characterises the pleasantness (positive) or unpleasantness (negative) of the af-

fective state. It should be noted that other work in dimensional emotion description also refers to

a third dimension, potency or power, which refers to the degree of control that the individual feels

with respect to the emotional state [44, 1, 137].

The negative aspect of this approach, is that certain emotions can become degenerately indis-

tinguishable (i.e. by having the same value in each dimension), while certain emotions fall out

of the two or three dimensional space. Also, in order to attain measurements of this type, spe-

cial training is required, while there have been attempts to achieve measurements by measuring

physiological parameters (e.g. EEG) [31].

2.1.3 Appraisal Based Approach

An approach which has recently received attention in the psychological world is Appraisal Theory.

Essentially, this approach supports that emotions are extracted from appraisals (or evaluations) of

events, which are different for each person and context dependent. In order to approach this de-
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(b) Thayer [176], (c) Watson and Tellegen [175]

scription, some stimulus evaluation measurements are required, measuring e.g. novelty, intrinsic

pleasantness, goal-based significance, coping potential, standard compatibility even legitimacy

and importance [161]. Inherently, this method does have problems in translating to a computa-

tional model capable of emotion recognition, although there has been experimentation with e.g.

neural networks [160].

Having described the three basic emotion description approaches, we denote that in the current

project, we will base our work on the valence/arousal 2D emotion space, from which we will

perform both discrete (using valence to indicate negative or positive emotions) and continuous

recognition. Further details on emotion description are available in [162, 74].

2.2 Modalities & Emotion Perception

In this section, we will refer to the different modalities which carry affect related information,

focusing on the body and facial expression cues (which essentially constitute the visual modality,
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Section 2.2.1), as well as the audio modality (Section 2.2.2). Furthermore, we will discuss issues

that relate to the fusion of the modalities, an uprising research challenge typically confronted

when realising audiovisual recognition systems. Also, we will refer to the temporal character-

istics of facial and body expressions (Section 2.2.5), which are considered highly significant in

comparing spontaneous vs. posed affect recognition (Section 2.4.1).

2.2.1 Vision

2.2.1.1 Facial Expressions

In order to capture the complexity and provide a taxonomy of human facial expressions, Ekman

and Friesen developed the Facial Action Coding System (FACS) [58] in 1978. This model is widely

accepted as a standard to categorise the facial reflection of emotions, based on Carl-Herman Hjort-

sjö’s book on the anatomy of facial features [30]. The FACS model consists of 32 action units (AUs)

which in turn represent the contraction or the relaxation of one or more facial muscles (Fig. 2.4).

It is an important advantage of the model that AUs are objective representations of human ex-

pressions and are independent from any assigned interpretation, thus allowing further high level

decisions and processing. It is also important to note that in 1984, the same authors developed

an different version of the system (EMFACS) [68] which was entirely oriented towards emotion

recognition, retaining only the AUs and AU combinations which were empirically or theoretically

considered to be signals of emotions. This resulted in a reduction of coding time, while also

providing some criteria for classification [102].

In general, the FACS model is widely used in combination with Ekman’s theory of basic emotions

in computerised systems, offering advantages such as culture independent detection, reduction

of dimensionality and training data required [183]. Finally, it is important to mention that the

mapping of facial expressions directly onto the 2D valence arousal space has been suggested [149,

156].

2.2.1.2 Body & Gestures

Psychologists and researchers in general have long attributed the expression of emotional states

through body movement and bodily gestures (e.g. [88, 4, 130]), originating from Darwin and the

description of animal and human emotion expression. There has been research work indicating

the disambiguation of emotional states through analysing animal body expressions, while re-

search shows that under specific circumstances, drawing information from the entire body leads

to better appreciation of emotional states (e.g. in infants). Studies also show that results from

analysing the body expressions are as significant as the voice modality, and in some cases as fa-

cial expression recognition [39]. Van der et al. [187] provide good recognition results for the

basic emotions by body information and a possible enhancement/disambiguation of facial/vocal

information. There has been research in combining posture and body information with kinemat-

ics [53, 82, 83, 118], while there were also attempts to relate emotions to kinematic3 data (e.g.,

joint angle data for head tilt, rotation, neck flexion, shoulder abduction, elbow flexion and knee

3Kinematics is a branch of classical mechanics which relates to the description of motion

24



CHAPTER 2. BACKGROUND & RELATED WORK

Figure 2.4: Left: Relation between muscular anatomy and muscular actions (Action Units). Right:
The AUs of FACS. Circle represents fixed point towards which skin is pulled along the line during
activation while number represents the AU. Both images come from [57].

flexion) and gait parameters 4 (velocity, cadence or steps per minute). Results for such attempts

varied and demonstrated a difficulty in recognising emotions such as anger, while attaining best

performance in recognising sadness. The most characteristic parameters expressing emotion were

related to limb motion and general posture. It is important to notice that, in contrast to facial ex-

pressions, there is no standardised method in interpreting human postures and gestures (like

FACS) and no equivalent to AUs, although there have been efforts in that direction (e.g. [107]).

2.2.2 Audio

Audio and speech are essential carriers of human affect, a fact confirmed in everyday human life.

The acoustic behaviour of humans is separated into the transfer of linguistic, paralinguistic and

extralinguistic information, although only linguistic and paralinguistic are communicative [110].

The linguistic part is refers to language itself, being precisely the explicit verbal part of the com-

munication. The paralinguistic element refers to the non-verbal part of the communication, which

is used as to modify the verbal meaning or convey emotion (e.g. falsetto in mocking), whether

it is expressed unconsciously or consciously. Features such as volume, pitch and intonation are

related to paralinguistics. The extralinguistic element refers to informative but not communica-

tive information which might e.g. identify the speaker from overall pitch and loudness of speech.

The extralinguistic part refers to information which has no conventional meaning, but is uninten-

tional, for example pitch differentiation based on age and sex [42]. Usually in emotion [203, 86]

and speech recognition [165], the discrimination is between verbal (linguistic) and non-verbal

(paralinguistic, extralinguistic) elements of speech. Important information with respect to the

expression of emotions is deemed to be conveyed in the paralinguistic part, while it has been

reported that spoken messages are not reliable in expressing affective behaviour [133], as e.g. a

different selection of words is used by different persons in order to express the same affective

state, while other difficulties can be for instance, in cases where human speakers refer to emo-

tional states which are irrelevant to their current emotional state. Despite the difficulties, there

4Gait analysis is related to the quantization of parameters in order to help athletes improve their performance or
identify posture related problems
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have been attempts to generate dictionaries of words and affective states, e.g. Whissell’s dictio-

nary of affect in language [195], which is essentially a list of 4000 words, with a 2D rating in the

activation/evaluation space.

Implicit paralinguistic messages have, on the other hand, been proved to provide significant con-

tribution towards emotion recognition appreciation, while parameters which have been identified

as strong indicators of emotions are continuous acoustic measures, especially those who relate to

the pitch (fundamental frequency) such as frequency range, the mean, median and variability

values [86]. Further detailed surveys in this area include the work of Scher and Juslin [155] and

Backorowski and Owren [114], while a survey of acoustic features is presented in [40]. It is im-

portant to note that while the identification of the optimal feature set is yet an open problem,

human listeners are accurate in detecting basic emotions from prosody features (rhythm, stress,

intonation) [155] and some nonbasic affective states from non linguistic vocalisations like laugh,

cries, sighs and yawns [156].

2.2.3 Physiological Parameters & Heat

There have been other methods of attaining results and measurements of human affective states.

We will refer to them briefly in this section, since they are not directly related to the methods

that we will use in the project. Firstly, we will refer to measuring physiological parameters or

bio-potential signals. The range of parameters ranges from measuring brain signals by functional

Near Infrared Spectroscopy (fNIS), scalp signals by electroencephalogram (EEG), peripheral sig-

nals such as cardiovascular activity, electrodermal activity, Galvanic Skin Response (GSR) and the

electromyograph (EMG). It is believed that these measurements can be translated to the valence-

arousal emotion space (Section 2.1.2), but again the optimal feature set is yet to be discovered.

There have also been research attempts which suggest a correlation between emotional states and

core body temperatures of mammals, e.g. the change in the facial temperature of monkeys when

they are under stressful situations, or the body temperature of rats under similar fearful situa-

tions. It is also notable that a correlation has been found between measurements in blood flow

and changes of affective states [179, 144], due to thermo-muscular activity. Thus, by obtaining

objective measurements of the skin temperature change, there is a possibility of obtaining infor-

mation for affect states of subjects. Again, a generic framework for these measurements is yet to

be defined. For more details and research attempts, the reader can refer to [86].

2.2.4 Fusing Modalities

An uprising problem in the field of emotion recognition is the fusion of more than one modal-

ity/set of cues in order to enhance the performance and robustness of designed systems. It has

been reported that in human-to-human communication, the combination of information from

the speech, gestures and body posture is essential in many situations, such as when ambiguity

of speech arises, when communication is noisy or weak (e.g. not good knowledge of language)

[126, 125], while in everyday human communication these modalities are fused either consciously

or subconsciously. McNeil emphasises what he calls the conceptual expression of gestures in combi-

nation with language, as he claims that the speaker is thinking in images and in words, expressing

words by language and images by gestures. It is suggested that there is great influence from the

26



CHAPTER 2. BACKGROUND & RELATED WORK

facial expressions to vocal characteristics (tone of voice, prosody) and vice-versa ([119, 45]), as

there exist patterns of influence in affect information between the audio and visual modalities

[173]. It has also been reported that body expressions disambiguate the classification of facial

expressions as well as that body operation (which could be irrelevant to emotional expression)

affects vocal features such as tone [187].

Summarising the findings in this area, we can deduce that it is of high importance to be able to

optimally integrate information from audio and visual modalities, in order to construct more ro-

bust and efficient emotion recognition systems. The fusion of modalities though does introduce

some further questions to the area. A first question would be which modality conveys the most

significant information. In general, if we are fusing a set of modalities/cues, they can either agree

(congruent) or disagree (incongruent). An example of the latter situation can be found in Fig. 2.5.

Meeren et al. investigate the agreement and conflict of facial and body modalities, by present-

ing images of faces on body’s to participants, with agreeing (e.g. happy face on happy persons

body) or conflicting information (sad face on an exited persons body). The human participants

opted towards the trusting the body expression where the information was conflicting, leading

to an indication of the importance of bodily expression in the presence of ambiguous facial ex-

pressions. Another question, which is mostly dependent on the implementation part is whether

the features extracted from the modalities used should be combined and fed as one input to the

classifier (feature-level) or if a classifier should be responsible for each modality/cue separately

and the final decision would depend on the decisions of each classifier (decision-level fusion).

There is also the model-level fusion category, where the model itself takes care of fusing the sep-

arate data streams, e.g. Coupled Hidden Markov Models (CHMMs) ([203]). There have been

difficulties in combining features from more than one modalities into one feature vector, and the

majority of multimodal systems uses decision-level fusion [203]. Of course decision-level fusion

poses another question. Since humans allow modalities to affect one another in human to human

interaction, then there is some loss of information from considering modalities to be independent.

It is noted that psychological emotion research has not presented any similar results for other

modality fusions, and this is still one of the major research questions in the area. Another issue

that has not been explored in multi-modal emotion recognition is the distance of the person in

question (with respect to the capturing devices) and the effect this has on the human perception

of emotion, e.g. it has been suggested that close-ups of faces cause the human observer to focus

on the eyes [187] while as the distance grows the whole body becomes more significant (of course

at a certain distance the facial characteristics are not distinguishable). Also, it is important to note

the issue of synchronised audio and video signals, since it has been suggested that humans find it

difficult to perform recognition tasks under unsynchronized audiovisual stimuli [3].

2.2.5 The Significance of Temporal Features

Describing temporal characteristics is quite important in the area of affect recognition, since such

information could provide further indications of the affective state of the person. As we will see in

Section 2.4.1 the timing of smiles can demonstrate whether a person is posing a smile or is spon-

taneously smiling [37, 184]. The significance of these temporal characteristics has been shown in

many studies, such as [5] where the importance of time slices against stills in personality judging
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Figure 2.5: Demonstrating how ambiguities are resolved with information from multiple cues. In
image (1), we have information only from the facial expression of the person. This information
can be considered ambiguous, or even assumed to be an angry expression. In image (2), by at-
taining more information on the body expression of the person (here, the gesture) we can suspect
that this is a celebration. In the complete image (3), more contextual information is added as an-
other athlete in a similar celebrating pose appears. It is also noted that there is some contextual
information in image (2), since from the persons uniform it can be deduced that he is an athlete.

is denoted and in [163], where discussion involves temporal features of "social" expressions such

as smiles and other expression components such as yawning and eyebrow flashing.

The modern theory on describing temporal aspects of facial expressions is based on Ekman’s work

[55]. More specifically, the phases that constitute a temporal facial movement are the following:

• Neutral. The neutral phase is when there are no manifestations of muscle activation and the

face is considered to be relaxed.

• Onset. Onset phase occurs at the beginning of an action, where the activity in the facial

muscles begins, and gradually increases in intensity.

• Apex. Apex is the plateau when the intensity of the motion stabilises.

• Offset. The last phase is the offset phase, where the muscular action begins to relax.

Typically, human facial motions follow the pattern:

neutral→ onset→ apex→ offset→ neutral

as seen in Fig. 2.6. Moving to the temporal structure of body gestures, there have been similar

results although body gestures are not as explored as facial expressions. Generally, such a gesture

can take up to five phases [86, 127]: Firstly, the preparation phase, where the body parts move

to the posture where the gesture stroke starts. At the end of the preparation, the pre-stroke hold

state occurs where the body parts hold in position. Then, the stroke phase reaches the peak of

intensity in the gesture, while the post-stroke hold is the phase were the final gesture position is

reached. The retraction phase, is when the body parts return to the previous state. As argued in

[127, 198] the only required part in this transitional process is the stroke, while all other phases

are optional. To summarise:

preparation→ pre-stroke hold→ stroke→ post-stroke hold→ retraction
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Figure 2.6: A hypothetical example from [60], where temporal facial phases are portrayed as
functions of intensity. The neutral state is assumed to occur when intensity is around zero, e.g.
observe the intensity when time is zero

Detailed surveys on body expressions are typically limited to observation of still images and thus,

it is still an open research issue to extensively investigate temporal information and its effects,

while more work is required for exploring the correlation of temporal information with physio-

logical parameters [86].

2.3 Feature Extraction

This section will consist of some description in terms of methodologies used to extract features

from either recordings of subjects or sensors, which will be then used for classification in machine

learning affect recognition systems by using various methodologies such as Hidden Markov Mod-

els (HMM), Support Vector Machines (SVM), Baysian or neural networks. We will firstly describe

the extraction of features from the facial expression domain (Section 2.3.1), where two separate

steps need to be taken: The detection of the face and the subsequent extraction of features. Then,

we will briefly refer to methodologies which target the extraction of information from body ex-

pressions (Section 2.3.2), while in Section 2.3.3 we will describe some related audio features, pro-

viding also their relationship to affective states. It should be noted, that in this project we will

extract features from facial expressions and shoulder movements in a similar way to [184]. The

details of feature extraction as used in the current project appear in Section 4.3.

2.3.1 Facial Expressions

Firstly, in order to extract features from faces, the actual location and face of the person must

be detected (Face Detection). This process has been simplified by various assumptions, i.e. that

there is only one face in the image [86] or by limitations in the posture of the person (front or

profile view). The detection of the face continues with the training of classifiers with positive

and negative examples of faces, while modern methods for face detection are based on the Viola-

Jones algorithm [192], which has been extended and improved in [115, 66]. It is interesting to

mention the open-source openCV library5 which includes face detection based on the Viola-Jones

algorithm.

5http://sourceforge.net/projects/opencvlibrary/
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After the face is detected, the next step is to extract the desired features from the visual informa-

tion. In general, there are two categories of approaches to feature extraction:

• Feature-based approaches, which make use of geometric features and detect specific facial

features such as pupils, eye corners, mouth corners and so on. They make use of facial

anatomy in order to evaluate these features, while comparing distances between the features.

Some feature based approaches are [73, 34, 140, 139, 185]

• Appearance-based approaches, where certain regions are treated as wholes, and where im-

age filters e.g. (Gabor or Haar filters) are applied to the entire face or to specific regions of

the area. The filter techniques are similar to the ones used in face detection. Some relevant

approaches are by Barlett et al. [13, 14, 15], Guo and Dyer [87] who use Gabor filters, An-

derson and McOwner [7] who implement template matching and Valstar et. al [182] where

temporal filters are exploited.

It is not clear whether appearance-based or feature-based extraction is best, since there have been

surveys suggesting the better performance of either appearance-based [13] or feature based meth-

ods [178, 139, 185] in some situations. There have been attempts to produce hybrid systems (e.g.

[178, 204]), and it has been suggested that methods which combine the two approaches could

provide better results [138]. The interested reader can refer to [138] for more information.

2.3.2 Body and Gesture

There have been many attempts in interpreting and capturing human gestures and body posture,

combining techniques from fields such as computer vision and image processing, mostly targeting

Human Machine Interaction (HMI) systems. Specific systems that make use of these capabilities

are sign language recognition systems, computer control through gestures, alternative computer

interfaces and systems which target emotion recognition.

According to [86], methodologies relating to gesture and body recognition are separated into three

categories:

• model-based, which depend on the body or body parts by modelling them or recovering 3D

configuration from vision processing

• appearance-based, which based the recognition process on 2D information, e.g. by tracing

edges which could form body contours.

• motion-based, where the main characteristic tracked is related to motion

In general, gesture recognition is one of the most difficult tasks in computer vision and ma-

chine learning, due to the difficulties commonly appearing in such scenarios (illumination, back-

ground/foreground separation, edge tracing, background, occlusions). There is also the issue of

separating out irrelevant body motions (which may occur during a proper gesture), determining

when a gesture begins manifesting and when it terminates, while also another problem is when a

gesture overlaps another.

There is quite a variety of techniques used for tracking, which is covered in [50], while an example

of a system related to tracing specific features can be found in [134], where the system detects
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(a) (b)

Figure 2.7: Tracking systems from [184], similar to what will be used in the project. (a) Points that
are tracked for face and shoulder modalities (b) The tracking procedure: (a-c) tracking points for
head and shoulder modalities, (d) for the face modality

shoulder positions by fitting a parabola to detected horizontal lines in the image and then using

the weighted Hough Transform to detect the shape. In [184], head motion is detected with a

cylindrical head tracker [200], while a 12 point tracker is used to capture facial features. In order

to track shoulder motion, a particle filtering technique is used. The face and shoulder tracking

points as well as an illustrative example is presented in Fig. 2.7.

Specifically, body gesture recognition requires the calculation of different features, such as the

measuring the amount of motion compared to outline changes, hand velocity etc. It is again

noted that these methods are optimised for very constraint environments and the development of

generic body gesture systems is still an open issue.

Relevant extensive surveys on these areas include Yilmaz et al. [202] on general object recog-

nition and specifically vision-based human motion analysis, Mitra and Acharya’s [129], specific

to hand gestures and facial expressions, and Poppe [151], which surveys modern approaches to

vision-based human motion while also discussing theoretical issues of human motion in relation

to modelling (e.g. kinematic models, silhouettes, contours). There is also a discussion on the issue

of estimation, i.e. finding the set of pose parameters to minimise the observation error in relation

to the model (or example set or projection function) used to estimate it. A survey on tracking and

tracking methodologies can be found in [138].

2.3.3 Audio

Extracting features from audio is generally based on measurements which relate to the funda-

mental frequency or pitch, while the factors that are hailed as most significant are the pitch and

energy [203]. In Table 2.1, we present a summary of such features in relation to emotion ex-

pression. A specific set of spectral features which has been identified to be suitable for speech

recognition / speaker identification is the Mel-frequency cepstrum coefficients (MFCC), which is
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Table 2.1: Sound features in relation to emotional states from [40]

Anger                    Happiness              Sadness                  Fear Disgust

Rate Slightly faster          Faster or slower      Slightly slower Much faster Very much faster

Pitch Average Very much higher Much higher           Slightly lower Very much higher Very much lower

Pitch Range Much wider             Much wider            Slightly narrower Much wider Slightly wider

Intensity Higher                    Higher Lower Normal                   Lower

Voice Quality Breathy, chest          Breathy, blaring
 tone

Resonant Irregular voicing Grumble chest
 tone

Pitch
Changes

Abrupt on stressed Smooth, upward
 in�ections

Downward
in�ections

Normal Wide, downward
terminal in�ects

Articulation Tense                     Normal Slurring Precise Normal

often used in affect recognition systems6 (e.g. in laughter detection [146]), while other attempts

experiment with the quality of the voice [26] or measuring pauses/silence [48]. Following the

shift towards spontaneous emotion detection, there were approaches which combined acoustic

features and spoken words, while others used linguistic features to improve spontaneous emotion

recognition. A detailed survey of such work is presented in [203], while it is important to note

that deciding the optimal feature set for audio is still an open research problem.

6The number of coefficients used for emotion recognition are typically less than the ones used for speech recognition.
Many systems, including our work in the current project, use 6.
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2.4 Databases & Data Annotation

An important problem that researchers in this field are often confronted with is the proper acqui-

sition and labelling of data. We have already referred to the problem of determining spontaneous

vs. posed data (Section 2.4.1) and in general, the long-term goal of realising systems which per-

form automatic spontaneous emotion recognition. In fact, strictly speaking there are three types

of affective data:

• Posed, where the participants are requested to produce the affective state on demand, usu-

ally in laboratory settings.

• Induced, where the experiment takes place in controlled environments which are designed

in order to induce the affective states, e.g. by projecting movies to the participants or cap-

turing human-to-human or human-to-machine interaction [11].

• Spontaneous, as in occurring in real-life settings, e.g. in naturalistic human to human com-

munication.

Recording the subjects in such databases requires the use of cameras for facial and body expres-

sions and microphones for recording the audio signals, while often motion capture systems are

used to record 3D postures and gestures. Ideally, these sensors should be minimally intrusive to

the actual recording process in order to avoid the disruption of the information to be captured.

We discuss issues caused by the means used to capture the audiovisual data in SAL in Section

4.4.2. Such issues relate to variant noise levels in the audio signal, to the recording of speech

signals coming from a virtual avatar interacting with the subject while in some cases the headset

(microphone and headphones) partially occluded the face of the subjects.

Most existing affective databases contain posed data, where participants follow the neutral-onset-

apex-offset-neutral transition we described in Section 2.2.5. This is because there are quite a few

difficulties in capturing spontaneous manifestations, which are rare and filled with context-based

changes (i.e. depending on the situation), while labelling such information is again tedious and

error prone. Also, spontaneous manifestations are typically not in perfectly controlled laboratory

situations (e.g. where the participant is asked to posed, look at the camera from specific angle

etc.)

Nevertheless, due to the rising interest in detecting spontaneous emotions and rising up to real-

life situations there have been attempts to generate databases of spontaneous emotions. Regarding

the labelling of emotional states which appear in these databases, the methodology depends on

the description of affect adopted (Section 2.1). Typically, the basic emotions are used for categori-

sation in posed databases, while spontaneous databases often use the valence-arousal emotion

space.

In this project, we will deal with the recognition of continuous dimensional spontaneous emo-

tional states. Thus, we will focus our description on such databases. It should be noted that

recording subjects without their permission rises ethical issues (although it has been attempted

[205]), thus typical recordings of spontaneous emotions are done in interview settings [138].

A database which contains spontaneous and posed data is the MMI Database [141]. It is con-

sidered to be the most comprehensive set of facial behaviour recordings [203], while images and
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Table 2.2: MMI Database Feature Overview, adapted from [141]

Feature Availability

static images 740
videos 848

emotion expression
√

single AU expression
√

multiple AU expression
√

AU-coded
√

no. of participants 19
participant age range 19-62

no. of ethnicities 3
gender ♀♂
lighting universal

facial hair
√

glasses
√

profile view
√

downloadable & searchable
√

(a) (b)

Figure 2.8: Sample data (still) from the HUMAINE SAL (a) and SEMAINE (b) databases

videos are both available, from frontal and profile views. It includes more than 1500 samples,

while the samples are encoded in the FACS system (Section 2.2.1.1). The posed data comes from

experts or individuals who are taught how to activate the specific action units on their face - sim-

ilarly to when expressing emotions. Some of the characteristics of the database are presented in

Table 2.2.

In this project we will focus on the SAL (Sensitive Artificial Listener) [49] database, which is

part of the HUMAINE project. The database contains spontaneous (induced) data7, which have

been collected during a human-computer conversation, which is conducted between a human

participant and one of the four personalities (or virtual avatars), which have a specific pattern

of behaviour (Poppy - happy, Obadiah - gloomy, Spike - angry and Prudence - pragmatic). The

concept of the system is based on the assumption that the users are drawn into the own emotional

states of their avatars. The database contains two female and two male subjects, while there are

approximately 10 hours of footage available in the SAL database.

7Strictly speaking, the database contains induced data; Nevertheless, we will use the term spontaneous data
throughout the project to describe the data.
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A database with a similar scenario is the SEMAINE [168] database, which incorporates a SAL

agent, with a goal of sustaining a conversation with a user. The goal is that the system will detect

the user’s facial expression, gaze and voice while engaging in conversation with a conversational

agent who will be embodied, will have a face and a voice, will provide feedback and will have dif-

ferent scenarios and strategies, adaptive to the user’s behaviour. Data from the SEMAINE project

is currently being labelled in terms of the valence-arousal emotion space.

Another database which contains posed data which are appropriate for continuous affect recog-

nition is the Montreal affective voices database [17], while a database which contains sponta-

neous audiovisual data is the Vera am Mittag speech database [81]. The characteristics of these

databases are summarised in [84], while for more details on affect databases, the reader is referred

to [85, 203].

As far as data annotation is concerned, a typical tool used is the Feeltrace tool [67], where the

affective states of individuals are evaluated on the 2D dimensional valence arousal-space (Section

2.1). In the case of audio-visual recordings, the coder which is responsible for the annotation

observes and listens to the recording; The coder moves a cursor within a circle, which represents

the four quadrants of the valence/arousal (or activation/evaluation) space (Fig. 2.2). This coder

annotation is then normalised and continuous values are then produced, within a normalised unit

circle (i.e. in the range of -1 to 1). Other databases such as the Montreal Affective Voices Database

[17] include ratings for each sample (specifically for the database in question, there are 10 ratings

for each sample covering the range of arousal and intensity). While FACS encoding is the typical

encoding for facial expressions, there have been attempts of labelling facial expressions by asking

human observers to rate them in dimensional spaces (using a scale) [170].

It is important to state, that as we have also observed with our experience with this project, it is

a great challenge to achieve the agreement of coders or observers in mapping the observed emo-

tional stimulus into a dimensional emotion space. The Feeltrace tool has been criticised for the

lack of intuitive operation and the requirement that coders who annotate data should be specially

trained [203]. Since Feeltrace is the tool used for annotation in the SAL database, we will discuss

some of the issues that arise from our experience with the processing of annotations generated

with the aid of this tool in Section 4.4. Finally, it is noted that no certain coding scheme which

can handle all possible communicative cues has been established and agreed upon [84]. For more

details and review of the work on translating physiological signals and body postures to the di-

mensional space, the reader is referred to [84].

2.4.1 Posed vs. Spontaneous Emotional States

The criticism that affect recognition systems often receive is related to the problems that manifest

when they are tested under real life situations. This is not due to many constraints/assumptions

that are usually imposed in lab-like environments not only for evaluating the system, but also for

the displayed affective behaviour which was used as a basis for the system training, and which

was posed, i.e. the participants were asked to pose as e.g. happy. That is why recently, there

have been studies that research the analysis of spontaneously manifesting affective states, e.g. by

exploiting facial expressions [14, 37, 185, 8] and audio features [16, 111]. Of course, the shift

from the controlled laboratory environment to real-life situations bears by itself many challenges

and research questions which need to be addressed. Uncontrolled environments differ from lab
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situations in almost every single factor: lighting is not controlled, the freedom of movement that

the subject has is not constrained, there can be multiple persons in the range of the perception

devices (e.g. cameras, microphones) while it is possible that the subject will be out of the range of

such devices or that the signals will be quite noisy.

While it is suggested by studies [86] that the accuracy in detecting deliberately posed and natu-

rally occurring or spontaneous expressions is in fact equally accurate, interesting findings relate

to the differences between spontaneous and posed expressions. There has been a lot of work in

detecting differences between spontaneous and posed behaviour by the Affect Analysis Group [6],

while the temporal characteristics of phases as described in Section 2.2.5 have been found im-

portant in detecting spontaneous vs. posed smiles [37, 184]. It is also significant to denote the

importance of modality fusion in discriminating between posed and spontaneous emotions. It is

typical for spontaneous body expressions to be manifested along with an agreeing facial expres-

sion. There are different views on whether body motions or facial expressions are most expressive

of the spontaneity of the emotional expression. The two main factors that contribute to this is the

difficulty of control and the conscious censoring that humans can impose. Darwin’s views were

supporting the facial expressions, since as he claimed they body expressions are more easy to con-

trol, but looking at this problem from a different angle, Ekman [56] supports that humans usually

try to censor their face - or they are more aware of the expression on their face - thus the body ex-

pressions would be more prone to expressing uncensored information. There has been work that

also suggests that truthful and deceptive behaviour differs on the number of head movements

[25, 24], or the lack of accompanying gestures [46].

To give some examples of systems which discriminate between spontaneous and posed affective

states, we will firstly refer to the system of Valstar et. al [184], which discriminates spontaneous

from posed smiles by geometric features and fusion using head, face and shoulder cues. Based on

the data, the temporal facial states are detected, along with the activated AUs, while GentleBoost

and Support Vector Machines (SVM) (Section 3.2) are used for the classification. Experimentation

also occurs with modifying the abstraction level of fusion (early, mid-level and late), while the

authors conclude that from the specific results, the head seems to be the most important modal-

ity. Another system is that of Littlewort et al. [116], which has a goal of discriminating real vs.

fake pain. The system uses the face modality (FACS) to encode facial expressions, using 20 AU

classifiers with input data images of posed and spontaneous facial expressions. The authors pre-

sented better accuracy compared to human FACS experts (72% to 52%), while they argue that

such a method could be also used for other spontaneous expressions. It is important to note

that in general, research on spontaneous vs. posed expressions, whether it is from psychology or

in developing affect recognition systems agrees that the temporal dynamics appear to be highly

significant in determining one from another [203].

The problem of determining spontaneous vs. posed affect and the problem of detecting sponta-

neous real-life affective states is highly gaining interest in research. Every day human to human

communication is indeed multimodal, thus to correctly approach this problem, such multimodal

approaches need to be used in experimental and automatic systems, in order to better understand

human communication, and by exploiting this knowledge to build robust HCI systems.
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2.5 Dimensional and Continuous Emotion Recognition

Systems which target in automatic dimensional emotion recognition, considering that the emo-

tions are represented along a continuum, generally tend to quantize the continuous range into to

certain levels. In [104], Kleinsmith & Bianchi-Berthouze discriminate between high-low, high-

neutral and low-neutral affective dimensions, while Wollmer et. al [199] work with the SAL

database and quantize the valence and arousal into 4 or 7 levels in various experiments. They

then use Conditional Random Fields (CRFs) (Which we will describe in Section 3.3) to predict the

quantised labellings. Attempts for discriminating between more coarse categorisations, such as

quantisation into low, medium and high [106], excited-negative, excited-positive and calm neu-

tral [32], or positive vs. negative and active vs. passive [28] have also been attempted. Karpouzis

et al. [28] make use of Simple Recurrent Networks (Section 3.1) for the mapping, while Cari-

dakis et. al [27] which use feedforward back-propagation networks for mapping into neutral and

Valence-Arousal quadrants respectively. Both [28] and [27] use the SAL database and combine

facial expressions, body gestures and/or audio.

As far as actual continuous dimensional affect recognition is concerned, there have been three

attempts so far, two that deal exclusively with speech [199] and [117] and one approach fusing

facial expression and audio cues [101]. Wollmer et. al [199] make use of learning techniques

such as Long Short-Term Memory neural networks, a type of recurrent neural networks which are

generally considered to be able to learn long range temporal dependencies, and Support Vector

Machines for Regression (SVR). Grimm and Kroschel [117] again make use of SVRs, and compare

to methods such as the distance based Fuzzy k-Nearest Neighbour and rule-based fuzzy logic

estimator. In [101], Kanluan et. al present an approach which fuses facial expression and audio

cues, experimenting again with SVRs and also late fusion using a weighted linear combination.

In the current project, we will experiment with methods such as Long Short-Term Memory neural

networks (LSTM) (Section 3.1.4) and Support Vector Machines for Regression (Section 3.2). Our

work will build on top of the current work in the speech area, and will attempt to incorporate

facial expression, shoulder and audio cues into dimensional and continuous emotion recognition.

For a detailed survey, comparison and review of dimensional affect recognition systems the reader

is referred to [84]

At this point it is important to refer to some issues that relate to the realisation of such emotion

recognition systems. Firstly, we have mentioned the challenge of achieving agreement amongst

the coders or observers which provide annotations in a dimensional space. Most researches take

the mean of the observers ratings or assess the annotations manually [84]. In Chapter 4, we will

describe our procedure for producing the ground-truth with respect to the coders, which performs

various procedures in order to maximise the number of coders in agreement and the agreement

level itself. The baseline problem, to which we will again refer to in Chapter 4, refers to the

concept of having "a condition to compare against" [84] in order to be able to successfully learn.

Such a baseline allows the learning technique to capture the characteristics which define the state

which is to be learnt. By referring to the temporal features of facial expressions (Fig. 2.6), a video

which contains all the temporal transitions provides the classifier with a sequence which begins

and ends in a neutral expression: a baseline. The generalisation of the system refers to whether

it should be considered person-dependent or person-independent, that is, whether it should be

personalised for the subjects available or should it generalise across them. Typically, dimensional
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emotion recognition is reported in a subject dependant manner, since there are typically few sub-

jects (e.g. 4 subjects in [199]). Finally, we denote that the learning techniques which are available

may not be the most suitable techniques to capture the idiosyncrasies of continuous affect recogni-

tion. In general, techniques which are specific for affect recognition systems are a very important

research issue in the field, and they should be able to accommodate multiple, unsynchronized and

correlated in a non-linear fashion data.

2.6 Discussion

This chapter has touched upon some of the major topics that relate to the realisation of modern,

state-of-the art affect recognition systems. We described the psychological background which

supports the research work, by referring to approaches to emotion description and the perception

of emotions in humans. We have discussed issues such as the fusion of cues/modalities and the

temporal features of facial expressions and body gestures. We have discussed the extraction of

features, mostly focusing on the visual and audio modalities. We have referred to the shift towards

generating affect recognition systems for spontaneous emotional states, while finally we referred

to the problem of dimensional emotion recognition and some of the databases that are available

for researchers. We highlight the issues which we referred to in the last section, since many of

them do appear in our attempts to segment and extract features from the audiovisual provided

by the SAL database, which are described in the Chapter 4.
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Learning Techniques

This chapter will be dedicated to the description of state-of-the-art machine learning techniques

suitable for continuous emotion recognition. We will focus our description on the two learning

techniques which are used in this project, namely Long Short-Term Memory recurrent neural

networks (LSTMs, Section 3.1.4) and Support Vector Machines for Regression (SVR). LSTMs are

considered to be able to bridge long temporal intervals and thus learn dependencies in the input

data which occur with a long temporal distance [91]. In order to properly introduce LSTMs, we

will begin by describing the weaknesses manifested in traditional recurrent networks, and then

proceed to the description of the solution proposed and implemented in LSTMS, while we will

also briefly refer to improvements and additions to the original networks.

Furthermore, in Section 3.2.2 we will refer to Support Vector Machines (SVM) and Support Vector

Machines for Regression (SVR). We will introduce the concepts behind SVM classification, refer

to the non-linear mapping that is introduced by kernels, the parameterization of the algorithm

determining the permitted amount of errors in the training data and more. We will then refer to

SVR (Section 3.2.2), where we will provide an analogous description mostly focusing on the set of

changes in the algorithm in order to perform regression. It is noted that we will apply the SVM

technique in discrete emotion recognition (Section 5.1).

Finally, in Section 3.3 we provide a description of a probabilistic framework for labelling sequen-

tial data, Conditional Random Fields (CRF). Our description will not be as detailed as for the

previous techniques, since this technique has not been used in our project. Nevertheless, we dis-

cuss essential characteristics of the method, while we provide references for further details.

3.1 Recurrent Neural Networks

In this section, we will provide some description of recurrent neural networks, in order to intro-

duce the Long Short-Term Memory (LSTM) networks (Section 3.1.4). Recurrent neural networks

differ from traditional feedforward neural networks (Chapter 4, [128]) topologically, in one basic

rule: feedforward networks are allowed to have only forward connections (i.e. in the direction of

input to output), while recurrent networks also allow feedback connections, thus permitting the

formation of cycles and loops. The previous modification allows recurrent networks to be adapted

to past inputs during training, as we will describe in the rest of this section.
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3.1.1 From Feedforward to Recurrent Networks

Assuming that we have a regular feedforward network, given an input x at time t, the network

performs the following mapping:

y(t) = F (x(t)) (3.1)

That is, the network, which has an internal configuration which consists of weights on connec-

tions between neurons1 and the family of activation functions used, will map the input x(t) at any

time t to the output y(t). It is important to stress that the output depends only on the current

configuration and input. On the other hand, a recurrent network can operate on an internal state

space, which ideally contains all relevant information from the past behaviour of the system. This

expands the network capabilities by allowing it to capture temporal information and manifest

learning abilities such as predicting the next output in sequences or forecasting. Thus, the recur-

rent network’s output at time t, y(t) would be a function of the current state of the network s(t),

which in turn depends on the previous state s(t − 1) and the current input x(t):

y(t) = F ′(s(t)) (3.2)

s(t) = G′(s(t − 1),x(t)) (3.3)

To contrast the computational power that this extension presents us with in contrast to regular

feedforward networks, it is enough to say the following: while a feedforward network, given

enough hidden nodes can approximate any spatially finite function, recurrent neural networks

(again assuming any number of hidden nodes) can represent any Turing Machine [159], while if

real weights are used, the network can function as a super-Turing Machine [171], notions which

are much more powerful than approximating finite functions.

In this section, we will refer to a neural network with one hidden layer, the input layer and the

output layer. For referring to a node in the hidden or output layer, the subscripts h and o will

be used respectively. We consider the input to have a size of n, while we consider m nodes in the

hidden layer and m nodes in the output layer. The activation of a neuron belonging to the hidden

layer of such a feedforward network will have an activation value yh(t):

yh(t) = σ (neth(t)) (3.4)

neth(t) =
n∑
i

xi(t)whi + βh (3.5)

That is, the output is the net input to the neuron applied to the activation function σ (typically

a non-linear such as the logistic function). The net input to the hidden node is the sum of the

weights coming to node h from each input i (the input vector x has a size of n), while β is the bias

of node h.

Assume a simple recurrent network, where besides the feedforward connections, the nodes of

the hidden layers have one step delay feedback connections, that is the previous activation of the

1We will use the term neuron and node interchangeably
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nodes in that layer is taken into account. Since there are more connections, a new set of weights

vij is required. Again looking at the activation of a node in the hidden layer, yh(t), Equation 3.4

remains the same. What changes is the neth(t):

neth(t) =
n∑
i

xi(t)whi +
m∑
j

yj(t − 1)vhj + βh (3.6)

where m is the number of nodes which have the feedback connection to node h and yj(t − 1) is

the previous activation of each of them. In the example presented in the section, we stated that

feedback loops occur only in the hidden layer, so the equations for the output nodes of the network

are the same as the feedforward networks:

yo(t) = σ (neto(t)) (3.7)

neto =
m∑
j

yj(t)uoj + βo (3.8)

Where uoj are weights from the hidden nodes j to the output node o and again, σ is the activation

function and βo the bias of the output node.

3.1.2 Architectures of Recurrent Neural Networks

There have been a lot of architectures of recurrent networks over the past decades. In this section,

we will provide a description of some of the most common architectures. It should be noted that

fully recurrent networks are defined as neural networks where every neuron receives input from

all other neurons in the existing network, while the order of the network is typically the number

of neurons whose outputs are fed back with feedback connections.

State-Space Model: The state-space model is a recurrent network where the hidden neurons are

the ones which decide the state of the network. That is, the output of the hidden layer is delayed

for one time step before it is fed back to the input layer - and thus the previous activation of

the hidden layer is considered to be part of the next input. It is generally considered that the

hidden layer is nonlinear, while the output layer is linear. Simple Recurrent Networks (SRN) or

Elman networks [63] are a considered a special case of the state-space model, where essentially

a context (or copy) layer is used to store the activations of the hidden layer nodes for one time

step and then feed them back to the input layer. The output layer in Elman networks can be

nonlinear. Originally Elman used this type of networks to guess the next phoneme in a sequence

of phonemes given as input (Fig. 3.1).

Input-Output Recurrent Model: Networks in this category are composed as multi-layer percep-

trons, and have the characteristic of their actual output activation being fed back to the input. In

more detail, this is done by using a tapped-delay-line memory of a certain size h, at both the input

and output (the sizes can differ). If at any time t, we denote the current output of the network as

y(t + 1) and the present input x(t), then the data that will be applied to the input layer would be
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output units

hidden units

input units context units

Figure 3.1: Elman network, where the non-dashed lines represent trainable connections

hidden layer I

input

hidden layer II

output layer

Figure 3.2: The multi-layer perceptron. It is noted that feedback connections have one time step
delays, similarly to how the context nodes operate in Elman Networks

the h latest input values, that is x(t),x(t − 1), . . . ,x(t − h + 1) (named as exogenous inputs) and the

delayed output values of the model, y(t), y(t − 1), . . . , y(t − h + 1). It should be noted that another

form of networks, Jordan networks, are similar to Elman networks with the main difference be-

ing that the output is fed to the input layer instead of the activation of the hidden layer. Jordan

networks are also considered Simple Recurrent Networks.

Recurrent Multilayer Perceptron: Such networks have one or more hidden layers, with each

computation layer (hidden and output) having a feedback around it (Fig. 3.2). The activation

functions are not constrained.

Second-Order Network: Order here refers to how the net input to a neuron is calculated. When

the net input of a node j is the sum of the products of weights and inputs from layers connecting

to j, it is a first order network, just like the ones we have discussed up until now. Assuming node

j receives inputs from two sets of nodes s1 and s2 with corresponding weights w and v, the net
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input would be calculated as:

netj =
∑
i∈s1

wjiyi +
∑
k∈s1

wjkyk (3.9)

This is a first-order neuron. A second neuron would combine the inputs by multiplying them, and

would have only one weight as follows:

netj =
∑
i∈s1

∑
k∈s1

wjikyiyk (3.10)

Second-order networks, which consist of second-order neurons, have the unique characteristic

that they can represent transitions of states due to their multiplicative nature. E.g., in Equation

3.10, the weight wjik , if positive denotes the presence of the transition {yi , yk} → {next state}, while

if negative the absence of it, thus providing a natural way to represent Deterministic Finite Au-

tomata (DFA).

Other Architectures

Other recurrent networks we have not discussed specifically in this section, is the Hopfield net-

work [92], where all connections are symmetric and there is a convergence guarantee and the

Echo State Networks [95], a type of networks which has a very sparsely connected hidden layer

with a random assignment of weights to its neurons. Variations of architectures exist where some

hierarchy is imposed. More information on recurrent architectures can be found in Chapter 15 of

Haykin [105] and in Jain & Medsker [96].

3.1.3 Learning Algorithms

Training recurrent networks requires specific learning algorithms, adjusted to the characteristics

and the idiosyncrasy of the technique. It is not surprising that recurrent network training algo-

rithms adopt a lot of characteristics from feedforward networks. More specifically, two of the most

well known algorithms for training recurrent networks, back-propagation-through time (BBTT)

and real-time recurrent learning (RTRL) are both based on the method of gradient descent, sim-

ilarly to the training of feedforward networks. In fact, BBTT is essentially an extension of the

back-propagation principle, as we will discuss in the following section.

3.1.3.1 Back-Propagation & Back-Propagation Through Time

To introduce the BPTT algorithm, we will provide comparisons with the original back-propagation

principle found in feedforward networks. The cost function frequently used is Summed Squared

Error (SSE):

E =
1
2

m∑
j

(tj − yj )2 (3.11)

where tj stands for the target value that we desire the output node to attain, while yj is the actual

output of the node. The previous equation is summed over the entire training set. The gradient

descent rule states that a weight change during the network training should be in the direction of
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the negative gradient of the cost function, with respect to the current weight under examination.

This is better comprehended when considering the gradient graphically. It points to the direction

of greatest increase of the cost function, and thus moving in the opposite direction will decrease

the actual cost. The weight change ∆w would then be:

∆w = −η ∂E
∂w

(3.12)

By using the chain rule for deriving the partial derivative of the error function w.r.t. a weight wij :

∂E
∂wji

=
∂E
∂netj

∂netj
∂wji

=
∂E
∂netj

xji (3.13)

Here, we used xji to represent the input to node j from node i, which is the result of the partial

derivative of netj with respect to the weight wij , since all other factors are zeroed out. It is noted

that ∂E
∂netj

does not change for different weights, and it is the factor which is represented by δj for

a node j. Firstly, for output nodes:

δo =
∂E
∂neto

=
∂

∂neto

1
2

m∑
i

(ti − yi)2

 = −(ti − yi)σ ′(neto) (3.14)

where the derivative of the activation function is:

σ ′(x) = (1− x)x (3.15)

when the logistic function is used:

σ (x) =
1

1 + e−net
(3.16)

Thus the rule for updating the weight of a connection from node h to an output node o is :

∆uoh = −η ∂E
∂uoh

= ηδoxoh (3.17)

The work is similar for nodes in the hidden layer. In this case, we consider how the activation

of a node in a hidden layer influences the actual error function through the propagation of the

value to the nodes in the output layer. Assuming the hidden node is node h, using the chain

rule, we essentially express that the error depends on the activation of every output node o, which

activation depends on the net input that arrives at the output node neto which in turn is dependent

on the output of the hidden node h and thus the input to the node and the relevant weight. Here

we assume that any node in the hidden layer has a connection to every output node.

∂E
∂whi

=
m∑
o

(
∂E
∂neto

∂neto
∂yh

∂yh
∂neth

∂neth
∂whi

)
(3.18)

By taking into account that:

∂E
∂neto

= δo,
∂neto
∂yh

= uoh,
∂yh
∂neth

= σ ′(neth),
∂neth
∂whi

= xhi (3.19)
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we can define:

δh =
m∑
o

(
∂E
∂neto

∂neto
∂yh

∂yh
∂neth

)
=

m∑
o

(δouohσ
′(neth)) (3.20)

and finally, the weight update rule for an input weight to node h in the hidden layer is:

∆whi = ηδouohσ
′(neth)xhi (3.21)

In back-propagation through time, we have the set of feedback connections from and to the hidden

layer (in our example), with the accompanying weights, vij . The weight updates would then be as

follows:

∆vhj(t) = ηδh(t)yj(t − 1) (3.22)

We have essentially added the time subscript, in order to emphasise that the previous activation

(yj(t − 1)) at time t − 1 is used in the weight update. It should also be stressed that the δ’s for

the calculating the recurrent weight updates are now again calculated with time steps in mind.

Specifically, for truncated back-propagation through time (BPTT(h)) [197] d steps are kept as a his-

tory of the network time steps. The authors claim that essentially this is required for the training

to be practical with controllable memory requirements. Thus, the δ’s, very similarly to Equations

3.14 and 3.1.3.1 are now calculated as follows, for the time window [n− d,n]:

δh(t) =

 σ ′(neth(t))(th(t)− yh(t)) t = n

σ ′(neth(t))
∑m
o (δo(t + 1)uoh(t)) n− d < t < n

(3.23)

Unfolding

The concept of unfolding is an integral part of training recurrent neural networks with back-

propagation through time. Essentially, the temporal operation of the network is unfolded through

time and the network is transformed in to a layered feedforward network. Assuming we have the

temporal information for the training of the network, for the time interval [n−h,n]. Assuming the

original network is G and the unfolded network is Gu . Then, the following are true:

• For each time step t ∈ [t − h, t], the unfolded network has a layer l(t) which corresponds to t

and has the same number of neurons as the entire original network G. The neurons of the

layer l(t) are copies of the neurons in the original network G.

• For each layer l(t) in the network Gu , the synaptic connection between two nodes i and j is

a copy of the connection between nodes i and j in network G.

An example of unfolding can be seen in Fig. 3.3

3.1.3.2 Exponentially Decaying Error

Short-term memory in recurrent networks stands for stands for the storing of recent input events

in the form of activations using the feedback connections, as discussed in the previous sections.

When we refer to Long-term memory in such networks, we refer to the weight change of the net-

works during training. With conventional training algorithms for recurrent networks (such as
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Figure 3.3: Unfolding a recurrent neural network. Top: the original network, Bottom: the network
unfolded for n time steps

BBTT) error signals flowing backwards in time either vanish (the vanishing gradient problem) or

exponentially increase. Thus, the training is considered unable to learn long term dependencies

in the data [89, 19, 90]. According to Hochreiter’s analysis [89], assuming a fully connected net-

work with nodes 1 to n, excluding the input nodes, the (local) error propagated from a node u at

time t to a node v for q time steps will be scaled as follows:

∂δu(t − q)
∂δu(t)

=

 σ ′(netu(t − 1))wuv q = 1

σ ′(netu(t − q))
∑n
l=1

∂δl (t−q+1)
∂δut

wlu q > 1
(3.24)

The q = 1 part of the equation is derived by looking at Equation 3.23:

δv(t − 1) = σ ′(netv(t − 1))δu(t)wuv (3.25)

thus:
∂δv(t − 1)
∂δu(t)

= σ ′(netv(t − 1))wuv (3.26)

The calculations are similar for the case of q > 1. By setting lq = v and lo = u, Hochreiter shows by

induction that:
∂δu(t − q)
∂δu(t)

=
n∑

l1=1

. . .
n∑

lq−1=1

q∏
m=1

σ ′lm(netlm(t −m))wlmlm−1
(3.27)

which determines the error back flow. As stated in [91] this means that if:

|σ ′lm(netlm(t −m))wlmlm−1
| > 1.0
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for all m, then we have an exponential blow up of the error with q, while if

|σ ′lm(netlm(t −m))wlmlm−1
| < 1.0

the error decreases exponentially with q (the vanishing gradient problem). The previous gener-

alise for global error flow. Long-short term memory neural networks, which we will discuss in the

next section, are not affected by this problem and thus demonstrate the ability to learn long range

dependencies in the data.

3.1.4 Long Short-Term Memory Recurrent Neural Networks

In this section, we will describe the theory behind Long Short-Term Memory networks. In more

detail, in Section 3.1.4.1 we will refer to a simplistic idea introducing the principle behind LSTMs.

The fundamental architecture of LSTMs will be described in Section 3.1.4.2, while in what follows

we will present three extensions to the basic idea: Forget Gates, Peephole Connections and the

bidirectional LSTMs.

3.1.4.1 Constant Error Carousel

The Constant Error Carousel (CEC) is the main component of LSTM networks and is by itself a

naive solution to the problem of the exponentially decaying error in recurrent networks. The idea

is, that in order to prevent the error from changing exponentially, we can impose a constant error

flow, initially for a unit j which has a feedback connection to itself, thus forming a loop. The local

error backflow, according to Equation 3.23, is now

δj(t) = σ ′(netj(t))δj(t + 1)wjj

and thus, to enforce a constant error flow, (δj(t) = δj(t + 1)), we would require that:

σ ′(netj(t))wjj = 1.0 (3.28)

By integrating the above equation we get:∫
σ ′(netj(t))wjj dnetj(t) =

∫
1.0dnetj(t)

⇒ σ (netj(t))wjj = netj(t) (3.29)

That is, we arrive at the conclusion that the activation function should be linear and the activation

of the node would remain constant:

yj(t + 1) = σj(netj(t + 1)) = σj(wjjyj(t)) = yj(t) (3.30)

Experimentally, this was ensured by the authors by using the identity function as the activation

function, σj : σj(x) = x,∀x, and by defining the weight wjj = 1.0. This is essentially the component

defined as the Constant Error Carousel (CEC) in LSTM.
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Figure 3.4: Architecture of an LSTM memory cell cj , containing the gate units inj and outj . The
basis of the CEC is the unit with the feedback connection with weight 1.0 (and a one time step
delay). Figure from [91]

Hochreiter and Schmidhuber [91] comment on how this naive idea would present problems when

other nodes and weights are involved in the network. Having such a linear node would present

problems in non-trivial problems, having other incoming and outgoing weights to and from the

CEC node to receive conflicting updates during training and thus making the learning process

difficult.

3.1.4.2 Memory Cells and Gates

Memory cells and gate units are the proposed extension to the CEC carousel, in order to overcome

the disadvantages that the CEC approach presents. A memory cell cj , is defined by the following

components:

• A CEC self-connected linear unit j , as described in Section 3.1.4.1

• A multiplicative input gate, introduced to protect the contents of j

• A multiplicative output gate, which protects other units from perturbation by unit j

A complete memory cell unit can be seen in Fig. 3.4. A memory cell cj receives input from netcj
(incoming synapses to the cell), the multiplicative input unit (gate) inj and the multiplicative

output unit (gate) outj , whereas the two gates have an activation yinj (t) and youtj (t) respectively

and are defined as follows:

youtj (t) = σoutj (netoutj (t)), yinj (t) = σinj (netinj (t)) (3.31)

where the net inputs to the input/output gates and the memory cell are defined as:

netinj (t) =
∑
u

winjuyu(t − 1) (3.32)

netoutj (t) =
∑
u

woutjuyu(t − 1) (3.33)
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netcj (t) =
∑
u

wcjuyu(t − 1) (3.34)

with summing over the range of u, which includes any other units connected with a synapse to

the unit for which we examine the net input. These other units can be gate units, another memory

cell or even a standard hidden node. The output of the cell cj , ycj (t) is dependent on an internal

state scj , and is defined as follows:

ycj (t) = youtj (t)h(scj (t)) (3.35)

scj (0) = 0, scj (t) = scj (t − 1) + yinj (t)g(netcj (t)), t > 0 (3.36)

where here we have used h and g for the functions used. Function h stands for a function that

scales the memory cell outputs and g for the function that squashes netcj . They are both differen-

tiable.

As we can see in Equations 3.35 and 3.36, the activation of the input and output gates is mul-

tiplicatively involved in the calculation of the activation of the cell, ycj (t) and the state scj (t). In

that way, the input gate can decide when information in the cell should be changed and when

not, while the output gate can decide if the information in the cell should affect nodes in outgoing

paths or not. This is how this configuration avoids weight conflicts in outgoing and incoming

weights to the cell. Regarding the error flow, the output gate scaling functions learn when to

superimpose the error signal which is flowing backwards through the output gate. The corre-

sponding input gate learns when to release this error flow. To clarify, when we say "protect" or

"allow", we basically mean that a gate is turned "off" by having a very low activation - around zero

and turned "on" when the activation is high - this in combination with the multiplicative involve-

ment of the gates in the equations. E.g., in Equation 3.36, if the activation of the input gate is

approximately yinj (t) ≈ 0 then:

scj (t) = scj (t − 1) + yinj (t)g(netcj (t)) ≈ scj (t − 1)

It is also important for clarification, to state that a single time step refers to an entire forward

(calculating activations) and backward pass (computing error signals for weights).

Memory blocks can be organised into memory cell blocks. A memory cell block of size S is essen-

tially defined as a group of S cell blocks which have a shared input and output gate. A memory

cell block of size 1 is a simple cell. It should also be noted that during learning, the errors arriving

at cells do not get propagated further back in time although they change the incoming weights

eventually. They are scaled when arriving at the input of the cell, then they remain within the

cell, affecting the internal states scj . When the error leaves the memory cell through the input get,

it gets rescaled and then affects the incoming weights. This method conserves the local error flow

of the CEC without presenting the vanishing gradient problem. The details of the learning pro-

cess2 appear in the appendix of [91], accompanied with a detailed description of the properties

of LSTM networks. It should be noted that the learning algorithm of LSTM has the same update

2The learning algorithm of LSTM is largely based on the truncated BBTT which we have described in Section 3.1.3.1,
while it also uses some elements from Real Time Recurrent Learning (RTRL), another training algorithm for RNNs
which we have not discussed here. For more details, please see Chapter 5 of [105]
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complexity as the BBTT algorithm (O(W ), where W is the number of weights in the network),

while it is local in space and time3. Experiments found in the original paper focus almost exclu-

sively on problems which contain long time lags include learning the embedded Reber grammar

(a string generator typically used as a benchmark for recurrent networks) [154] and learning from

noisy sequences, in order to demonstrate how such networks have the ability to store information

extracted from events which are temporally distant.

3.1.4.3 Forget Gates

Gers et. al [72] point out an issue with the original architecture of LSTM networks that we have

described until now (Hochreiter and Schmidhuber [91]). The characteristic of memory cells which

allows information to be stored for an arbitrary duration in the CEC, can sometimes cause the

states sc to grow linearly when a time series is presented. When a continuous input stream is

presented, there are cases where the cell states will grow unboundedly, saturating the output4 of

the squashing function h used for the output (Equation 3.35). This saturation can cause problems

such as making the derivative of h disappear (due to the congregation of output values) and thus

block incoming errors, while it will also make the output of the cell to equal the activation of

the output gate, degenerating the cell to a BPTT unit. It is claimed that such problems did not

appear in the original paper [91], since the cell states were reset manually after training for each

sequence.

To overcome this issue, Gers et. a; [72] propose the use of what they call "forget gates" in order

to learn to reset the memory blocks when it is decided that their contents are out of date and

irrelevant. Forget gates replace the CEC 1.0 weight by the multiplicative activation of the forget

gate yφj , which is similar to the activation of the input/output gates (Equations 3.31):

yφj (t) = fφj

∑
m

wφjmym(t − 1)

 (3.37)

where fφj is a logistic sigmoid. The activation of the forget gate is used as the weight of the

recurrent connection for the state calculation inside the memory cell (Equation 3.36). The new

equation is:

scj (0) = 0, scj (t) = yφj (t)scj (t − 1) + yinj (t)g(netcj (t)), t > 0 (3.38)

A memory cell with a forget gate is depicted in Fig. 3.5. Experiments using this modification to

the LSTM model can be found in [72]. The experiments essentially use an extension of the Reber

grammar, to demonstrate how forget gates can overcome failures of LSTM networks in cases where

the state can not be reset manually (in continuous input streams), thus avoiding the saturation of

activation functions.

3Local in space: the update complexity per step and weight does not depend on network size
Local in time: Storage requirements do not depend on input sequence length

4The output of the squashing function is considered to be saturated when many transformed values congregate at
the upper/lower bound
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connection for which appears with a dashed line

3.1.4.4 Peephole LSTM

Gers [71], comments on how humans learn to recognise sequences of rhythmic patterns which are

defined by the intervals between sub-patterns. Gers studies such patterns by extending the LSTM

model with peephole connections. These connections are aimed at one potential weakness of the

LSTM model. In an LSTM, each gate would receive connections from the input units and output

units from other cells, but will not receive input from the CEC that it controls, due to the cell-

architecture where the gate can observe only the output of the cell. The remedy proposed is the

extension of the memory cell by the addition of weighted connections (peepholes) from the CEC

to the gates which belong to the memory block. Thus, the gates should learn to shield the CEC

from unwanted inputs during the forward pass, and irrelevant error signals during the backward

pass. During learning, the peephole connections do not propagate error signals back from the

gates to the CEC in order to keep the previous shielding of the CEC intact. The peephole memory

cell appears in Fig. 3.6, while a detailed description of the modifications in the learning algorithm

appears in [71]. Here, we will provide a description that is related to the forward pass through the

network. We will follow the simplification presented in [71], where the output squashing function

h is omitted (See Equation 3.35 and Section 3.1.4.2 for h).

Since there are recurrent connections now from the gates, there are two phases in updating peep-

hole LSTM cells: The first phase, consists of calculating the activations of the input gate (yin) and

the forget gate (yφ), as well as the input to the cell and the current cell state, sc. The second phase,

consists of calculating the activation of the output gate (yout) and the output of the cell, yc. The

output gate update occurs after the cell state updates and is affected by the current state (sc(t))

as it is itself affected by the forget gate and recent/current input (peephole connection). The net

input for the input and forget gates (Equations 3.32 and 3.38) changes as follows:

netinj (t) =
∑
u

winjuyu(t − 1) +
Sj∑
v

winjcvj y
v
cj (t − 1) (3.39)
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netφj(t) =
∑
m

wφjmym(t − 1) +
Sj∑
v

wφjcvj y
v
cj (t − 1) (3.40)

Essentially, another term has been added in both equations, summing over all the memory cells v

in the memory block Sj (Section 3.1.4.2 for a description of memory blocks). The superscript cuj
indicates that the parameter in question refers to the u-th memory cell of memory block j. The

equations for the net input to the cell and the state calculation remain the same as in LSTM with

forget gates (3.38), while the net input of the output gate (Equation 3.33) now has a view to the

CEC by the peephole connection:

netoutj (t) =
∑
u

woutjuyu(t − 1) +
Sj∑
v

woutjcvj y
v
cj (t) (3.41)

The cell output equation also remains the same (Equation 3.36), generalised for memory blocks

and by omitting the h function.

In Gers thesis [71], experiments are described which demonstrate differences in the performance

of conventional vs peephole LSTM networks, namely in the following:

• Measuring spike delays (MSD), as in classifying spikes in input sequences, with the classi-

fication depending on the interval between the spikes. Here, peephole LSTM outperform

LSTM.

• Generating timed spikes (GTS), as the "inverse" problem, which is obtained by switching

the inputs and target outputs of MSD. In this case, the GTS setting could not be learnt by a

network with no peephole connections, and

• The generation of other periodic functions such as nonlinear, triangular and rectangular

waveforms, where peephole LSTM found "perfect and stable" solutions for all functions,

LSTM with forget gates learnt only one function, while conventional LSTM never predicted

the waveforms for more than two periods.

3.1.4.5 Bidirectional LSTM

Bidirectional LSTM (BLSTM), introduced by Graves and Schmidhuber [78] extend the bidirec-

tional notion originally introduced for recurrent neural networks (BRNNs). As we have already

discussed, LSTM networks attempt to overcome the issue observed with traditional RNNs, namely

being unable to learn time dependencies longer than a few timesteps. Another weakness of tra-

ditional RNNs, is that since inputs are processed in a temporal order, they learn characteristics of

the input by relating to the previous context and in general ignore future context.

Bidirectional RNNs [167, 9], present a modification to the learning procedure in order to over-

come the latter issue of past and future context: They present each of the training sequences in a

forward and a backward order, to two different recurrent networks respectively, which are them-

selves connected to a common output layer. Thus, the BRNN is aware of both future and past

events in relation to the current timestep. BRNNs present improved results compared to RNNs in

applications such as protein structure prediction [10, 35] and speech processing [69, 166, 78]. The
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idea is directly expanded for LSTM, and results presented for speech processing in [78], support

that Biderctional Long Short-Term Memory (BLSTM) networks outperform unidirectional LSTM.

The pseudocode for training LSTM [78] which is essentially quoted from the the bidirectional

training procedure for RNNS with BPTT [166] is presented in Algorithm 1. It is assumed that the

input sequence for training contains events from time t0 to t1.

Algorithm 1: Training a Bidirectional (Recurrent) Network (Outline)

begin1

Forward Pass: feed input, determine output;2

Do forward pass for forward states from t0 to t1;3

Do forward pass for backward states from t1 to t0;4

Do forward pass for output layer;5

Backward Pass: Calculate error derivatives;6

Do backward pass for output layer;7

Do backward pass for forward states from t1 to t0;8

Do backward pass for backward states from t0 to t1;9

Update Weights;10

end11

3.1.5 Discussion

We will focus the discussion around recurrent neural networks on the last model that we have re-

ferred to, the LSTM neural networks, as they are the refinement used in this project. Specifically,

the LSTM seem to be very promising in tasks which are composed of sequential and temporal

inputs which do expose long range temporal dependencies. This is particularly interesting for

our task, such temporal patterns and dynamics emerge in human emotional expressions (Section

2.2.5). Furthermore, for continuous emotion recognition the "emotional history" [199, 84] kept by

such networks in terms of the long range dependencies learnt can be beneficial towards the recog-

nition of ambiguous and subtle emotional states. Also, the non-linear squashing functions enable
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the network to learn from non-linearly correlated data, while on the down side inherent neural

network problems such as a tendency to overfit the data do manifest in LSTMs. We denote that

LSTMs perform dynamic, sequence learning and are thus suitable for learning from sequences of

features, such as our audiovisual segments.

We should state that a common use for LSTMs is for speech [76] and handwriting recognition [77,

79], while they have also been used for predicting protein localisation [177] and robotic surgery

[123]. For emotion recognition though, they have up been only used in relation to speech data in

[199] up until now.

3.2 Support Vector Machines

Support Vector Machines (SVM), introduced in 1995 by Vapnik [188] are a set of learning tech-

niques used for both classification and regression. Given a set of input data a a set of points in an

n-dimensional space (e.g. for binary classification, the set of points that belongs to class 1, same

for class 2), a SVM will construct a hyperplane which separates the input sets in the dimensional

space. In 2D, this is similar to how a perceptron unit is able to learn linearly separable prob-

lems. A SVM though, using quadratic optimisation, returns the optimal such hyperplane that

maximises the margin between the two data sets. Also, by mapping the input space to another,

typically higher in dimensionality, space (called the feature space) non-linearly solvable problems

can be solved. The idea has been expanded for regression by Vapnik [190], as we will discuss in

the following sections. Furthermore, it is interesting to note that SVMs generate convex optimi-

sation functions, which by definition have only one optimum, thus escaping the problem of being

stuck in local optima during learning (e.g. in neural networks training when using gradient de-

scent). Finally, SVMs use the inductive principle of Structural Risk Minimisation [191] in order to

avoid overfitting to the training data, by balancing the structural complexity of the model against

the accuracy of correctly classifying the training data. It should be noted that although we use

regression in the continuous emotion recognition part of the project, SVMs for classification are

described in considerable detail since firstly most of the concepts generalise directly for regression

and secondly, we use SVMs for discrete emotion recognition.

3.2.1 Support Vector Classification

In this section, we will refer to a binary classification problem in order to introduce Support Vector

Machines. Consider a binary classification, where training examples are of the format (xi, yi)i for

the i-th pattern pair, where xi are the input vectors and yi = ±1 the target or label classification of

the corresponding xi . Here, we assume that there are m training examples:

D = {(x1, y1)1, (x2, y2)2 . . . (xm, ym)m},xi ∈Rn, i ∈ 1 . . .m,yi ∈ {−1,1}

The xi vectors define what we call the input space. As we have mentioned in the introduction,

a SVM will find a hyperplane which separates the xi vectors which have a corresponding yi = 1

from those who have a corresponding yi = −1

According to Statistical Learning Theory [189, 188], two observations that motivate the use of
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Figure 3.7: A binary classification problem and the optimal separating hyperplane

SVMs relate to the theoretical bounds on the generalisation error (i.e. the theoretical error that

the model’s predictions will have on unknown data sets) of a model:

Observation 1 The generalisation error upper bound does not depend on the dimensionality of the
space

Observation 2 The bound is minimised by maximising the margin, which referring to the binary clas-
sification problem, is the minimal distance between the separating hyperplane and the closest points (xi)
for each of the two input sets (±1).

The second point refers to the maximisation of the margin. In Fig. 3.7, we can see an illustration of

the margin in the binary classification problem. Any other hyperplane which correctly separates

the two data sets has a smaller margin from the hyperplane seen in the figure, thus theoretically

the generalisation error bound would be larger had the learning technique selected any other

hyperplane. It should be noted, that the name of the method is related to the name which is given

to the points which fall directly on the dashed, parallel to the hyperplane, lines in Fig. 3.7, that

is the points that are closer to the hyperplane than any other point in each set. These points are

called support vectors.

In any dimensional space, the equation of a hyperplane can be written as:

w · x + b = 0

where vectors in the equation are in the supposed dimensional space. Essentially w represents

the normal vector to the hyperplane, and b the bias or the shift of the plane.

The decision function that relates to the classification of an input point x would be:

D(x) = sign(w · x + b)
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Since the sign function is invariant when scaling both w and b by a positive constant, the support

vectors are fixed to be at a distance of 1 from the hyperplane:

w · x1 + b = +1

w · x2 + b = −1

where x1 is a support vector for the first class and x2 a support vector for the second. By subtract-

ing the equations we get:

w · (x1 − x2) = 2 (3.42)

Considering that we want to calculate the distance between the two data sets in relation to the

hyperplane, what we actually want is the projection of the vector (x1 − x2) on the unit normal

vector for the hyperplane (which is perpendicular to the plane), i.e. w
‖w‖ . This projection is given

by the vector:

cosθ(x1 − x2)

where θ is the angle between the two vectors. Since:

cosθ =
(x1 − x2) ·w
|(x1 − x2)|| ·w|

and from Equation 3.42, we get that the margin, γ is:

γ =
2
‖w‖

Thus, maximising the margin is equivalent to minimising Φ(w)5:

Φ(w) =
1
2

(w ·w) (3.43)

subject to the constraints:

yi(w · x + b) ≥ 1 (3.44)

which essentially state that no data point should fall into the margin. This could have been ex-

pressed by the following two equations:

(w · xi + b) ≥ 1,xi in first class

(w · xi + b) ≤ 1,xi in second class

By combining Equations 3.43 and3.43, we get the following objective function by using the La-

grange multipliers (αi , See [20], Chapter 3):

L(w,b) =
1
2

(w · · ·w)−
m∑
i=1

αi[yi((w · xi) + b)− 1]

By finding the stationary points where the partial derivatives of L are equal to zero, we get:

5where we used the inverse of γ and also squared the norm in order to remove the square root and simplify the
problem.
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• For ∂L
∂b = 0, we get

m∑
i=1

αiyi = 0

• while for ∂L
∂w = 0:

w =
m∑
i=1

αiyixi

by substituting back to L and changing to the dual of the problem (which should be maximised in

contrast to the primal form of the problem which was a minimisation problem):

W (α) =
m∑
i=1

αi −
1
2

m∑
i,j=1

αiαjyiyj(xi · · ·xj )

subject to:

αi ≥ 0
m∑
i=1

αiyi = 0

This reveals that essentially the maximum margin hyperplane is a function of only the support

vectors (something that is intuitively reasonable).

The new decision function for an input z is:

D(z) = sign(
m∑
j=1

αjyj(xj · z + b))

3.2.1.1 Dealing with non-separable datasets

In many situations, the data are non-separable. For the 2D situation, the separating hyperplane

perfectly separates the two classes in Fig. 3.7 because the data are linearly separable. We can

though switch an element of the one class with an element of the other in a way that no line

would exist to perfectly separate the data. We will present an example of such a problem in the

next paragraphs.

In order to overcome this issue, we will refer to the first observation made when discussing sta-

tistical learning theory (observation 1): The theoretical generalisation error bounds do not depend
on the dimensionality of the space. Thus, the idea is to project the input space to another higher

dimensional space called the feature space, by changing the inner product in which the xi points

appear, to another operation called the kernel:

xi · xj → K(xi ,xj )

implicitly, a mapping function φ has been used to map the input space to the feature space:

xi → φ(xi),φ(xi) ·φ(xj ) = K(xi ,xj )

thus, the kernel is the inner product between the mapped points in the feature space. It should be

noted that the feature space should be a Hilbert space (or inner product space). Also, that the idea
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Figure 3.8: (a) The XOR problem: no hyperplane (line in 2D) exists that can perfectly separate the
one class set from the other (b) Mapping the 2D XOR problem in 3D allows the perfect separation
of the classes

of using a kernel function to enable procedures to be performed in the input space (following the

method of Aizerman et al. [2]) rather than in the highly dimensional feature space (by computing

the φ mapping functions and then the inner product) is a way to deal with the curse of dimen-

sionality problem [18] (which here refers to an exponential increase in size when increasing the

dimensionality).

To provide a trivial but very intuitive example on how mapping to a higher dimensional space can

deem a problem separable and solvable in the feature space, we can consider learning the classic

XOR problem, which is well known not to be linearly separable (and was one of the disappoint-

ments of original perceptron units as they were unable to learn it). By adding a 3rd dimension and

thus mapping the 2D input space to a 3D feature space, the problem becomes perfectly solvable

and the data sets are perfectly separable. This is essentially like pushing the one class away and

pulling the other one closer, in the Z axis (Fig. 3.8).

Examples of kernels K are radial basis functions6 (RBF) (where the value depends on the distance

between x,x′):

K(x,x′) = e−
‖x−x′ ‖2

2σ2

(here the parameter σ refers to the width of the function) and polynomial kernels:

K(x,x′) = (xi · xj + 1)d

while specific kernels for strings or graphs/networks have been developed. The kernel should

satisfy Mercer’s condition. It is though enough to ensure that the kernel is positive semi-definite:∑
i,j

K(xi ,xj )cicj ≥ 0

6Note that the RBF implies the lift to a space of infinite dimension
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where ci and j ’s are real numbers.

It should be noted that a suggestion for dealing with multi-class problems, where more than two

classes exist, is to generate a directed acyclic graph (DAG) where each node will decide a binary

classification problem.

3.2.1.2 Soft Margins and Slack Variables

Typically, real life datasets contain noise. A SVM classifier might not generalise well to unknown

data, if it fits the noise in the training dataset. That is why a soft margin can be introduced, in

order to relax the hard margin constraint [38]. In other words, some examples are allowed to

be misclassified. The objective function is balancing the trade-off between the maximising the

margin and minimising the training error. In order to account for the degree of misclassification,

slack variables (ξi) are introduced. Thus, Equation 3.44 now becomes:

yi(w · x + b) ≥ 1− ξi (3.45)

The objective function is increased by attaching a term which penalises non-zero slack variables.

If we want to minimise the sum of errors
∑m
i=1ξi then the objective function (was Equation 3.43)

for minimisation becomes:

Φ(w,ξ) =

1
2

w ·w +C
m∑
i=1

ξi

 (3.46)

where C is a constant, subject to the constraint proposed in Equation 3.45. It is noted that C con-

trols the trade-off between our tolerance to training errors and the generalisation of the model.

As C increases, the error term increases and thus less errors are tolerated. There is an inherent

risk of overfitting to the training data though, in this way. Again, the Lagrange multipliers are

used, and in the resulting dual problem, the slack variables vanish. The constant C (the soft mar-

gin parameter) remains, and appears as an additional constraint on the Lagrange multipliers. It

should be noted that the optimal value of C should be found by experimentation, since there is no

method to determine it theoretically. Additionally, it should be noted that the distance of a point

in the feature space to the separating hyperplane can be normalised in a way that probabilities for

a classification decision can be produced by the model, with algorithms which take into account

the distance of a point from the hyperplane. Non-linear functions should be used with care since

they could turn the optimisation problem into a non-convex problem, generating local optima.

3.2.2 Support Vector Regression

The concept of Support Vector Machines for classification has been also expanded for regression

tasks [38]. Essentially, the approach maintains all the basic elements that characterise Support

Vector Machines for classification purposes. A non-linear function is learnt by the model in a

mapped feature space, induced by the kernel used. The advantage of having a convex function

to optimise is preserved in the regression task for SVM. The goal is to optimise the generalisation

bounds for regression. To do so, a loss function is defined, which is essentially used to weight the

actual error of the point with respect to the distance from the correct prediction. Some commonly

used loss functions appear in Fig. 3.9. The quadratic loss function (Fig. 3.9(c)) corresponds to the
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Figure 3.9: Commonly used loss functions: (a) Huber (b) Laplace (c) Quadratic (d) ε-insensitive

least squares error. The Laplacian loss function 3.9(b) is less sensitive to outliers, while the Huber

loss function 3.9(a) is claimed to have optimal properties when the underlying distribution of data

is not known [70]. The ε-insensitive loss function, introduced by Vapnik, is an approximation to

the Huber loss function 3.9(a) and enables a more reliable generalisation bound [41]. This is due

to the fact that unlike the Huber and quadratic loss functions, where all the data will be support

vectors, the support vectors can be sparse with the ε-insensitive loss function, and (reasonably)

sparse data representations have been shown to reduce the generalisation error [193]. More on

loss function can be found in Chapter 3.3 of [164]

3.2.2.1 ε-insensitive Regression

We will refer to ε-insensitive regression, which uses the ε-insensitive loss function. In essence,

the idea is that all points that fall within the ε-band have a zero cost. The ones outside the band

have a cost assigned which is relative to their distance which is measured by the variables ξ. An

example of non-linear ε-regression appears in Fig. 3.10.

Linear

For linear ε-insensitive Regression, we assume the following dataset:

D = {(x1, y1)1, (x2, y2)2 . . . (xm, ym)m},xi ∈Rn, i ∈ 1 . . .m,yi ∈R

and now, the functional (Equation 3.46) which is to be minimised becomes:

Φ(w,ξ) =

1
2

w ·w +C
m∑
i=1

ξi + ξ̂i

 (3.47)

, where now, ξi and ξ̂i (positive slack variables) represent upper and lower constraints for the

outputs of the model:

yi − (w · xi + b) ≤ ε+ ξi

(w · xi + b)− yi ≤ ε+ ξ̂i

Given that the ε-insensitive loss function is defined as:

Lε(y) =

 0 |f (x)− y| < ε
|f (x)− y| − ε otherwise

(3.48)
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Figure 3.10: The ε-insensitive band for a non-linear regression function. There is no cost for the
points within the band . Figure from [41]

the Lagrange multipliers and then the dual objective problem is formulated:

W (α,α̂) =
m∑
i=1

yi(αi − α̂i)− ε
m∑
i=1

((αi + α̂i))−
1
2

m∑
i,j=1

(αi − α̂i)(αj − α̂j )K(xi ,xj )

subject to:
m∑
i=1

α̂i =
m∑
i=1

αi

0 ≤ αi ≤ C,0 ≤ α̂i ≤ C

and the function modelling the data is now:

f (z) =
m∑
i=1

(αi − α̂i)xi · z + b

for an input z. The procedure is similar for other loss functions.

Non-Linear

Similarly to the non-linear kernel mapping described for Support Vector Machines for Classifica-

tion (Section 3.2.1.1), it is common to adopt a non-linear model to fit certain datasets. Following

the same fashion as SVM for Classification, a kernel can be used to induce a non-linear mapping

to a high dimensional feature space where regression is to be performed. The approach, again

by using the ε-insensitive loss functions, is inferred by the typical procedure, using the Lagrange

multipliers and referring to the dual formulation of the problem. Finally, the regression function

that models the data is:

f (z) =
m∑
i=1

(αi − α̂i)K(xi ,z) + b

for an input z. Again, function that have been already discussed in Section 3.2.1.1 can be used to

replace the inner product operations (kernel).
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3.2.2.2 Discussion

From Support Vector Machines, it is important to note that the convex optimisation function guar-

antees the optimal solution with respect to the parameters. Furthermore, the minimisation of the

structural risk by the maximisation of the margin implies a further improvement on the general-

isation of the system, as it avoids overfitting by not relying only on the training error to stop the

learning. Furthermore, there is an inherent flexibility in the dimensional space used, while avoid-

ing the curse of dimensionality and being able to conform to non-linearly correlated features and

targets due to the non linear mapping. Also important, SVMs can generate probabilities for their

classification decisions, while finally it is significant to note that all research work in continuous

emotion recognition applied SVRs [199, 117, 101].

3.3 Log-linear Models & Conditional Random Fields

The task of assigning labels to sequences of observations is a very common learning task in fields

such as bioinformatics and computational linguistics and speech recognition tasks [52, 153, 124].

A simple example is when a sequence of words is considered as the input, and a trained model

would output the sequence of tags which indicate the appropriate part-of-speech (POS) tag (or la-

bel) for the corresponding word. In emotion recognition, the typical problem relates to outputting

the label that corresponds to the sequence of observations, typically the features per frame of the

segment to be tagged. Obviously, in continuous recognition one tag per observation should be

generated while in discrete one tag per sequence.

Hidden Markov Models (HMMs) are one of the typically used methods for such labelling tasks.

HMMs are generative probabilistic models that define the joined probability distribution, p(X,Y )

where X and Y are random variables which range over the observation and corresponding label

sequences respectively. Without any independency assumptions, the task is typically intractable

since all possible observation sequences should be enumerated. Thus, some independence as-

sumptions are adopted by HMMs: The observation element at each time t only depends on the

current state (label in this case) at that time t. That is, the states or values for previous time steps

in the sequence do not have any influence. It is a fact though, that many real-life observation

sequences manifest long range dependencies in their observation sequences [194], a fact that has

been a motivation for the development of techniques such as the long short-term memory recur-

rent networks we described in Section 3.1.4.

Conditional models are frameworks which overcome some of the issues that HMMs manifest.

Ideally, inference should still be tractable as in HMMs but unwanted independency assumptions

should be limited or non-existent. These models manage the latter by selecting the proper label

sequence y which maximises the conditional probability p(y|x) where x is a novel observation

sequence. The conditional nature of the model drops any independency assumptions regarding

the sequences x.

Conditional Random Fields [108] (CRFs) are a probabilistic framework for labeling (and segment-

ing) sequential data, which is based on Conditional Models. A CRF is a form of undirected graph-

ical model [194] 7 which defines a log-linear distribution over the label sequences given an obser-

7We adopt the characterisation of CRFs as undirected graphical models, as described in [194]. CRFs have been also
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vation sequence. As we have mentioned, the main advantage against HMMs is the relaxation of

independence assumptions, while also overcoming the label bias problem [108] (i.e. biasing to-

wards states which have fewer successor states). It has been shown that CRFs outperform HMMs

and other models such as maximum entropy Markov Models (MEMMs) on many sequence la-

belling tasks [108, 147, 169].

3.3.1 Conditional Random Fields as Undirected Graphical Models

In order to define conditional random fields as undirected models, we firstly present the formal

definition of random fields, along with the formal definition of the Markov properties:

Definition 1 Assuming that we have an undirected graph G = (V ,E) and a set of random variables
V = {x1, . . . ,xn}, a Markov Random Field [36] is formed if the following (equivalent) Markov properties
are satisfied:

• Pairwise Markov Properties: Any two variables which are non-adjacent are considered condi-
tionally independent, given all the other variables:

Xu ⊥⊥ Xv |XV \{u,v} if {u,v} < E

• Local Markov Property: Given the neighbours (directly adjacent variables) of a variable Xu , the
variable is conditionally independent of all other variables:

Xv ⊥⊥ XV \(neighbours(v)∪v)|Xneighbours(v)

• Global Markov Property: Any two subsets A ⊆ V , B ⊆ V are conditionally independent given a
separating subset S (every path from a node in A to a node in B passes through a node in S):

XA ⊥⊥ XB|XS

Building on the definition of random fields, a CRF can be viewed as an undirected graphical

model of a Markov random field which is globally conditioned on the random variable represent-

ing observation sequences, X. Given a graph G = (V ,E), with each node u ∈ V corresponding to

a random variable Yu , with each Yu obeying the Markov property w.r.t. G, then (Y ,X) is a condi-

tional random field. While the theory does not limit the structure of the graph, when modelling

sequences the first-order chain is typically used (Fig. 3.11).

3.3.2 Maximum Likelihood and Conditional Likelihood

The entire set of log-linear models are based on the principle of maximising the likelihood, which

we will briefly refer to in this section. Consider a random sample drawn from a distribution which

belongs in a fixed set (or family) of probability distributions f , which dependent on the parameter

set θ. The sample is considered to be a training set of n examples, x = {x1,x2 . . .xn}. Assuming that

been described as undirected factor graphs.
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Y1 Y2 Y3 . . .
Yn− 1 Yn

X = X1, . . .,X n− 1,X n

Figure 3.11: Graph of a linear chain-structured CRF. The shaded variables Y are generated by the
model. Each Yi is dependent on the entire sequence of observations, X.

the examples are independent, the probability of the set is the product of the probabilities of each

example belonging in the training set8:

f (x1, . . . ,xn;θ) =
∏

fθ(xj ;θ)

The goal is then, to find the proper distribution θ̂ from the family of distributions such that:

θ̂ = argmax
θ

n∏
i=1

fθ(xi ;θ)

with the likelihood function defined as:

L(θ;x1, . . . ,xn) = f (x1, . . . ,xn;θ)

and restating the goal equation:

θ̂ = argmax
θ

L(θ;x1, . . . ,xn)

with θ̂ being called the maximum likelihood estimator of θ. It is noted that by taking the log

of the product, the product becomes a sum. That is why models depending on this principle are

called log-linear models, since they become linear when the logarithm of the model is taken, even

if the model itself is non-linear. For Conditional Likelihood, we assume that the distribution of y

is conditional on x, and also defined by the parameter θ. Given training pairs (xi , yi), the inference

principle of maximum conditional likelihood is:

θ̂ = argmax
θ

n∏
i=1

P (yi |xi ;θ)

where now we do not need to assume that the xi are independent in order to justify the product

but we need to assume that yi are independent conditional on xi . We also assume that we do not

want to predict the xi .

8The semicolon in expressions such as p(a|b;θ) denotes that the item on the right of the semi colon, here θ is a
parameter and not a conditional random variable, unlike a and b which are random variables. In a Bayesian framework
where Bayesian analysis is conducted, parameters are viewed as random variables and thus expressions such as p(θ|a)
or p(a|θ) are allowed. This is the notation used in [62] while in [194] a comma is used instead.
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3.3.3 Logistic Regression

Logistic Regression is the simplest form of a log-linear model. The model is defined as:

p = p(y|x;α,β) =
1

1 + exp − [a+
∑d
j=1βjxj ]

where j ∈ {1, . . . ,d} iterates over the features of a single example with a dimensionality d, while i

is used to index over training examples, i ∈ {1, . . . ,n}. The log of the model is taken. We will not

discuss this model further than just mentioning some of its advantages:

• In contrast to Naive Bayes classifiers, correlated features don’t lead to problems.

• Can give well-calibrated probabilities (meaningful conditional probabilities).

• Can handle unbalanced training data.

It should be noted that the main difference with SVM (Section 3.2.2) is that while SVMs use

objective functions for optimisation when training, logistic regression and log-linear models in

general are based on the maximum likelihood principle.

3.3.4 Feature Functions

A feature function is considered as a function which takes into account the input space X and the

label space Y . Formally, it is a mapping:

Fj : X ×Y →R

which is considered to express some characteristic of the data set. A weight accompanies this

function in order to capture whether the characteristic expressed does occur in the data set fre-

quently or not. Often, the feature functions are binary functions (presence/absence indicators).

In part-of-speech tagging, such feature functions might be, e.g. "If the input starts with a capital

letter and the tag for the previous output is not a verb then current tag is noun".

For linear-chain CRFs, according to the definition of conditional independence and considering

the structure seen in Fig. 3.11, each feature function can depend only on pairs of adjacent yis and

the set of xis (for more on this discussion see Section 2 of [194]).

3.3.5 The Conditional Random Fields Model

Considering x as a training example and y one of the possible labels, any log-linear model gener-

alises the logistic regression model and assumes that:

p(y|x;w) =
exp[

∑
jwjFj(x,y)]

Z(x,w)

where Z is a normalisation function (called the partition function):

Z(x,w) =
∑
y′
exp[

∑
j

wjFj(x,y
′)]
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for all possible labels y′. The label predicted by the model is now:

ŷ = argmaxyp(y|x;w) = argmaxy
∑
j

wjFj(x,y)

with each Fj(x,y) being the feature function we have described above.

For each of these feature functions a single weight exists (wj ), and the combination
∑
jwjFj(x,y)

is able to take any positive or negative real value to capture the occurrence of the characteristic

described by the feature function in the dataset. By getting the exponent of such a combination

and dividing by the normalising factor we are attaining a value between 0 and 1 (which makes

them valid probabilities).

A Conditional Random Field (CRF), applies the concept of log-linear models to a task which

requires dealing with sequential data. The notation x̄ and ȳ will correspond to the input and

output sequences respectively. Typically, there are n input words and n output tags. A CRF is

defined as:

p(ȳ|x̄;w) =
exp[

∑
jwjFj(x̄, ȳ)]

Z(x̄,w)

While each feature function Fj is now defined as the sum across the sequence from i = {1, . . . ,n},
where the length of the sequences is n:

Fj(x̄, ȳ) =
∑
i

fj(yi−1, yi , x̄, i)

As we have previously mentioned, feature functions with linear-chain CRFs depend on adjacent

outputs (yi−1, yi) and can range over the entire input sequence (x̄). Examples of such feature func-

tions for POS tagging can be "if previous output tag was NOUN", "if current output tag is NOUN

and previous input word is John". For continuous emotion recognition specifically, the input se-

quence would consist of frames, each frame containing features of a certain dimensionality and

the output sequence would map to a (quantised) valence or arousal ground truth value. Feature

functions could consider the whole sequence of frames (our input which would consist of a set of

features for each frame) and the current and previous quantised ground truth value.

The goal of training a CRF is the search for the weight w that gives the best prediction:

ŷ∗ = argmaxŷ p(ŷ|x̂;w)

There are many training techniques for CRFs, as for example training by stochastic gradient de-

scent (a technique commonly used with many classifiers such as neural networks as we have seen

in Section 3.1.4), the Collins perceptron or Gibs sampling. For more on these techniques, please

refer to [62].

3.3.6 Discussion

Our discussion on CRFs and the fundamental principles behind the theory has been brief. CRFs

have been used in continuous emotion recognition [199], where the corresponding valence/arousal

values are quantized into levels, and the corresponding CRF models are trained based on the as-

signment of a label to each level. The advantages over HMMs seem important, and the lack of any
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independency assumptions for the input can again generate something analogous to the "emo-

tional history" we mentioned when discussing LSTMs. It is important to note that CRFs deal with

sequence learning, fitting the continuous emotional recognition scenario. It is part of our future

work to experiment with using CRFs in multi-modal continuous emotion recognition. On the

other hand, CRFs do seem to especially fit speech processing and since they operate with labels

instead of real numbers, the emotion dimensions need to be quantized.

We have already referred to some interesting tutorials on CRFs. The one is by Charles Elkan given

at CIKM’08 [62] which presents a general overview of log-linear models and CRFs, providing

proofs and derivations of principles and training techniques, while also intuitive and clear ex-

amples. An introductory tutorial is Hanna M. Wallach’s [194], while other tutorials and selected

papers are presented in Chapter 6 of [62].

3.4 Discussion

This chapter has provided with a description of some of the most important techniques with

respect to the field of continuous emotion recognition. Comparing across the techniques, we

have two dynamic methods which deal with sequence learning, LSTMs and CRFs, and one static

technique: SVM (both for classification and regression). As far as continuous emotion recognition

is concerned, sequence learning has been considered an important characteristic [199, 84] due to

the "emotional history" kept, allowing a learner to predict the next emotional state based not only

on the current observation but also on the preceding observations, thus modelling the temporal

dynamics of human emotion expression. It is noted that due to the bidirectional LSTMs and the

ability of CRF feature functions to range over the entire input sequence, not only past context
can be learnt (i.e. the emotional history) but dependencies on future events can be learnt as

well. Furthermore, continuous emotion recognition deals with real values, and thus regression

is required for proper prediction. The disadvantage of CRFs here is that they operate on labels.

Thus, discrete labels need to be assigned to a set of quantized levels in a continuous dimensional

emotional space. LSTMs and SVR both deal with regression on real values and they can be applied

directly to continuous emotion recognition.

An important aspect is the ability to capture non-linear correlations which manifest in multiple

cues for emotion recognition. The non-linear functions provided in LSTMs and the kernel map-

ping into feature space with SVRs allow non-linear patterns to be learnt by the technique. CRFs

are also able to model such non-linear dependencies [64]. Training with SVM does not only rely

on the training data error in order to stop training; the maximisation of the margin and thus the

minimisation of the structural risk can be beneficial to problems of overfitting, while the con-

vex optimisation function used presents no local optima problems. On the other hand, training

algorithms for neural networks in general do manifest problems of overfitting and getting stuck

in local optima. For CRFs, this depends on the algorithm used for training, e.g. a gradient de-

scent algorithm can be used and may expose the aforementioned problems for neural networks.

Overall, the issue of developing classification and regression methods specifically designed for

emotion recognition, dealing with non-linear correlations and unsynchronised streams of data is

still an open problem.

67



Chapter 4

Segmentation & Feature Extraction

We will now refer to the process of segmenting the audiovisual material and thus producing the

final ground truth along with the corresponding audiovisual segments. In order to achieve this,

we firstly perform a first stage of pre-processing for the coder annotations. Particularly, the main

stages presented in this chapter, which in total consist of the entire segmentation and feature

extraction stage, are as follows:

• Annotation Pre-processing: In this stage, presented in Section 4.1, the annotations for the

audiovisual sessions will be pre-processed. The goal is to transform the data in order to

deem them appropriate for the segmentation of videos based on the processed annotations.

Our work here will relate to determining normalisation procedures and extracting statistics

from the data in order to evaluate the outcome of the segmentation.

• Segmentation: In this stage (Section 4.2) the actual audiovisual material will be segmented

according to the pre-processed annotations. The extraction regards the generation of both

negative and positive segments of audiovisual material, with a goal of extracting a temporal

window which covers an offset before and after the expression of the desired emotional state.

• Feature Extraction: After the sessions are segmented according to the previous stage, the

features which will be used in order to train the classifiers are extracted (Section 2.3). This

includes the following:

– Tracking of facial features, resulting in 20 2D points which translates to a feature vector

of 40 features.

– Shoulder and upper body tracking, with 5 2D points which result in 10 features.

– Audio Feature Extraction, where extract MFCC and prosody features, resulting in a set

of 15 features. We also describe our attempt to improve the quality of the audio as to

improve the recognition accuracy.

Furthermore, we denote that during the segmentation, we identify and attempt to overcome some

issues that are manifested when working with the SAL database, issues which other relevant work

with SAL did not deal with in detail (e.g. [199]). Finally, we should note that the pre-processing

and segmentation stages are interlinked, and the iterative experimentation procedure we followed

in order to achieve the best possible results included the following steps:
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(a) Determine a normalisation procedure

(b) Determine the algorithm/parameters to produce the ground truth from individual coder

annotations

(c) Segment the audiovisual sessions

(d) Generate the (combined) ground truth

(e) Evaluate resulting segments and ground truth by metrics and other tests

(f) Inspect the produced video segments

4.1 Annotation Pre-processing

4.1.1 Binning

The time-based annotation of the files (Section 4.4.1) presents us with an issue, which we will

clarify with the following example, where coders cc and dr both annotate the file edA01. Let us

look at the first three timestamps (in seconds) of each of the coders after the 27th second:

cc : 27.0062514, 27.0112514, 27.0152514

dr : 27.0129868, 27.0519158, 27.0919158

It is clear that there is no one-to-one correspondence in the timestamps across the coders. In fact

considering that an audio frame is 0.02 seconds and that for audio feature extraction we would

require one value per frame, it is obvious that some processing is required in order to deem the

values more useful. The first processing step we performed is to bin the measurements of each

coder. Since we aim at segmenting the video files, we generate bins which are equivalent to one

video frame. This translates to a bin of 0.04 seconds, since we are dealing with 25 fps videos1.

The convention that we follow is:

• The i−th bin corresponds to the i − 1 frame, e.g. the first bin (bin 1) corresponds to the first

frame (frame 0).

• The last bin (nth) corresponds to the time range of [(n− 1) ∗ 0.04,n ∗ 0.04], i.e. t ∈ n-th bin iff
(n− 1) ∗ 0.04 ≤ t ∧ t ≤ n ∗ 0.04.

• Any other bin i corresponds to the time range of [(i − 1) ∗ 0.04, i ∗ 0.04), i.e. t ∈ i-th bin iff
(i − 1) ∗ 0.04 ≤ t ∧ t < i ∗ 0.04.

The basic binning algorithm is presented in Algorithm 2. It is noted that for frames where the

coder provides no annotations, the valence and arousal fields are assigned a "not a number" (NaN)

identifier.

1The video frame for 25 frames-per-second video is 0.04 seconds, and the corresponding audio frame is 0.02 seconds
but for segmenting, we need both streams to agree on the segmenting point. Thus binning on the video frame is more
appropriate
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4.1.2 Normalising

It is expected that the valence and arousal measurements for each of the coders would not be in

total agreement, mostly due to the fuzziness of the perception of such emotional states in humans.

Thus, in order to deem the annotations comparable, we need to normalise the data. We can not

model the coders themselves since no helpful information is available in that direction. Due to

the latter, we used standard normalisation techniques. We experimented with:

(1) Normalising each coder file for each session to have an average value of zero for valence and

arousal.

(2) Normalising each coder file for each session to have an average value of zero and a standard

deviation of 1 for valence and arousal.

(3) Both of the above cases globally: the average and standard deviation normalisation taking

into account all the sessions of a coder.

(4) Set the mean of each coder for a specific session to the mean of the combined measurements

of all the coders for that session.

After extracting videos and inspecting the superimposed ground truth plots for these cases, we

opted for local normalisation (as in cases a and b) in order to avoid propagating noise in cases

where e.g. one of the coders is in large disagreement with the rest. An example of where such a

situation arises is in session rodB01, where coder cc has a very low (0.06) correlation with respect

to the rest of the coders (Table 7.2 in the Appendix).

The ground truth values for the first case and second above have been produced, while we also

kept the individual coder values. The reason behind this is that since we have no information to

model the users, we want to keep the possibility of training one classifier and the ground truth as

recorded by each coder would be necessary to do so. In Fig. 4.1, we can see the valence plot for

a specific session for the previous two normalisation attempts. We believe that just normalising

to zero average will produce better results, since changing the standard deviation results in val-

ues which are firstly outside the range of [-1,1] where the valence and arousal values have been

normalised, and secondly, by examining the overall ground truth plots, it also seems to generate

more disagreement.

In addition to Fig. 4.1, and in order to assess the selection of our normalisation procedure and

justify our previous comments, in Table 4.1 we present the mean squared error (MSE) which

is calculated for each coder, with respect to the annotations provided by the rest of the coders

participating in a session and then averaged. With no preprocessing, the averaged MSE amongst

coder annotations is 0.72. When normalising to a standard deviation of one and a mean of zero ,

the MSE increases to 0.93. Our selected method of normalisation, just locally normalising to zero

mean, produces the least error of 0.046.

It is noted that we analysed the cross-correlation of coder agreement by shifting the measure-

ments in a range of 5 seconds, in order to identify if time shifting the annotations would provide

better inter-coder correlation. No significant improvement to the correlation was observed (best

improvement was around 0.036, average improvement 0.0014)
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Table 4.1: Comparing the averaged mean squared error (MSE) of each coder with the respect to the
rest of the coders for the two normalisation procedures, GD: normalising to a standard deviation
of one and a zero mean. ZA: just normalising to zero mean. NP: No pre-processing

ZAMSE GDMSE NPMSE

Valence 0.046 0.93 0.072
Arousal 0.0551 0.9873 0.0829
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Figure 4.1: Top: The original coder annotations, before any pre-processing was applied. Bottom
left: data with mean=0, bottom right: data with mean=0 and std=1
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4.1.3 Statistics and Metrics

A set of useful statistics that we extract from the annotations regard the correlation and the emo-

tion categorisation agreement percentages. One application of these statistics is to rank how much

"trust" we should have towards a certain annotation, always in relation to the other coders. This is

because, as we will see in Section 4.2, we choose certain subsets of coders to combine and produce

annotations for a video segment. It is thus important to have a way to weight the subset at hand,

and also propagate information from other coders which do not participate in the subset, in order

to achieve measurements which are as best and representative as possible.

To proceed with this analysis, we firstly construct all pairs of coders which correspond to each

video session. E.g., when we have a video session where four coders have provided annotations,

this gives rise to 6 pairs. For each of these pairs we extract the correlation coefficient between the

valence values of each pair, as well as the level of agreement in emotion classification in terms of

positive or negative. We can formally state the previous metric as follows:

Agreement =

∑n
f rame=0 e(ci(f rame).valence,ci(f rame).valence)

|f rames|
(4.1)

where ci(f rame).valence stands for the valence value annotated by coder ci at frame f rame. Func-

tion e is defined as:

e(i, j) =

 1 if (sign(i) = sign(j))

0 else

It should be noted that in these calculations we did not consider the NaN values as not to nega-

tively affect the results. In other words, when there were missing values they were ignored.

After these metrics are calculated for each of the pairs, each coder is assigned the average of

the results of all the pairs that the coder was a participant. E.g., if we have 4 coders for one

video session, each of them will participate in 3 pairs, in each with one of the other coders thus

providing three values, of which the average is assigned to the coder for that session. Finally, we

attain what we call the trust2 value, which is a measure of how confident we are towards the coder

for that specific session. It is expected that there will not be total agreement between the coders,

and the only use for such a metric is to rank the relative significance of the coders:

trust(coder) =
a ∗ correlation(coder) + b ∗ agreement(coder)

a+ b
,0 ≤ a,b ≤ 1 (4.2)

We experimented with values of a,b such that a + b = 1. Examples we experimented with were

using just the correlation (a = 1,b = 0), just the agreement (a = 0,b = 1) or balancing the values

in between (0 < a < 1,b = 1 − a). Finally, we chose the correlation as the metric to be used in

the segmentation process. It should be noted that correlation appears to be much more strict

than agreement, thus providing us with better comparison amongst the coders. Also, during our

experimentation we noticed that the use of the correlation evened out variances of coders with

respect to the ground truth. We evaluated this by examining the ground truth for cases where

different sets of coders where combined for the same frame of the same session video.

2The results for each of the coders and each session are presented in Table 7.2 in the Appendix along with the
correlation
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Algorithm 2: Binning the annotations of the coders
{set of bins, b} ← Binning()

begin1

//Initially, all members of any structures are considered to be zero2

for each coder file c in the annotation files set do3

for each annotation a in file c with a timestamp of t in coder do4

Determine bin b where t ∈ b5

b.valence← b.valence+ a.valence6

b.arousal← b.arousal + a.arousal7

b.annotCount← b.annotCount + 18

end9

for all bins b in the set of bins do10

Average b.valence and b.arousal by dividing with b.annotCount11

end12

end13

end14
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Figure 4.2: Plots of interpolated values for (a) Valence, and (b) Arousal. Values produced by
interpolation appear in red.

4.1.4 Interpolation

In order to deal with the issue of missing values, we attempted to interpolate the actual anno-

tations at hand. It should be noted that the interpolated annotations accompanied the original

annotations in our segmentation process, which will be described below. In other words, we kept

both the pre-interpolation and post-interpolation annotations (following the principle of least

commitment) in order to maintain the option of experimenting with both.

There are many interpolation techniques available. We used piecewise cubic interpolation, given

that this method does preserve the monotonicity and the shape of the data since we wanted the

interpolation to be as less obtrusive as possible. The method is described in the MATLAB docu-

mentation [122, 121] and an example of the application can be found in Fig. 4.2.
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4.2 Segmentation

After the annotations have been prepared, the next stage regards the actual segmentation of the

audiovisual sessions. The procedure that we follow is presented in Algorithm 5, also making

use of procedures presented in Algorithms 3 and 4. We should note that although we generated

interpolated annotations in addition to the original annotations, the segmentation process is solely

conducted on the original, not-interpolated data.

Firstly, we will describe the actual time window that we want the segment to capture. E.g. in cap-

turing negative emotional states, if we assume that the transition from non-negative to a negative

emotional state happens at t seconds, we would have the following window:

[t − 1, t, t′ , t′ + 1]

where t′ seconds is when the emotional state of the individual turns non-negative again. The

procedure is completely analogous for positive emotional states. In other words, our goal is to

capture the entire transition to and out of an emotional state. This is relevant to what is called

the baseline problem: Generally, it is the problem of finding a condition to compare against and

so to detect changes which lead machine learning techniques to recognise and classify automati-

cally. Most such techniques depend on the existence of such a state [84]. Since we are performing

audiovisual segmentation based on the video sessions, we are looking for "a frame in which the

subject is expressionless and against which changes in subject’s motion, pose and appearance can

be compared" [84]. In posed emotion detection, typically the subjects are instructed to express a

certain emotional state, which (when referring to facial expressions) corresponds to the temporal

phases of a facial expression (neutral, onset, apex, offset - See Section 2.2.5). Since such neutral

emotional states are typically not present in spontaneous data [84, 113], by capturing the transi-

tion to and from an emotional state, we capture the frames where the emotional state is changed

and we provide a condition to compare against.

4.2.1 Detect and Match Crossovers

In Algorithm 3, for an input coder c we detect the crossing over from one emotional state to

the other. That is detected by examining the valence values, and locating points where the sign

changes. It is important to note that we use a modified version of the sign function, which returns

1 for values ≥ 0 (a value of 0 valence is never encountered in the annotations), −1 for negative and

0 for NaN. To demonstrate the effects of this choice with an example, in the following sequence of

frames (with respective valence measurements) we detect a crossover from a non-negative emo-

tional state to a negative one:

frame 1: NaN frame 2: NaN frame 3: − 0.2 frame 4: − 0.3...

Here, the crossover is saved at frame 3. The reason behind this data handling, is that we have

experimentally observed that NaN values are being recorded in many cases where the avatar is

speaking. We have also noticed that the specific frames where NaN values co-occur with avatar

speech, are before or after a person responds to the avatar, and this is again typically accompanied

by an emotion expression. Thus, by separating based on the previous choice of valence values, we
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Figure 4.3: How a set of crossovers can be matched with more than one combinations within
a temporal offset of 0.5 seconds. The black circles represent crossover points from a specific
emotional state to the other.

essentially capture the time window that we want: before, during and after the emotion expres-

sion. The procedure returns the crossovers to negative and positive emotional states. Algorithm

3 returns the set of crossovers to a positive (P osCrossOver) and to a negative (NegCrossOver)

emotional state.

Algorithm 4 is responsible for matching the previously attained crossovers (as described in the

previous paragraph) across all the coders which participate for each audiovisual session. In more

detail the procedure described in Algorithm 3 is executed for each coder, thus accumulating all

the crossover points for each of the coders. The output is then passed to Algorithm 4.

The goal is to match crossovers across coders: E.g. if a session has 4 coders which provide annota-

tions, due to synchronisation issues as discussed in Section 4.4.1, typically the frame where each

of the coders detect the crossover from one emotional state to the other is not common amongst

the set of coders for the file. Thus, we have to allow an offset for the matching process. This

procedure performs precisely the process we described, it searches the crossovers detected by the

coders and then accepts the matches where there is less than 0.5 seconds (which is the offset) time

difference between the detections. The result of this procedure will be fed to another procedure

which will segment the videos and produce the ground truth based on the resulting matchings.

When a matching is discovered, we remove the matched crossovers and continue with the rest.

This of course poses an issue: There are different combinations of crossovers which may match

using the offset. An example of such a scenario can be seen in Fig. 4.3.

In the figure, we can see four crossovers from a specific emotional state to the other. These

crossovers can be matched in two ways, by remaining within the offset of 0.5 seconds: By match-

ing the first three crossover points, from coders 1,2 and 3 or matching the last two points, from

coders 3 and 2. If we were to pose this problem as an optimisation function, we would want to

maximise the number of participating coders:

max[
∑
i∈C

inMatch(i,mc)]

where C is the set of coders, mc is the matched crossover and inMatch(i,mc) is a function which

returns 1 if the coder i is in the matched crossover mc, 0 otherwise. Furthermore, we would like

to minimise the temporal distances between the participating coders:

min[
∑
i∈mc

∑
j∈mc,j,i

d(i, j)]
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where i and j iterate over the set of crossovers in the matched crossover mc and d(i, j) returns the

time distance between the crossovers i and j. Therefore, by combining the two specific objective

functions, we obtain an objective function for maximisation:

max[
∑
i∈C

inMatch(i,mc)− S(
∑
i∈mc

∑
j∈mc,j,i

d(i, j))]

where S ≥ 0 is a constant that determines the tradeoff between having more coders in one match

and having a shorter time distance between the matched crossovers. If we were to pose a con-

straint for the optimisation problem, it would be the predefined offset of 0.5 seconds between

the crossovers that belong into a matched set. By examining the available dataset, in our case we

decided to set the S = 0, i.e. just maximise the number of coders which participate in a matched

crossover set. We based this decision on the following:

• The reliability of the ground truth produced would be higher if more coders agree on the

crossover.

• By experimenting with just considering the number of coders, the offset amongst the result-

ing matchings was on average quite smaller than 0.5 seconds.

To just facilitate the selected objective function (maximise the number of participating coders) we

do not need to solve an optimisation problem. It can be delt with by iterating over the entire set of

crossovers, by firstly allowing only matches where all four coders agree, then where three of them

agree and so on. This is expressed by the loop beginning in line 2 of Algorithm 4. We completely

disregard cases where only one coder detects a crossover. To give an actual example, assume the

following scenario:

Coder 1: frame 1:0.5, frame 2:− 0.2, frame 3:− 0.25, ...

Coder 2: frame 1: 0.5, frame 2: 0.4, frame 3: 0.3, frame 4: − 0.3, ...

Coder 1 detects a crossover to a negative emotional state at frame 2, while coder 2 detects it at

frame 4. Since we have 25 frames per second, 2 frames difference between the detections is 0.08

seconds, where 0.08 is less than 0.5 and thus we have a matched crossover of size 2.

4.2.2 Segmentation Driven by Matched Crossovers

Finally, in Algorithm 5, the actual segmentation occurs. The procedure actually continues with the

output of the algorithm described in the previous paragraph. After attaining the sets of matched

crossovers from Algorithm 4 (lines 6,7) we show an iteration for all the sets of matched crossovers

for the "to-Negative" transition, starting from line 8.

We call the variable that corresponds to the current matched crossover mcos, for which fields

mcos(i).f rame corresponds to the f rame where the i-th crossover of the matched crossover mcos

occurred, mcos(i).coder represents the coder which detected the i-th crossover of mcos, while we

also assume that mcos(i).valence is the vector holding the valence measurements for coder i par-

ticipating in mcos.
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Firstly, in lines 11:18, the frame where the crossover is inferred to occur for each member of the

set returned by the previous algorithm is attained. To explain this we can look at the example

given in the previous paragraph. A coder detects a crossover at frame 2, the other at frame 4.

Average the frames to the nearest integer, and you can assume that the crossover happens at

frame 3. In fact, in case we have only 2 coders agreeing, we use the correlation metric in order to

weight the averaging, which as described in Section 4.1.3 provides a measurement of the relative

importance of the annotations for each coder and propagates information from the other two

coders not participating in the match.

After the crossover frame decision is taken, the start frame of the video segment has been decided.

We subtract 25 frames before that frame in order to capture 1 second before the transition window.

Then (lines 23 to 34), we retrieve the ground truth values for valence by incrementing the initial

frames where each crossover was detected by the coders. Again, following the previous example,

this means that we consider frame 2 of coder 1 and frame 4 of coder 2 to provide ground truth

values for frame 3 (the average of 2 and 4). This gives us an averaged valence value, as described

in the algorithm. Then, the frame 4 valence value (ground truth) would be the combination of

frame 3 of coder 1 and frame 5 of coder 2 and so on 3. The previous procedure of determining

combined average values continues until the valence value crosses again to a non-negative valence

value (following the previous example). The endpoint of the video is set 25 frames after crossing

back to a non-negative valence value. Finally, we have determined the starting and ending point

of the video segment, which is then extracted. For the extracted video, the ground truth are the

valence and arousal values which are combined as in lines 28 and 32 of the algorithm. An example

of how time-shifting is performed during segmentation is presented in Fig. 4.4.

Some other points regarding the segmentation are the following: Firstly, it should be noted that

we experimented with trimming the endpoints in the 1 second offsets before and after the emotion

expression in case there are other crossovers there. After the output videos were examined, we

decided that it was best to keep these offsets without any trimming and decide manually whether

to adjust them. Also, we have experimented with thresholding the arousal (or intensity) of the

emotion in order to filter the output videos. The threshold has been imposed as detecting the

average intensity over the expression and making sure that it had an absolute value of over 0.2 in

each of the coders in order to be accepted. We also experimented with thresholding the duration

of the emotion expression, from the endpoints of the window. It is noted though that the results

of these attempts have had an advisory only part in the final video selection.

Finally, in Fig. 4.5 we present two segments which have been extracted by following the technique

described, for a transition to a negative emotional state. We remind that the window we aimed to

capture is a transition to and from an emotional state (considering NaN values in the annotations

to be such separating points). The first dashed line presents the transition to that state, and the

second out of that state. In the plots, we present the arousal and valence values after the interpo-

lation, as described in Section 4.1.4. Thus, where no switch is observed in the valence values (i.e.

frame 25 of plot (c)), it is because the segmentation was produced by using the original annota-

tions, and before frame 25NaN values were previously placed before interpolating. Nevertheless,

we manually selected a subset of the segmentation results which we considered to best respond

to the time window we desired, in order to capture the desired baseline. Typically, the segments

3As we have stated, in the case there are two coders the correlation is used to weight this average, we omitted this
from the trivial example
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Figure 4.4: Illustration of time shifting during segmentation: (a) The valence values from two
coders plotted against time for one video segment. The first coder observes a transition to negative
valence at time 3.14, while the second observes the transition at 2.856. (b) The values of each coder
are time shifted so that the transition to a negative emotional state is observed at t = 3.14+2.856

2 =
2.999 (the average). (c) The valence values of both the coders are averaged to attain the final
ground truth for valence. In (b) and (c), the original locations of the values of each coder before
shifting are shown in dashed black. It is noted that the process for attaining arousal values is
analogous and follows the respective shifts for valence. Also, the correlation is used to weight the
averaging when only two coders are available - we omitted this from the example for simplicity.
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Figure 4.5: Two examples of interpolated valence ((a),(c)) and arousal ((b),(d)) plots from two
individual segments produced by the segmentation procedure. The dashed lines denote the posi-
tions where the temporal window switches from one emotional state to the other, or where NaN
values were observed in the valence annotations before interpolating. Please refer to the text for
a discussion.

consist of a single interaction of the subject with the avatar, starting with the final seconds of

the avatar speaking, continuing with the person responding (and thus reacting and expressing an

emotional state) and concluding with the first seconds where the avatar responds, either due to

the actual valence annotations or to the lack off annotations (see the missing values issue 4.4.1)

which co-occurred with this phases. Given that in naturalistic data, emotion expressions are not

generally preceded by neutral emotional states [113, 84], we considered this window to provide

the best baseline we could achieve. Also, it is interesting to compare the plots in Fig. 4.5, with the

plot of the temporal phases of facial expressions (Fig. 2.6).

It should be noted that we have selected a total of 22 minutes and 20 seconds of audiovisual data

(Table 4.2). After the segmentation proceeded, we selected a subset of the videos produced by

giving preference to videos where 3 and 4 coders agree. Also, we note that the entire segmentation

procedure, is illustrated along with pre-processing and feature extraction (next section) in Fig. 4.9

and summarised in Section 4.5.

4.3 Feature Extraction

After the audiovisual sessions were segmented, the feature extraction process followed. In this

section, we will provide some description of the extraction of audio features, as well as facial and

shoulder tracking.
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Table 4.2: Audiovisual data and annotations. All videos have a frame rate of 25 fps

Subject Total Videos Negative Negative Duration Positive Positive Duration
ed 36 21 00:03:36 15 00:02:38
ell 35 19 00:03:53 16 00:02:40
ian 30 15 00:01:57 15 00:01:48
rod 33 18 00:03:34 15 00:02:12

total 134 73 00:13:01 61 00:09:19

Algorithm 3: Detecting crossovers in coder annotations: {P osCrossOver, NegCrossOver} ←
DetectCrossovers(coder c)

// bstr is the binned structure where every member is an annotation1

// of the valence and arousal values at that frame by the specific coder2

for each f rame in bstr do3

if sign(bstr(f rame).valence) , sign(bstr(f rame − 1).valence) then4

if sign(bstr(f rame).valence) > 0 then5

Add f rame to P osCrossOver structure6

end7

else8

sign(bstr(f rame).valence) < 09

end10

Add f rame to NegCrossOver structure11

end12

end13

Algorithm 4: Match crossovers across coders for each session, maximising the number of
coders participating: {MatchedCO} ←MatchCrossOvers(CrossOvers)

for Each session s do1

for i=4 to 2 do2

//Try and get as much as coders as possible to agree. 4 is maximum and 2 is3

minimum
for Each crossover co in CrossOvers belonging to s do4

currentlyMatched← co5

Find all crossovers co2 in CrossOvers which:6

- Belong to s7

- Are from different coders8

- co2 , co∧ abs(co2.time − co.time) ≤ 0.5 seconds //Threshold is 0.59

Add the co2 to currentlyMatched10

if length(currentlyMatched) = i then11

mark all crossovers in currentlyMatched as seen12

add currentlyMatched to MatchedCO13

remove currentlyMatched from CrossOvers belonging to s14

end15

end16

end17

end18
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Algorithm 5: Segment and produce ground truth: Segmentation()

for each coder annotation file c do1

//Goal is to capture a transition to and from a negative emotional state to a2

// non-negative, with a 1 second offset before and after (resp. for positive)3

//We use the correlation for weighting when match has 2 coders4

{P osCrossOver,NegCrossOver} ←DetectCrossovers(c)5

MatchedP os←MatchCrossOvers(P osCrossOver)6

MatchedNeg←MatchCrossOvers(NegCrossOver)7

for each matched set of crossovers mcos in MatchedNeg do8

//Average time (frame) of crossing over to negative valence9

//Remember that a 0.5 second offset has been used10

if length(mcos) ≥ 3 then11

//agreement in 3 or 4 coders12

avgFrame = int
(∑|mcos|

i=0 mcos(i).f rame
length(mcos)

)
13

end14

else15

//2 coders agree, weight using correlation (corr)16

avgFrame = int
(∑|mcos|

i=0 (mcos(i).f rame∗corr(mcos(i).coder))∑|mcos|
i=0 corr(mcos(i).coder)

)
17

end18

//1 second (25 frames) offset before19

startFrame = avgFrame − 2520

//Need to find where we cross from the negative emotional21

//state back to a non-negative (or NaN)22

incFrame← 023

repeat24

incFrame← incFrame + 125

if length(mcos) ≥ 3 then26

//agreement in 3 or 4 coders27

avgValence =
∑|mcos|
i=0 mcos(i).valence(mcos(i).f rame+incFrame)

length(mcos)28

end29

else30

//2 coders agree, weight using corr31

avgValence =
∑|mcos|
i=0 (mcos(i).valence(mcos(i).f rame+incFrame)∗corr(mcos(i).coder))∑|mcos|

i=0 corr(mcos(i).coder)32

end33

until sign(avgValence)=1 or avgValence is NaN ;34

//Add 25 frames after crossing back to non-negative (or NaN)35

endFrame = (avgFrame + incFrame) + 2536

//Video is segmented in the range [startFrame,endFrame]37

//Ground truth (valence/arousal) is averaged as in lines 11-1738

end39

//The process is repeated in an analogous fashion for the "to-Positive" crossovers40

(MatchedP os) - See Line 8
end41
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4.3.1 Audio Features

4.3.1.1 Sound Pre-processing

As we have mentioned, the scenario of the SAL database incorporates the interaction of a virtual

avatar with a subject. As far as audio processing is concerned, we are presented with two main

issues:

(1) The avatar speech being part of the audio recording.

(2) The ambient noise present in the recordings.

To deal with the first issue, we firstly isolate the noise profile of the clip: We isolate the region

where neither the avatar nor the subject are talking, while there are as less as possible inter-

fering sounds. Based on the observation that the avatar voice was recorded at a lower volume

than the speaker, since the individual was provided with a microphone and earphones during the

recording, and since the speech of the avatar and the speech of the individual were typically non-

overlapping, we proceeded by mixing the noise profile of the clip on top of the intervals where the

avatar was speaking. The result is the removal of the speech of the avatar, while maintaining the

same noise level for the clip. This process had to be manually performed, individually for each

clip. An example of the procedure is found in Fig. 4.7. We deemed that the removal of the avatar

speech was required since it would provide inconsistent indications for the emotional state of the

subject.

Secondly, we have the issue of the ambient noise present in the recordings. We decided to remove

the noise based on two observations:

• The ambient noise present at each session differs from session to session, even when the

session is of the same subject. This would differentiate the features extracted compared to

the audio, even when the actual characteristics of the speech of the person remain the same.

• The features we use (Mel-frequency Cepstrum Coefficients (MFCC)) have been reported to

be sensitive to noise [180].

The procedure we followed takes advantage of the noise profile we captured in the avatar speech

removal. More specifically, the noise profile captures the spectrum of the noise (Fig. 4.7). This

spectrum is utilised in order to filter out (subtract) noise from the rest of the clip (reducing it

by 40 dB in our case). The Fast Fourier Transformed (FFT) is used for producing the spectrum,

for which we chose a size of 4096 elements. In Fig. 4.8, an example of how noise reduction is

performed is illustrated.

4.3.1.2 Audio Feature Extraction

In this section we will describe the audio features that have been extracted after the actual au-

dio has been pre-processed. Our audio features include the Mel-frequency Cepstrum Coefficients

(MFCC) [99], as well as prosody features, such as pitch and energy. In more detail, the mel-

frequency cepstrum (MFC) is actually a representation of the spectrum of an audio sample, which
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is mapped onto the nonlinear mel-scale of frequency. The MFCC coefficients collectively make up

the MFC for the specific audio segment, and by combining common signal processing transfor-

mations such as the Fourier transform and the discrete cosine transform, use a log based repre-

sentation in order to better approximate the human auditory system’s response. They have been

typically used in speaker recognition, e.g. [97] and also emotion recognition, e.g. [146, 135]. The

MFCC coefficients derivation typically includes the following steps: [65, 201]:

• Transform the windowed segment into the frequency spectrum by a Fourier Transform. The

spectrum attained is called P .

• Map the powers of the spectrum P onto the mel-scale by transforming to the mel-frequency

axis, in order to better approximate the human ear perception.

• Apply a convolution with triangular filters

• Take the log of the powers of the spectrum obtained by the previous step

• Apply the Discrete Cosine Transform (DCT) to the result of the previous step

• The MFCC are the amplitudes of the output of the previous step

For our specific application, we used 6 cepstrum coefficients, while also extracting prosody fea-

tures, such as pitch (fundamental frequency) by using a Praat pitch estimator [143], and energy.

These are essentially the typically used set of audio features [203]. In total, we have a set of 15

audio features. We note that we used a 0.04 second frame with a 50% overlap (i.e. first frame

0-0.04, second from 0.02-0.06 and so on), thus providing us with a double frame rate from the

video frames so that the streams would be easily synchronised.

4.3.2 Face and Shoulder Tracking

In relation to the visual modality, we extract features by both tracking facial expressions and

shoulder movement (in order to capture upper body movement).

The tracker used for extracting facial features of the audiovisual segments implements particle

filtering with factorise likelihoods [142]. We extract 20 fiducial points, as seen in Fig. 4.6(a). As

far as shoulder tracking is concerned, the tracker is based on auxiliary particle filtering [148]. Five

points are tracked as seen in Fig. 4.6(b). A further description of the tracking methods is outside

the scope of this project, detailed descriptions can be found in the relevant references given.

4.4 Issues

In this section, we will discuss some of the issues we faced during the stages of the project that

have already been executed. We will provide more discussion on issues faced with the annotations

of the database (Section 4.4.1), since these are the major issues that completely determine the

segmentation and the emotional classification of the audiovisual material, while we will briefly

mention some other issues in Section 4.4.2.
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(a) (b)

Figure 4.6: (a) Snapshot from the facial feature tracker (b) Shoulder tracking

4.4.1 Timestamps, Synchronisation and Missing values

The annotations of the audiovisual sessions of the SAL database were made possible by using the

FeelTrace [67] application. Some of the issues that the time-based operation of the application

presents us with are the following:

(1) No one-to-one correspondence between the timestamps of each coder for a session: The

annotations bear timestamps in seconds which differ from each coder and session to another.

In other words, there is no consistent scale for annotations.

(2) Annotations are not available for the entire session: Throughout the annotation files, there

are time intervals were annotations are not available.

(3) Synchronisation issues and timing issues, where it appears that annotations are not synchro-

nised with the audiovisual data stream.

As far as the first issue is concerned, it has been dealt with by binning the annotations (Section

4.1.1). Things get somewhat more complicated on the second and third points. The second point

refers to missing annotations for some sets of frames. We have identified that this could be due to

a set of reasons, some of which are:

• The coder might not be certain on which annotation is appropriate.

• The coder might release the mouse button for some other reason.

• It has been observed that on a lot of occasions the coders stop the encoding when the avatar

they are interacting with is speaking.

• The clock speed of the CPU has an effect on the frequency of measurements being recorded.

For the issue of synchronisation, some explanations are:

• The response time of each individual is dependent on the individual itself. Every person has

a different reaction time for audiovisual stimulation.
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Figure 4.7: Capturing the noise profile of one of the sessions. Top: the frequency spectrum.
Bottom: the dB waveform plot. In both plots the isolated noise profile is highlighted (6.2-7.1 sec.
approximately)

• Again, the clock speed of the CPU has an effect on the synchronisation between the actual

video and the recording of measurements.

Due to the fact that there are more than one possible explanations for the observations of the

previous issues and due to the lack of information on the coders in order to be able to model

them, it is really not possible to reverse engineer these observations and reinterpret the data. Ap-

proaches taken to improve these issues are the time-shift operations as seen in the segmentation

algorithms (Section 4.2) and the interpolation done on the resulting annotations. These prob-

lems can be solved in a much more elegant and accurate way, only if during the annotation phase

frame-by-frame ground truth annotations are provided.

4.4.2 Other Issues

• Coder Modelling: Information regarding the coders themselves would be highly useful

in actually attempting to model the behaviour of the coders in order to have some more

comparable annotations. This could be achieved by providing the annotations of each of the

coder on predefined emotional states.

• Subject Dependency: From observing the subjects, we can note that different persons

react in a different way during the interaction. One of the individuals (Ian) seems to have

typically subtle and mild reactions while other persons such as Roddy have intense head

movement and intense emotion expression. The task of generating a subject independent

system with only four coders is extremely difficult (if at all possible), and these subject

dependent reactions are another obstacle.

• Audio Issues: There are different noise intensity levels across the sessions of the clips, even

for the same individual. We have already mentioned that the avatar with which the person is
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c

b

a

Figure 4.8: Waveform plots: (a) Before avatar speech removal. (b) After the noise profile of the
clip has been mixed over the avatar speech, essentially replacing it. The processed time intervals
appear highlighted (on a white background) (c) After noise reduction has been applied to (b)

interacting is also recorded and how we approached this issue along with the noise reduction

in Section 4.3.1.1.

• Tracking: Sometimes during tracking the shoulders of some individuals go almost com-

pletely off camera, something which makes shoulder tracking quite difficult for the specific

clips. Also, there are times where the face of the individual goes partially off camera. Since

the data is spontaneous, we have occlusions of body features which are being tracked (e.g.

occluding the face with hands). Our goal was to maintain the dataset as consistent as pos-

sible, but due to the intrinsic characteristics of spontaneous data this was not entirely pos-

sible. Another issue is that there are different lightning conditions across sessions, some

individuals wear clothes which are quite similar to the background colour and that on cer-

tain occasions the audiovisual equipment used occludes tracked body parts.

Issues relating to the last two points, are essentially consequences of the fact that the data is spon-

taneous, and these difficulties are eventually expected to be dealt with if the automatic recognition

systems are to be employed in real-life situations [86, 84].

4.5 Discussion

The contents of the chapter, namely pre-processing, segmentation and feature extraction, are

summarised in Fig. 4.9. The first stage, that of pre-processing, starts with the set of annota-
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Figure 4.9: Pre-processing, segmentation and feature extraction

tions provided by the SAL database. We generate the interpolated valence/arousal annotations

and maintain them along the pipeline. The annotations of the four coders are binned for each of

the sessions, and then the normalisation procedures follow. Passing on to the segmentation stage,

the crossovers (i.e. transitions to a negative (positive) emotional state) are detected (Algorithm 3),

and then they are matched across the coders for each of the sessions (Algorithm 4). The matched

crossovers for to-Positive and to-Negative transitions are then passed on to the segmentation pro-

cedure (Algorithm 5), which also has access to the audiovisual data from the SAL database. The

audiovisual segments to be used, along with the respective processed ground truth are produced

after the segmentation procedure terminates. Finally, in the feature extraction stage, the rele-

vant audiovisual segments from the SAL database are tracked (for extracting facial expression

and shoulder features), while the audio stream is pre-processed before the extraction of relevant

features.

The pre-processing, segmentation and feature extraction stages were, in combination, a very time-

consuming stage of the project, due to the iterated experimentation with normalisation, video

extraction and ground truth evaluation as well as the tracking and audio pre-processing stages.

The experimentation has led us to the final methodology used which was described, and our

segmented material along with the produced ground truth will be forwarded to our experiments,

described in Chapter 5.
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Experimental Results

The segmented data which we attained by the Segmentation procedure described in Chapter 4 will

now be used for both discrete and continuous emotion classification. Starting with discrete, we

remind firstly that we deal with two emotional states: Positive and negative. We remind that the

window we attempted to capture during the segmentation procedure corresponded to a transition

from an emotional state to another, and then the return to the first one, e.g. [positive, negative,

positive], along with a small offset in the beginning and end of the segment. This transition is now

labelled correspondingly, thus generating two sets of data which essentially form a classification

problem of discriminating whether a sequence of data belongs to the negative or positive set.

This is how we approach the problem in Section 5.1, by using Coupled Hidden Markov Models

(CHMMs) and then Support Vector Machines (SVM).

The segmentation procedure also generated a set of ground truth 2D values in the valence/arousal

space. These values will be used as the ground truth for continuous emotion recognition, dis-

cussed in Section 5.2. For this part we used learning techniques such as Long Short-Term Memory

(LSTM) neural networks (Section 3.1.4) and Support Vector Regression (SVR) (Section 3.2.2). In

the relevant section, we will explore many possibilities for experimentation. In more detail, we

will explore feature-level fusion for both LSTMs and SVRs, provide a discussion on the proper

evaluation of the estimated values while we will show results which indicate the effects of the

length of sequences for dynamic learning. Our experiments will include the application of di-

mensionality reduction, while we will also experiment with decision-level fusion and LSTMs.

Also, we will experiment with capturing patterns and correlations in the valence/arousal predic-

tions. Finally, we note that all our experiments are evaluated over 10-fold cross validation. On the

notation, we should state that in the result tables for our experiments the initials of the cues in-

volved appear in the related column or row, e.g. F for facial expression cues, SA for fused shoulder

and audio features and so on.

5.1 Positive vs Negative Discrete Emotion Recognition

Firstly, we should state that for our discrete experiments for emotion recognition, we used Cou-

pled Hidden Markov Models (CHMMs) [22]. It is outside of the scope of this report to describe

the operation and the theory behind Hidden Markov Models (HMMs), but we will briefly provide

an intuitive-level description, resuming the brief reference we provided when discussing CRFs
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(Section 3.3): HMMs are statistical models which are able to describe the operation of a system,

having hidden states and corresponding output variables. HMMs run on time frames: They begin

at a certain start state, similarly to a finite state machine (FSM). There are transitions leading out

of the current state s, leading into some possible next states S. These transitions are labelled by a

probability, which essentially states that if at time t the model is at state s, it can transfer to state

k ∈ S with a probability of p where p is the label of the edge from s to k. The output variable is

again defined by a set of probabilities at each state and is produced at each time frame.

In our case, we can consider the output variables as the observations of the model. Then the

problem that an HMM is responsible for solving, is "given a sequence of observations, how likely

is it that the given model produced it?". In other words, HMMs return the maximum likelihood

estimate of a model given the sequence of observations. One significant criticism of HMMs is the

assumption that the next state is determined only by the current state (this is known as the Markov

assumption), while there is also an independency assumption for the observations: The current

output (observation) is statistically independent of the previous outputs. As we have discussed in

3.3 this is a point where Conditional Random Fields (CRFs) are considered superior to HMMs, as

they drop the independency assumption.

The HMMs used for the audio and shoulder sequences have three and two states respectively,

while they are ergodic models, i.e. a transition from any state to any other state including itself is

permitted. The HMM for the facial expressions is a four state machine, with each state represent-

ing one of the temporal phases of facial expressions: neutral, onset, offset and apex. The fusion of

each of the modalities/cues is model-level: That is where two-coupled and three-coupled HMMs

are introduced, in order to accommodate two or three data streams. In such models, the next state

does not only depend on the current state of the HMM of the current stream, but on the current

states of all HMMs which participate in the model. For more details, we refer the reader to [145],

since the configuration we used is essentially the same with the paper in question.

For our experiments with discrete emotion recognition, as we mentioned in the introduction, we

separated our results into two classes: The class of positive and the class of negative emotion

expressions. There are two common methods of evaluating learning techniques in such scenarios:

• Subject Independent: Data regarding one of the subjects is omitted during training, and is

used only for evaluation.

• Subject Dependent: In subject dependent mode the data for evaluation is picked as regular

n-fold cross validation proceeds. A percentage of data from each of the subjects is taken at

each fold.

All previous work regarding the SAL database has reported with subject dependent results (e.g.

[199]). Achieving a subject independent test with just four subjects is essentially very difficult

(in [199] it is characterised as infeasible). Nevertheless, we performed some subject independent

experiments, for which we present the results in Table 5.1 just for reference. The results confirm

that subject independency with four subjects is very difficult. We will not comment on the re-

sults since any conclusions would be risky. The confusion matrices returned from training were

substantially different and not comparable.

Proceeding to subject dependent recognition, we used 10-fold cross validation, with which we

attained the results presented in table 5.2. From the single cues, we deduce that the face and
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Table 5.1: Subject independent recognition performs very low with just 4 subjects over 10-fold
cross validation. The labels for each column stand for the initials of each cue/fusion of cues: face
(F), shoulders (S), audio (A) and fusion of: face/shoulders (FS), shoulder/audio (SA), face/audio
(FA) and face/shoulder/audio (FSA) cues.

F S A FS SA FA FSA

59.7% 48.5% 56% 49.25% 48.5% 51.49% 54.47%

Table 5.2: Subject dependent recognition with CHMMs averaged over 10-fold cross validation

F S A FS SA FA FSA

73.13% 73.88% 61.19% 78.36% 68.66% 70.9% 79.1%

the shoulder cues are more distinctive for positive vs. negative classification than the audio cues.

The model-level fusion which is used, shows that the fusion of the audio cues with either the fa-

cial expression or shoulder cues, slightly decreases their performance when used as single cues.

On the other hand, the incorporation of both facial expression and shoulder cues increases their

single performance. Overall, the fusion of all three cues provides us with the best results, some-

thing which agrees with the theoretical expectations [84]. We should denote here that we also

experimented with dimensionality reduction, but no further improvement was observed.

5.1.1 Audio Pre-processing Evaluation

At this point, we will refer to the pre-processing procedure we applied to the audio signal of the

segments (Section 4.3.1.1). We remind the reader that we firstly remove the avatar speech from

the recordings, while afterwards we performed a noise reduction technique. The results show

that there is an increase of approximately 6% when the avatar speech is removed, while an added

≈ 4% is gained by denoising the clip. In general, the noise pre-processing procedure appears to

improve the performance by 10%; a quite significant improvement. This confirms the literature

on MFCC, which mentions that the coefficients are sensitive to noise [180], while also showing that

the interfering avatar speech provides incorrect indications regarding the emotional state of the

subject. It should be noted that the background speech removed was generally non-overlapping

with the actual subject speech (Section 4.3.1.1).

Table 5.3: Evaluating the effects of the audio pre-processing method with 10-fold cross valida-
tion. A∗∗ represents the noisy audio signal, A∗ the noisy audio signal after the removal of the
avatar speech and A the audio signal from which the avatar speech has been removed, and noise
reduction techniques have been applied.

A∗∗ A∗ A

51.49 57.46 61.19
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Table 5.4: Classification in the Likelihood space by finding the best separating line with a gradient
descent algorithm. Rows are accuracy (ACC) and increase or decrease in performance comparing
with maximum likelihood classification (COMP).

F S A FS SA FA FSA

ACC 85.07% 74.63% 63.43% 78.36% 67.16% 79.10% 79.85%
COMP 11.94% 0.75% 2.24% 0.00% -1.50% 8.20% 0.75%

5.1.2 Classification in the Likelihood Space

As we have mentioned, HMMs are generative models. For our two classes (positive and negative

emotional states), two HMMs are generated with each one modelling the respective class. Given

an observation (in our case, a sequence of frames which can be considered as a vector containing

the features) each of the models will output the likelihood of itself with respect to the observation.

Let us consider the two likelihoods, which are the output of the models, as points in a 2D space

with each dimension corresponding to the negative/positive class trained model. Then, the max-

imum likelihood1 (ML) approach with which the results mentioned in Table 5.2 were attained,

bisects the 2D plane with a line (consider the line y=x), and classifies everything above the line as

class 1 and below as class 2. This line is the decision boundary used.

The approach we will describe was used in [145] with HMMs (which are Dynamic Baysian Net-

works) and in [51, 21] with Static Bayesian Classifiers. The goal is to shift the line we described

in the previous paragraph in order to achieve maximum separability between the 2D points in

the space. This is justified by the assumption that the learnt distribution by the CHMMs is not a

perfectly accurate description of the true distribution, and thus this classification method can be

improved.

In Table 5.4, we present the new classification results after the line was shifted by using a gradi-

ent descent algorithm. The algorithm essentially optimises the percentage of correctly classified

examples by searching the line parameter space [100].

It is important to note that while the overall performance increases by far, there is some strange

behaviour observed in the results. Firstly, the performance of shoulder and audio cues fusion

together decreases. Secondly, the fusion of all the cues and the fusion of the face and shoulder

cues, which in the original results performed better than any single cues, perform worse than the

facial expression cues when used alone. This behaviour led us to conclude that perhaps some more

complex function or a different classification technique is required to, as optimally as possible,

separate this projection into the likelihood space, especially since our data also deal with subtle

emotion expressions which are in many cases quite difficult to discriminate. By observing the data,

we can hypothesise that the fusion of certain sets of cues generates a more complex distribution

of points in the likelihood space.

5.1.3 Likelihood Space Classification with Support Vector Machines

In order to separate using a variety of functions and a selection of parameters for the optimisation,

we resort to Support Vector Machines (SVM). We have described SVMs in Section 3.2, but we recall

1Which we approached theoretically in Section 3.3
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one of the most important advantages of SVMs: They guarantee to find the optimal separating

hyperplane in the feature space (mapped from the input space by a kernel function) given of

course the defined parameters, minimising the structural risk of the model (i.e. maximising the

margin, the distance of the separating hyperplane from any input points). This is due to the

convex optimisation function that relates to the SVMs optimisation procedure, which in turn

avoids issues of local optima which manifest in algorithms such as gradient descent. Firstly, we

should note that the likelihoods were normalised by dividing with 103, in order to be scaled for

the experiments, since it is generally considered good practise to scale when using SVMs. The

range after this scaling was [-35.5, 14.4]. We denote that scaling the results further, or not scaling

at all provided worse results, possibly due to over-crowding the distribution when scaling too

much or due to the sparsity of the points when not scaled. Again, we use 10-fold cross validation

in order to properly evaluate the performance of the generated models.

Firstly, we present some of the results achieved with the use of a linear kernel. That is, the kernel

maps the inner products of the optimisation problem as follows:

xi · xj → K(xi ,xj )

Some representative results that we attained with the linear kernel are presented in Table 5.5.

Firstly, the parameters that we modify are the C parameter, which as described is the "penalty"

term for the errors. Recalling our discussion for SVR (3.2.2) and specifically Equation 3.47, we

pointed out that as C increases, then the error term of the minimisation problem increases and

thus less errors during training are allowed. As we have mentioned, there is a risk of overfitting to

the training data as we decrease the C parameter. The second parameter is the parameter E which

controls the tolerance of the termination condition. This function can be changed in order to stop

the training when a certain performance has been obtained on the training data.

Results (a) and (b) manifest a similar pathology to the one that has appeared in the gradient de-

scent algorithm for finding the best separating line. The facial expression cues perform better

than any other combination of cues/modalities. Face and shoulder as well as the fusion of all

three cues come ins second and third respectively, although their accuracy is not far off. In exper-

iment (c), the E parameter (which stands for the error tolerance for termination) was increased

to 1. This is another way to avoid overfitting: Stopping the training when a certain error perfor-

mance has been reached. In this case, this parameter produced some more reasonable results: The

facial expression cues still do well (while there is a 2% drop with the addition of the early stop-

ping parameter) but now the fusion of all three cues is higher than any single cue. The face and

shoulders combined do worse than the face cues but better than the shoulder cues. We haven’t

discussed much about the audio stream by itself since it is generally low, and the combination

with shoulder cues provides no great change. The combination with the facial expression cues

though provides a significant increase in all cases.

We can provide some hypotheses for discussion, on the previous observations. Firstly, there is

no significant change in either the face or shoulder cues from the ML classification. This can be

thought of as a justification for the fact that the fused shoulder and audio cues do not change

either. The face cues alone do increase more than 10% in experiments (a) and (b). We could

hypothesise that this is the reason that any other set of cues which is combined with the facial

expression cues increases with these parameters. In experiment (c), the increase in the facial
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Table 5.5: Experiments with classification in the likelihood space, using a linear kernel. Parame-
ters: (a): C = 1, E = 0.001 (b) C = 1.3, E =0.001, (c) C=1.3, E=1. Rows: Accuracy (ACC), Compari-
son to Maximum Likelihood (COMP)

F S A FS SA FA FSA

(a) ACC 84.29% 73.19% 61.70% 83.68% 68.79% 80.66% 82.75%
COMP 11.16% -0.69% 0.51% 5.32% 0.13% 9.76% 3.65%

(b) ACC 84.34% 74.62% 61.65% 83.68% 68.79% 79.95% 83.52%
COMP 11.21% 0.74% 0.46% 5.32% 0.13% 9.05% 4.42%

(c) ACC 82.03% 74.67% 62.53% 80.77% 69.51% 79.23% 86.54%
COMP 8.90% 0.79% 1.34% 2.41% 0.85% 8.33% 7.44%

expression cues performance is less than in the first two experiments, but still high (8.9%). The

improvement of the audio cues is now is higher and this seems to apply for the fusion of all three

cues as well. One assumption that we may state here is that because the audio cues have the worst

performance, any small improvement on it would positively affect the fusion of other cues with it.

This is also observed when fusing the audio and shoulder cues, but it is balanced off by the facial

expression performance decrease when fusing the facial expression cues and the audio cues.

Of course, all these assumptions are risky and can not be further justified. More evaluation data

are required in order to evaluate whether these results generalise to other data sets. We should

make it clear that the best line chosen is different for each combination of cues. It does not nec-

essarily mean that when an improvement has been presented for a set of cues (e.g. the Audio

cues) this improvement will generalise when the cues are fused with another set of cues. This

fusion will add a new set of 2D points to the set of likelihood points produced by the set of cues

in question, and the new line will depend on this augmented set. Also, we should denote how the

early stopping parameter in experiment (c), which was increased, helped to balance the increase

across the fusion of cues. We can say that the face cues increase more when the training data are

fit well: this means that the facial expression cues have a well defined distribution with respect

to linear separation and can classify unknown data accurately when fitted to the training data.

Unavoidably, the fusion of all cues produces a more complex distribution, thus the early stopping

parameter causes a further increase.

We then experimented with a polynomial kernel function of degrees 2 and 3. Reminding from

Section 3.2.2, the polynomial kernel function is defined as:

K(x,x′) = (xi · xj + 1)d

We experimented with various parameters. We present two representative results in Table 5.6 for

reference, although in general the polynomial kernels did not provide any significant improve-

ment over the linear one. It is important to note that the CPU time for classifying any classification

on cues which included the audio cues was extremely longer than the rest of the combinations, es-

pecially the third degree polynomials. This is an indication that our audio data are quite difficult

to fit by 2nd and 3rd degree polynomials. The results though were not much different. We will

not discuss polynomial kernels any further, and we will move on to classification with the Radial

Basis Functions (RBF).
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Table 5.6: Experiments with a polynomial kernel for classification in likelihood space. (a) A
polynomial of degree 2 (C=1, E=0.001) and of degree 3 (b) (C=1.3, E=0.1) Rows: Accuracy (ACC),
Comparison to Maximum Likelihood (COMP)

F S A FS SA FA FSA

(a) ACC 70.22% 74.67% 61.92% 55.93% 68.74% 81.54% 83.57%
COMP -2.91% 0.79% 0.73% -22.43% 0.08% 10.64% 4.47%

(b) ACC 82.20% 71.04% 62.58% 82.20% 67.25% 75.44% 83.57%
COMP 9.07% -2.84% 1.39% 3.84% -1.41% 4.54% 4.47%

The radial basis function is defined as:

K(x,x′) = e−
‖x−x′ ‖2

2σ2 = e(−γ‖x−x′‖2)

The radial basis function is a function that essentially depends on the parameter γ which essen-

tially regulates the width of the RBF function. We should point out here, that a RBF is considered

to be able to produce results at least as good as a linear kernel [93], given though a certain combi-

nation of parameters. This is due to the high parameter space mapping that RBFs provide, thus

providing them with the capability to learn highly non-linearly correlated relationships.

For RBF, we firstly performed a coarse grid search [93], for:

p ∈ 2i , i ∈ {−5,5}

where p is the parameter in question (both C and γ) 2. These experiments were combined with 3

early stopping options:

E = {0.001,0.01,1}

After attaining the best results, we performed a more dense and detailed grid search in the same

fashion, in order to attain the optimal results.

Our goal here is to find the best mapping for each of the combination of cues. It is obvious that

each different combination of cues produces a different distribution of points in the 2D likelihood

space. Thus, we assume that we need to tailor the parameters of a learner specifically for the

distribution of points that characterises the specific combination of cues. Again, we evaluate our

results using 10-fold cross validation.

In Table 5.7, we present the results of the best RBF for each combination of cues along with the

parameters associated with the SVM. In each row, we present the best RBF found for the respective

single/fused cues, which label the first column (i.e. the first row maximises the facial expression

cues (F), the second row the shoulder cues (S) and so on). In Table 5.8, the best performing

RBF kernel for each combination of cues (i.e. the diagonal of the first 8 columns of Table 5.7) is

compared with maximum likelihood classification and the best line attained from the gradient

descent procedure.

As we have previously commented, each function is tailored for the distribution produced by the

specific combination of cues, ignoring the performance on the other combinations while testing

2Typically for SVR experiments, it is advised that the parameter C should be found by experimentation and then
the rest of the parameters can be fine-tuned
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Table 5.7: Applying RBF kernels for classification in the likelihood space. In each row, one RBF
kernel is presented for which the parameters are specified in the last three columns (γ for the RBF,
C the error penalty and E the early stopping parameter). The RBF kernel presented in each row
targets to optimise the performance on a single combination of cues (specified in the first column
for each row). The diagonal (of the first seven columns) lists the best results for each combination
of cues.

OPT F S A FS SA FA FSA

F 87.53% 75.44% 55.71% 80.66% 67.20% 79.95% 82.86%
S 83.02% 79.07% 55.00% 80.66% 65.00% 79.12% 82.14%
A 78.41% 72.47% 66.92% 73.08% 60.66% 74.67% 66.48%
FS 81.37% 73.96% 52.91% 85.05% 65.71% 82.20% 82.91%
SA 83.74% 71.54% 49.78% 82.86% 74.07% 79.95% 83.57%
FA 82.20% 65.44% 58.02% 77.69% 68.02% 86.65% 82.80%

FSA 79.07% 71.76% 48.46% 81.48% 60.77% 79.23% 88.19%

OPT AVG γ C E

F 85.19% 0.16 31 1
S 82.58% 0.28 5 1.5
A 72.45% 8.65 28 1
FS 82.14% 0.07 3 1.1
SA 83.65% 0.16 5 1.3
FA 82.50% 0.05 25 1.5

FSA 83.63% 0.03 4 1.05

Table 5.8: The performance of the best RBF kernel for each combination of cues using SVMs,
compared to the maximum likelihood results (ML) and the best line found by the gradient descent
algorithm (BLGD). All recognition rates increase for RBF

F S A FS SA FA FSA AVG

RBF 87.53% 79.07% 66.92% 85.05% 74.07% 86.65% 88.19% 87.86%
ML 73.13% 73.88% 61.19% 78.36% 68.66% 70.90% 79.10% 76.12%

BLGD 85.07% 74.63% 63.43% 78.36% 67.16% 79.10% 79.85% 82.46%
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and training. Nevertheless, we will provide some brief comments based on Table 5.7. Firstly, it

is interesting to note that the RBF which maximises the fusion of all cues/modalities, also max-

imises the averaged accuracy of the classification across all cues. Secondly, we denote that the

average (AVG) accuracy for each RBF is better than the average accuracy of maximum likelihood

classification (76.12%), except for the RBF which optimises the audio cues (3rd row). This is an

indication that the distribution produced by the audio cues across the folds is quite different and

difficult to classify than the rest (this can be also noted by the low recognition accuracy of the

audio cues).

The difference in the γ parameter (which is always greater than zero) of the RBF kernel function

for the maximisation of the audio cues recognition rate is easily observable. For the rest of the 6

combinations, the parameter takes no value above 0.3, whereas for the audio cues the parameter

is 8.65. We mentioned before that the γ parameter functions as a regulator to the width of the

RBF function. The bigger the gamma, the more prone to overfitting our method becomes as it will

follow the distribution of points more closely. Decreasing the gamma causes a smoother surface

for the function. In conclusion, our explanation here is that the other combinations of cues were

easier to separate: Thus, a big γ caused the training to overfit to the training data, causing more

misclassifications on the testing data. The audio cues were in any way difficult to classify and

probably had a distribution for which the respective correct classifications for the testing data

were difficult to be predicted. Increasing how closely the function follows this distribution by

increasing the γ parameter provided a separation which covered the peculiarities and specific

characteristics of the already ill-behaving points.

Furthermore, we denote that the early stopping parameter E which was selected for each set of

cues was equal or above 1. Compared to the default 0.001 which is typically the default option for

libraries implementing SVM such as svmlib [33], shows that it is easy for the classifier to overfit to

the training data, demonstrating the noise present in the data. Of course, the characteristics of our

data which also contain spontaneous subtle emotion expressions do provide a difficult problem for

any learning technique. Finally, commenting on Table 5.8, we denote the superiority of the cue-

specific RBF functions against the other approaches. Classification with RBF functions achieves

results as high as 88.19% for the fusion of all modalities, whereas line separation by gradient

descent and maximum likelihood alone provide results of 79%-80% for the corresponding cue

combination.

In Table 5.9, we present the performance of SVR-RBF against maximum likelihood (ML) and best

line found by gradient descent (BLGD) per fold, for the fusion of the facial expression/shoul-

der/audio cues. For all folds except the first one the increase provided by SVR-RBF overperforms

or is equal to the other methods, reaching accuracy over 90% in 6 out of 10 folds and 100% ac-

curacy in 2. It is also interesting to observe that in 4 folds the RBF and BLGD accuracy is the

same.

Finally, we should denote that the maximum results attained for RBF do appear to be explainable

by the theory related to emotion perception: The facial expression cues provide the best single cue

recognition, followed by the shoulder and audio cues. Fusing the facial expression cues with any

of the other single cues provides a small drop compared to the accuracy of the facial expressions,

but provides a much bigger recognition rate than the other cues as single cues. Finally, the fusion

of all cues and modalities provides us with the best possible results. We should note here that one
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Table 5.9: SVR-RBF compared to maximum likelihood (ML) and best line found by gradient de-
scent (BLGD) for the face/audio/shoulder cues fusion for each of the 10 folds.

1 2 3 4 5 6 7 8 9 10
RBF 71.4% 92.9% 92.9% 78.6% 84.6% 92.3% 100.0% 92.3% 76.9% 100.0%
ML 85.7% 92.9% 92.9% 57.1% 69.2% 76.9% 61.5% 92.3% 76.9% 84.6%
GD 92.9% 92.9% 92.9% 64.3% 53.8% 92.3% 84.6% 61.5% 69.2% 92.3%

explanation for the slight drop when fusing the facial expression cues with another set of cues

should be due to each cue providing conflicting classifications for a specific sequence. This does

not come as a surprise from our data, where we have observed persons smiling while being ironic

(thus negative), persons smiling while shouting in anger and so on.

5.2 Continuous Emotion Recognition

Beginning our description of the continuous emotion recognition experiments, it should be noted

that in this chapter, by the term ground truth, we are referring to the resulting ground truth pro-

duced by the segmentation procedure (Section 4.2) after the annotations were interpolated (Sec-

tion 4.1.4). Although as we have mentioned we kept results which were normalised by different

procedures and not interpolated, finally we decided that our experiments would be conducted

with the ground truth which was:

• Normalised locally to have mean equal to zero

• Interpolated using cubic interpolation

• Generated by the segmentation procedure described in Chapter 4

As far as the averaged metrics we present in this section are concerned, the error is calculated on

average for 10 folds, for all training sequences (audiovisual segments) available (i.e. per sequence)

or per fold (for all frames in fold).

For per sequence, assuming that we have n = 10 folds, that the function t(f ) returns the testing

sequences for the f -th fold (with |t(f )| begin the number of such sequences) and that f r(k) returns

the number of frames for sequence k, then the calculation of an averaged metric per sequence is

defined as:

Metricps =
1

10

10∑
f =1

1
|t(f )|

∑
s∈t(f )

1
f r(s)

f r(s)∑
j=1

e(s, j)

with e(s, j) being the specific error metric we are using, f ranges through all 10 folds, s over the

sequences and j is an index to the frame number of the specific sequence s. The mean squared

error (MSE) is a typical metric used for regression problems and also has been used for continuous

emotion recognition [199]. This metric is attained by replacing the e function above with:

eMSE(s, j) = (T (s, j)−E(s, j))2

where T (s, j) and E(s, j) stand for the ground truth and estimated values for sequence s at frame j

respectively. We refer to the above as the averaged mean squared error. The metrics that will be
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Table 5.10: Mean Squared Error (per sequence), Correlation Coefficient (COR) and agreement
(AGR) (Equation 4.1) of each coder (COD) for valence and arousal with respect to the ground
truth.

Valence Arousal

COD MSE COR AGR MSE COR AGR
JD 0.018 0.464 0.867 0.020 0.544 0.787
cc 0.023 0.440 0.798 0.020 0.410 0.823
dr 0.021 0.489 0.835 0.025 0.616 0.834

em 0.017 0.418 0.875 0.019 0.448 0.852
AVG 0.020 0.453 0.843 0.021 0.505 0.824

noted "per fold", essentially do not average per sequence, as described in the above equation but

rather average over all the frames in the given fold:

Metricpf =
1

10

10∑
f =1

1
f r(f )

f r(f )∑
j=1

e(s, j)

where now the fr function is assumed to return the number of frames per fold.

It is noted that throughout this chapter, the result tables will typically include the following met-

rics, assessing the estimated values with respect to the ground truth: the mean squared error

metric (MSE), the correlation coefficient (COR) and the agreement (AGRE, Equation 4.1). When a

metric has a subscript of pf , then the metric is calculated per fold. Otherwise, it is calculated per

sequence.

Firstly, we provide some statistics which relate the individual coder annotations to the actual

produced ground truth. In Table 5.10 we present some metrics which relate the produced ground

truth to the coder values, after they have been processed. We can see that the MSE is 0.02 for both

valence and arousal, while wee also denote the correlation average between the coder values and

the ground truth, as well as the standard deviation of the coder values. The correlation values for

valence can be found along with the correlations of all the coders as evaluated in pairs in Table

7.2 which is found again to be a little over 0.5. Of course the table statistics refer to the entire

video session, by ignoring NaN values. Finally, we denote that we will use the average values for

the metrics (Table 5.10) to refer to the human error in providing such annotations, values which

we will finally use as a baseline to compare with our final results.

5.2.1 Configuration of Support Vector Machines & Long short-term memory neural
networks

We will now refer to our experiments by specifying the configuration under which they were

performed. Firstly, with using Support Vector Machines for Regression, as described in 3.2.2. In

our experiments, we focused on using polynomial and radial-basis functions (RBF) kernels, as

described in 3.2.1.1. We performed various experiments with optimising the parameters used,

namely C, the penalty term for errors and γ for the RBF, while also the degree of the polynomial

used for learning with a polynomial kernel. By the outcomes of the experiments, we found that

the best results for polynomial kernels were given by polynomials of degree one, and for RBF
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with a parameter γ = 0.04. The values which gave rise to the best results for the cost C were 0.1

and 0.15 for almost all the experiments, with some exceptions such as the arousal experiments

with the audio cues, which provided better results with a C of 1. This is can be justified by

considering that the audio cues are generally considered to perform good recognition for arousal,

and in conclusion allowing less outliers by increasing the cost gives better results.

We also experimented with the termination conditions for the training error E, with the best

results attained by the E = 0.01 and 0.2. So far, these are parameters that we have mentioned

again in our previous experiments with SVMs (Section 5.1.3). We remind that since we are using

ε-insensitive regression (Section 3.2.2), which is based on the ε-insensitive loss function (Equation

3.48), we essentially need to define the area in which outliers won’t be charged with the penalty

term. That is, the ε stands for the distance in which our estimation can be from the actual ground

truth and yet not be charged. We experimented with various values of ε, and by assessing the

results we finally attained better results with ε = 0.2 for the RBF, while for the polynomial kernels

ε = 0.1 gave better results in some experiments (e.g. arousal for the feature-level fused face and

shoulder cues).

As far as LSTM networks are concerned, we experimented with various configurations for each of

the combination of cues. Networks we experimented on were bidirectional LSTM with forget gates

and peephole connections (Section 3.1.4), typically contained from one to three hidden layers and

a selection of nodes from 1 to 150. Our best results though were usually attained by using small

networks of 1-10 nodes, while at some cases we achieved good results with networks of up to

50 nodes. Regarding the number of hidden layers, our best results were usually attained with

networks of one hidden layer, but in other cases 2 and 3 layers gave good results. We experimented

with both using a validation set and other criteria for early stopping, such as the performance on

the training set.

5.2.2 Mean Squared Error Evaluation & Feature-Level Fusion

As the title reveals, this section will describe a set of experiments with feature-level fusion: That

is by combining all the features from multiple cues into one feature vector which is then fed

into a network. Notice that the audio stream has a double frame rate with respect to the actual

video. Thus, for feature level fusion, when fusing the audio features with features from either the

shoulder or the facial expression cues, the vector which is fed to the classifier is as follows,:

(a1,v1)1, (a2,v1)2

where each (ai ,vj)k is the k-th feature vector, ai the features for audio frame i and vj the features

for video frame j. In other words, each vector of features from a video frame is repeated twice.

The ground truth for the audio cues is then used for training and evaluating.

We present the best results with respect to the MSE for both polynomial and RBF kernels in Table

5.11. It should be noted that for a lot of combinations of cues for both valence and arousal,

the polynomial kernel performs slightly better in most of the cases. On the previous matter, we

should further note that in most cases the difference between the MSE of each kernel is very small

(0.001 or 0.002) and perhaps insignificant. In conclusion, based on the MSE we can not draw
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any significant conclusions on which function outperforms another. We will though explore other

metrics in the following sections.

In Table 5.12, the results of our LSTM experiments along with the best results of the SVR tech-

nique are presented. In general, the LSTM technique outperforms the SVR methods in terms

of the MSE. This was an expected outcome, since SVRs are static methods which do not per-

form sequence learning, while LSTMs are a dynamic technique specific for sequence learning and

especially in learning temporal dependencies, which are obviously related to the expression of

emotions in humans (e.g. temporal features, Section 2.2.5). Specifically in valence values, LSTMs

are only outperformed in one case, that of the shoulder and audio cues fusion. But in general,

our conclusions should again be careful since the MSE difference of 0.01 is very small. As far as

arousal is concerned, the LSTMs provide results which are quite better in general, with a maxi-

mum improvement of performance from 0.87 to 0.77 for the shoulder and audio fused cues.

The audio cues are theoretically expected to do better [84] than the visual cues for regression on

arousal values. In our experiments, always with respect to the MSE the audio cues do perform

significantly better for arousal. It is also important to note that the fusion of the audio cues with

the facial expression cues improve the 0.09 MSE attained with just the facial expression cues to

the minimum MSE, previously only attained by the audio cues (0.084), while when fused with

the shoulder cues they again better their single performance, by reducing the MSE from 0.093 to

0.092. For the fusion of all cues/modalities, the results are not better than the audio cues alone or

the audio/face fusion but are better than the single face and single shoulder cues by themselves.

For both the RBF and polynomial kernels, we can notice that the audio cues perform better or as

good as any other set of cues, fused or not, with respect to the MSE.

Shifting the arousal discussion to the LSTM results, the audio clearly outperforms all other single

and fused cues, while again improves the single cue performance of shoulder/facial expressions

when fused. For the fusion of all cues/modalities though, this is not the case, as the error in-

creases. In general, we have not observed the fusion of all cues/modalities to perform better than

all the single or couple-fused cues in none of the cases. This could be related to topics such as the

fusion method (as mentioned, the optimal fusion method is an open research issue) or the larger

dimensionality presented when the cues are fused.

Regarding the valence values, the visual cues are expected to perform better than the audio cues

[84]. We can not say that this is always the case for our experiments. For the polynomial kernel,

the shoulder cues seem to perform slightly better than all the rest fused/single cues, while for

the RBF kernel the audio cues perform quite better than the rest, evened only by the fusion of

the facial expressions with the audio cues. The facial expression attain a slightly worse results

and the shoulder cues perform worst as single cues. In the RBF kernel results, the fusion of

modalities worsens the single-cue results for the fusion of shoulder and audio cues, while for the

fusion of all cues the results are essentially the average of the results of each of the fused cues

separately. Regarding LSTM, the facial expression cues and the audio cues perform the best, with

the shoulder cues performing slightly worst. The fusion does not provide any improvement on

the total minimum MSE error achieved.

At this point we should state that one possible factor that attributes to the at-least-as-good per-

formance of the audio cues with respect to the visual cues is that the ground truth values and the

training sequence lengths for the audio cues are double than the ones for the visual data. This es-
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Table 5.11: SVR best results for polynomial (P) and radial-basis (RBF) kernels for both valence (V)
and arousal (V)

MSEps F S A FS SA FA FSA

V 0.054 0.053 0.054 0.054 0.054 0.054 0.054
P

A 0.088 0.087 0.087 0.088 0.087 0.088 0.088
V 0.054 0.057 0.053 0.056 0.062 0.053 0.055

RBF
A 0.090 0.093 0.084 0.091 0.092 0.084 0.087

Table 5.12: Support vector regression compared with LSTM networks for valence (V) and arousal
(A)

MSEps F S A FS SA FA FSA

SVR
V 0.054 0.053 0.053 0.054 0.054 0.053 0.054
A 0.088 0.087 0.084 0.088 0.087 0.084 0.087

LSTM
V 0.052 0.054 0.052 0.053 0.054 0.053 0.054
A 0.080 0.084 0.072 0.084 0.077 0.081 0.086

sentially translates to having double training data while learning. The amount of training data is

quite significant for every learning task and especially when we are performing sequence learning

with LSTM, which are considered to be able to learn long range dependencies. Since the sequences

are longer (double the size), then the LSTMs can pick up more dependencies in the input features.

We will further explore this hypothesis of ours in Section 5.2.5, where we will show that extract-

ing audio features for a frame rate equivalent to the one for which video frames where extracted,

causes a great worsening in the performance of the audio cues. This is a powerful indication that

the length of the training sequences for sequence learning is crucial and has a tremendous impact

on the results.

Before proceeding into further discussion on the topic, we should consider whether the MSE, typ-

ically used for evaluating regression problems, is the metric that should alone be used in order to

evaluate the performance of a learning technique on continuous emotion recognition. We should

emphasise that our regression problem has a set of domain specific characteristics. For example,

even if the MSE is higher in a certain case, perhaps metrics such as the correlation of the ground

truth with the estimated values as well as other factors, such as the agreement (Equation 4.1, Sec-

tion 4.1.3), which as we remind is a function that returns the percentage of cases where two values

agree in their sign - and in our case amounts to the percentage where the estimated value agrees

with the ground truth value on classifying the emotional state of the subject on a particular frame

as positive or negative, seem to be very important to be overlooked for the sake of the MSE.

5.2.3 Beyond the Mean Squared Error

In this section, we will provide some discussion on certain pathologies that have manifested in

our experimental results. Firstly, to describe problems that arise when ranking our results only

by the MSE, we will to Fig. 5.1. In the figure, we can see the estimated and ground truth arousal

values of one fold over n-fold cross validation for SVR with a polynomial (a) and RBF (b) kernel,

as well as the corresponding LSTM network (c). What we observe in the plots, is that the best
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performing technique in terms of the MSE is the polynomial SVR kernel. Intuitively, one could

say that it is the worst though. A polynomial kernel does not seem to be able to generalise enough

to capture the temporal behaviour of the arousal values across the frames, and is limited to a

narrow band located at the mean of the entire ground truth distribution, not corresponding to

peaks of the actual distribution since it does not really predict any peaks (and thus avoids making

large valued errors).

To better describe the distributions, we will make use other metrics. Firstly, besides the corre-

lation and the agreement3 previously described, another metric that could be of interest is the

derivative of the valence and arousal values against the frames. This metric essentially refers to

the smoothness of the results and the mean squared error between the estimated and ground truth

values can be obtained as an indication of the how different the curves that are defined are. This is

similar to how the gradient is used to provide smoothness criteria in computer vision (e.g. active

contours [103]). For example, for valence we would have:

DER(V) =
∆V
∆f

where V are the estimated/ground truth valence values and f the frames that belong to the se-

quence. The results for each sequence frame can be summed (by taking the absolute values to

compensate for different signs) and then the mean squared error between the acquired absolute

sums of the derivatives can be obtained.

Notice how this introduction of other metrics helps us discriminate the estimated values. Firstly,

the correlation: The plot with the minimum MSE has the less correlation of all (0.01). The RBF

kernel SVR has a much greater correlation of 0.3 with the ground truth, while the LSTM has the

best correlation of 0.6. Although not as clear, the same ranking can be considered for the agree-

ment values, where the RBF is better than the polynomial kernel and the LSTM better than SVR

methods in general. We should note though that through our experience, a rise in the correla-

tion does not necessarily imply a rise in the agreement values, as situations where the contrary

occurred have been observed. Furthermore, the mean squared error derivative gives us an esti-

mation of the error in terms of smoothness of the produced prediction curve with respect to the

smoothness of the ground truth. It can be observed that the polynomial kernel and the LSTM

have this error metric quite small, while the very spiky distribution produced by the RBF kernel

with respect to the ground truth produces a large derivative error.

In conclusion, polynomial kernels (with a degree of one)4 have been deemed as better performing

in our experiments with respect to RBF kernels in certain occasions, but that they essentially

produced distributions such as the one portrayed in Fig. 5.1, close to the mean with a narrow

band. Despite the dominance of the LSTMs in the previous scenario, there is a corresponding

pathology manifesting in these networks as well. In some cases, the MSE obtained when the

LSTMs produced estimations with a distribution similar to the one produced by the polynomial

kernel in Fig. 5.1 were better than the performance obtain at later stages, while the network fitted

the training examples. A visualisation of such a case is depicted in Fig. 5.2, along with another

network which performs well for the same fold. Notice that the MSE is quite small in both folds.

3We clarify that although we described the agreement metric in terms of valence, we also apply the metric in terms
of the arousal, as in the agreement on whether the emotional state of the subject is considered passive or active

4First degree polynomials were also reported to perform better than other degree polynomials in [117]
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Figure 5.1: Pathologies of the MSE: In this figure we can see the arousal estimated and ground
truth values (for one fold) of: (a) SVR with a polynomial kernel (b) SVR with an RBF kernel (c)
LSTM. The metrics depicted are: Averaged mean squared error per sequence (AMSE), averaged
correlation per fold (ACOR), derivative averaged mean squared error (DERMSE) and agreement
per sequence and per fold respectively (AGRps/pf).
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Figure 5.2: A fold for valence estimation, using LSTM networks. In (a), a network achieves the best
test MSE in the first few epochs, producing an unnatural estimation with a very low correlation.
(b) A network providing a good estimation for the same fold. Notice that the correlation for this
fold is 0.65.

The issue we described is in fact still an open research question in the field of dimensional emotion

recognition [84]. The MSE has been used by research work being done with LSTM and SVR

[199], while other work also including SVR [117, 101] used the mean error and the correlation

coefficient. From our experimentation, we believe that the MSE, the correlation and the agreement

level are typically characteristic evaluation metrics for the emotion estimation distribution. We

have noted that a rise in correlation does not always imply a rise in the agreement level (and vice-

versa) since such scenarios were observed during experimentation. These two metrics should be

used in conjunction with the MSE for a better evaluation of the estimation. Furthermore, not as

important but discriminative is the mean squared derivative error, which is an indication of the

smoothness variation of the prediction with the ground truth. A measure that can similarly be

used is the mean error in the variances of the values at hand, although the last two metrics come

second with respect to the MSE, the correlation and the agreement.

To elaborate on how the correlation coefficient and the agreement are related, we will refer to a last

example, presented in Fig. 5.3. It can be observed that the correlation for this fold is significantly

low: At 0.03, it competes with the 0.01 correlation of the polynomial kernel which is essentially

approximating the mean of the distribution (Fig. 5.1) 5. The estimated values presented in Fig. 5.3

though, are more naturalistic, approximating in some cases the peaks of the ground truth. Despite

this, the MSE also points to the direction of choosing the SVR-P (Fig. 5.1) which has a MSE of 0.07

in contrast to 0.11 of the plot in Fig. 5.3. Contradicting (and perhaps restoring the balance) the

previous metrics, the agreement per fold for 5.3 is 0.75. much higher than the 0.4 of the SVR-P

estimation, and thus we have a good indication that despite the significantly low correlation, this

predication is not useless. Again, there is no agreed evaluation function that considers all MSE,

correlation and agreement in order to allow us to rank these results generally. From what follows,

we will not pay much attention to the MSE variances when they are approximately equivalent,

5We are comparing different ground truth values and different folds, but the essence of our description lies in
general characteristics of the prediction not a specific comparison
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Figure 5.3: An example of an arousal fold where the correlation is extremely low but the agree-
ment levels are quite high

i.e. we will mostly pay attention to the two first decimal points. We will though pay much more

attention to the correlation, which seems to be highly descriptive of the estimator’s performance.

We should note that we make use of both per fold and per sequence metrics in order to capture both

long and short range characteristics of the estimation.

5.2.4 MSE, Correlation & Agreement Evaluation

Following our previous observations, we re-evaluated our experiments based on more than just

the MSE. More specifically, we rejected experiments that although provided a good MSE, did not

provide such a good correlation or agreement with the ground truth. The difficulty in this case is

that there is no predefined optimisation function upon which to base the ranking of the results

and would take into account the three aforementioned metrics. Such a function could e.g. impose

a threshold upon the correlation and reject any experiments which rank below that threshold or

even attempt to maximise the weighted average of the metrics in question. Here, the weights

would balance the relative importance amongst the metrics (a trade of).

In this section, we will provide results for the re-evaluation of our experiments, favouring espe-

cially the correlation and secondly the agreement levels, and tolerating a small MSE increase in

compensation. In this case, we were willing to trade-off a small MSE increase for correlation and

agreement in order to avoid issues as described in Section 5.2.3.

Results for our experiments for valence estimation are presented in Table 5.13, while the corre-

sponding results for arousal presented in Table 5.14. Firstly, commenting on the MSE, we observe

that it has generally been limited to values of 0.071 and below for valence, while the worst MSE

for arousal is 0.098. Observing the correlation results, the first comment relates to the SVR-P re-

sults. Notice how the polynomial SVR kernels produce the minimum correlation with respect to

the other classification methods, while for arousal the correlation even acquires a negative value.

We now have a metric beyond the MSE which can discriminate amongst our methods, and a neg-

ative correlation with the test data is certainly not a good sign for the prediction. We refer the

reader to Fig. 5.1 and Section 5.2.3 were this behaviour was discussed.
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We will proceed with some observations on the valence results. Specifically for LSTMs, we can

observe that the largest correlation values were achieved for the single audio and face cues. We

note the low correlation generated for the fusion of all cues and for the fusion of the face/shoulder

cues. For SVR-RBF, the best values are attained for the fusion of all cues and the fusion of the face

and audio cues. This is actually a case where the audio cues perform worse than their fusion

with the facial expression cues. Also, it should be noted that the facial expression cues outperform
the audio cues. This is a very important observation. As we have aforementioned, the facial

expressions are considered to provide better results for valence estimation. This is experimentally

confirmed in our case as well. Furthermore, we should also notice how this is not the case for

LSTMs. In LSTMs, the best correlation is provided by the audio cues. This is an indication of our

earlier comments on the justification of the performance of the audio cues (Section 5.2.2), being

strongly influenced by the larger size of training data for the audio cues. We should also note how

the shoulder cues have a low correlation and agreement in both the SVR-RBF and LSTM.

Proceeding with the valence evaluation, we can see that for LSTMs the cues which achieve the

best correlation also achieve the best agreement per fold and per sequence. When rounded to

the first decimal place, the agreement per sequence never drops below 0.5, i.e. at least half the

positive/negative emotional state estimations with respect to the ground truth are correct. In SVR-

RBF, the agreement per fold and per sequence is quite similar for both face and audio cues, while

the maximum correlation is achieved with the fusion of all cues: a very important observation for

the information provided by modality fusion for emotion recognition. Commenting on the SVR-

P results, we should state that in accordance with the correlation being very low, the agreement

results attained are in general worse as well. Finally, we denote the low performance with respect

to the correlation of the shoulder cues. As far as the mean squared derivative error is concerned

(DMSE), it provides us with good information with respect to the structure of the predictions

in relation to the ground truth but does not seem to contain any further indications that would

assist in the evaluation in any other way. It does though discriminate the SVR-RBF from the rest

methods, since the spiked distribution6 produced by the algorithm provides the largest MSE on

average. In general, the best correlation achieved by the LSTMs is 0.4 by the audio cues, with a

corresponding agreement of 0.7. It is is the best combination of these two metrics attained all over

the experiments with both LSTM and SVR. For RBFs, the best correlation has been achieved by the

fusion of the face and audio cues (1.9). A further comment, is that for the feature level fusion of all

cues the SVR-RBF provided results with a higher correlation than the respective LSTM networks

for the same cues.

The arousal results demonstrate the clear dominance of the audio cues for arousal estimation.

In both SVR-RBF and LSTM results, the audio achieves the best correlation, of 0.376 and 0.511

respectively, again demonstrating the crucial characteristic of LSTMs to capture long range tem-

poral dependencies. In both classifiers, the fusion of the audio cues with either the shoulder or

face cues provides the second best results with respect to the correlation, while the fusion of all

cues negatively influences the resulting correlation. It is important to note though, that in this

case the LSTM results for the fusion of all cues is better than the respective one for SVR-RBF.

A characteristic that is constant for both valence and arousal is the low correlation produced by

the shoulder cues. Regarding the agreement values, again the superiority of the audio cues for

arousal recognition are confirmed, by achieving 0.51 correlation and 0.75 agreement accuracy for
6A justification for the spiked distribution produced by SVR-RBF is that they are static learning methods
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Table 5.13: Valence results for LSTM & SVR, considering the mean squared error (MSE), the cor-
relation per fold CORpf , the derivative mean squared error (DMSE) and the agreement per fold
(AGRpf ) and per sequence (AGR). The two best values for each metric (per method) are presented
in bold.

Valence

MSE CORpf DMSE AGRpf AGR

LSTM

F 0.067 0.205 0.011 0.551 0.552
S 0.056 0.026 0.001 0.438 0.467
A 0.052 0.397 0.197 0.672 0.674

FS 0.053 0.050 0.003 0.485 0.512
SA 0.071 0.154 0.070 0.516 0.526
FA 0.067 0.150 0.062 0.520 0.537

FSA 0.059 0.076 0.024 0.441 0.475
MSE CORpf DMSE AGRpf AGR

SVR-RBF

F 0.054 0.159 0.092 0.516 0.549
S 0.057 0.059 0.125 0.477 0.496
A 0.053 0.124 0.265 0.518 0.542

FS 0.056 0.115 0.100 0.494 0.518
SA 0.062 0.091 0.942 0.509 0.520
FA 0.053 0.186 0.202 0.510 0.542

FSA 0.058 0.161 0.262 0.526 0.547
MSE CORpf DMSE AGRpf AGR

SVR-P

F 0.054 0.025 0.003 0.456 0.490
S 0.053 0.028 0.002 0.423 0.465
A 0.054 0.017 0.001 0.412 0.450

FS 0.054 0.028 0.005 0.465 0.494
SA 0.054 0.029 0.003 0.417 0.456
FA 0.054 0.029 0.003 0.417 0.456

FSA 0.054 0.035 0.005 0.455 0.481
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Table 5.14: Arousal experiments for LSTM & SVR, considering the mean squared error (MSE), the
correlation per fold CORpf , the derivative mean squared error (DMSE) and the agreement per
fold (AGRpf ) and per sequence (AGR). Again, the two best values for each metric (per method)
are presented in bold.

Arousal

MSE CORpf DMSE AGRpf AGR

LSTM

F 0.080 0.237 0.008 0.681 0.693
S 0.098 0.041 0.003 0.524 0.522
A 0.072 0.511 0.153 0.747 0.720

FS 0.098 0.174 0.108 0.592 0.617
SA 0.084 0.460 0.194 0.697 0.693
FA 0.081 0.356 0.206 0.668 0.676

FSA 0.087 0.270 0.092 0.645 0.638
MSE CORpf DMSE AGRpf AGR

SVR-RBF

F 0.090 0.091 0.135 0.594 0.618
S 0.089 0.019 0.002 0.648 0.682
A 0.084 0.376 0.730 0.696 0.655

FS 0.089 0.014 0.008 0.619 0.652
SA 0.092 0.298 1.563 0.643 0.620
FA 0.084 0.211 0.363 0.636 0.642

FSA 0.087 0.172 0.233 0.617 0.627
MSE CORpf DMSE AGRpf AGR

SVR-P

F 0.088 -0.002 0.004 0.643 0.678
S 0.087 0.012 0.004 0.649 0.683
A 0.087 0.002 0.004 0.650 0.684

FS 0.088 0.009 0.009 0.638 0.674
SA 0.087 0.001 0.007 0.650 0.683
FA 0.088 -0.010 0.006 0.645 0.680

FSA 0.088 0.009 0.008 0.640 0.675
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the LSTM networks. For the RBFs, the results per fold again denote the audio cues as the best for

agreement per fold. It should be noted that despite of the shoulder cues having a very low correla-

tion, they achieve good agreement accuracy. For the agreement per fold, the shoulder accuracy is

even better than the audio cues. The results for RBF-P are completely analogous to the valence re-

sults with respect to the correlation, which now even attains negative values, something which is

a very bad indication. Intuitively, it means that not only the distributions do not change together,

but sometimes when the one increases the other decreases. We should note that the agreement

values, despite the negative correlation appear to be equally high as the other two methods. This

is due to the fact that the correlation is a much more strict evaluation metric than the agreement.

In Table 5.16, we present the per fold correlation for two LSTM networks, trained with the fused

audio and shoulder cues (AS) and audio cues (A) alone respectively. Finally, in order to provide

a complete comparison, in Table 5.15 we present the average correlation for valence and arousal

for LSTMs and SVR-RBF, where the clear dominance of LSTMs is obvious.

Table 5.15: Comparing the correlation of the averaged results for all cue/modality combinations
with feature level fusion for LSTMs and SVR-RBF.

V A AVG

LSTM 0.1513 0.2927 0.2220
SVR-RBF 0.1278 0.1686 0.1482

5.2.5 Performance of Audio & Shoulder Cues: Theoretical Expectations & Experi-
mental Results

This section will firstly explore the reasons behind the high performance of the audio cues with

respect to the valence estimation. Previously, we commented on the good performance of the au-

dio cues in terms of valence, which is contradictory to the theoretical expectations which consider

the facial expressions to be better performing for valence. We hypothesised (Section 5.2.2) that

this was due to the audio sequences being double in size than the video sequences, since features

were extracted for the audio frame rate, which was 0.02 seconds. To provide evidence for this

hypothesis, we extracted the audio features from the audiovisual data, adjusting the parameters

so as to produce one set of features for each 0.04 seconds, equivalent to one video frame. In Table

5.17, we present the results which we compare with the performance of other single cues. It is

observed that now, the correlation of the audio cues drops from 0.397 to 0.076. The facial ex-

pression cues are now dominant in the valence recognition, providing the best correlation with

the ground truth. Furthermore, it is highly important to observe that both the correlation and

agreement values drop for the arousal estimation but only slightly. With respect to the valence

Table 5.16: The fused audio/shoulder cues (AS) and the audio cues (A) correlation accuracy for
each fold over 10-fold cross validation

Fold 1 2 3 4 5 6 7 8 9 10

AScor 0.6 0.6 0.5 0.7 0.3 0.4 0.3 0.03 0.4 0.7
Acor 0.8 0.7 0.5 0.6 0.4 0.1 0.7 0.3 0.6 0.6
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decrease, the arousal decrease is barely noticeable. This is another indication that audio cues are

better for arousal than valence estimation.

Finally, it should be noted that the correlation and agreement values for the audio is still better

than the correlation and agreement for the shoulders. This brings us to the second issue discussed

in this section. The information regarding affect carried by the shoulder cues has not been obvious.

Since there has not been any other work on continuous recognition with shoulder cues, we can

hypothesise on the reasons behind this phenomenon from our results alone. Firstly, we assume

that the variations and motion performed with the shoulders might be very limited and thus not

descriptive enough for mapping into the entire valence/arousal space with continuously varying

values. Secondly, the scenario under which the audiovisual material is taken could have a crucial

role in this: The individuals were talking and using facial expressions throughout the video, while

their shoulder motion was not continuous. If we were to think of the corresponding scenario

in terms of facial expressions, it would be as if the facial features of the individual would not

significantly change positions during the video, or if the person did not speak for most of the

video. Under those scenarios the results would have been quite different.

Table 5.17: Statistics for the performance of all single cues with LSTMs, when the audio features
have been extracted with a frame rate equivalent to the video frame rate (row Avf ). The audio
results using the audio frame rate are presented in the last row for comparison

Valence Arousal

LSTM MSE CORpf AGRpf AGR MSE CORpf AGRpf AGR
F 0.067 0.205 0.551 0.552 0.080 0.237 0.681 0.693
S 0.056 0.026 0.438 0.467 0.098 0.041 0.524 0.522

Avf 0.057 0.076 0.525 0.526 0.079 0.468 0.742 0.718
A 0.052 0.397 0.672 0.674 0.072 0.511 0.747 0.720

5.2.6 Dimensionality Reduction

From observing the results discussed in the previous section (especially for valence and LSTMs),

we hypothesised that one possible negative factor could be the large dimensionality of the feature

vectors. This negative effect can manifest as the generation of more complicated (and thus over-

fitted) models, while also due to the dimensionality, the algorithm could focus on features which

are irrelevant to the given problem (the curse of dimensionality). The dimensionality problem is

common in automatic emotion recognition [84], since in many cases many features are extracted

from multiple modalities.

Thus, in this section we will present some experimentation with dimensionality reduction with

LSTMs. Principal component analysis (PCA) is an orthogonal linear transformation, which maps

the input data into a new coordinate system. The characteristics of the new system are such that

the greatest variance of any projection of the data lie on the first coordinate, the second greatest

variance on the second component and so on. The i-th component is called the i-th principal

component [98]. It is also noted that each dimension is linearly independent. For more details on

PCA the reader is referred to [98].

Our experiments included reducing the facial expression features from 40 to the range [10,20], the
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shoulder features from 10 to [2,6] and the audio features from 15 to [5,10]. For the experiments

we will present, we chose the facial expression features to have 14 dimensions , while the audio

and shoulder cues were reduced to 4 dimensions each. Our experimentation was targeted at the

fusion of the cues. Nevertheless, we provide the results for single cues in Table 5.18. Essentially,

the performance is worse, and the only observation worth mentioning is the improvement of

the metrics regarding the shoulder cues besides the MSE, indicating that not all original feature

dimensions offer useful information for the regression.

Table 5.18: PCA vs. no dimensionality reduction for single cues. A cell for the PCA results is bold
if it improves the performance achieved with no dimensionality reduction. Similarly for the cells
with results attained with no dimensionality reduction.

PCA No Dim. Reduction

MSE CORpf AGRpf AGR MSE CORpf AGRpf AGR
V F 0.069 0.145 0.485 0.516 0.067 0.205 0.551 0.552

S 0.086 0.030 0.553 0.526 0.056 0.026 0.438 0.467
A 0.079 0.093 0.565 0.533 0.052 0.397 0.672 0.674

A F 0.104 0.212 0.593 0.609 0.080 0.237 0.681 0.693
S 0.117 0.072 0.556 0.587 0.098 0.041 0.524 0.522
A 0.082 0.477 0.704 0.690 0.072 0.511 0.747 0.720

The results for the PCA experiments with feature-level fusion are presented in Table 5.19. We

will analyse each fusion setting and estimated value separately. For the valence prediction and

the fusion of the facial expression and audio cues the dimensionality reduction does improve

all the metrics in contrast to the full dimensionality. The same applies for the fusion of the facial

expression cues with the shoulder cues, where we observe a significant rise in the correlation (from

0.05 to 0.233) and a small increase in the agreement although in this case we observe an increase in

the MSE. The shoulder/audio fusion is a case where the dimensionality reduction does not offer

any improvement except a small decrease in the MSE. The fusion of all cues though, provides

us with an improvement for both agreement and correlation metrics, while slightly worsening

the MSE. In general, we can say that where facial expression cues where used (which have a

large dimensionality of 40), the reduction the correlation and agreement parameters. In the case

where the dimensionality was already rather small (e.g. the shoulder and audio cues fusion), no

significant improvement was noticed.

As far as the arousal results are concerned, the fusion of facial expression and shoulder cues pro-

vides an improvement in all parameters. For the rest of the fusion settings for arousal, there is a

worsening of the correlation observed, although for the fusion of all cues the agreement increases.

There are essentially no solid conclusions we can draw for the arousal values. However, we can

claim that the very good performance of the audio cues when no dimensionality reduction is im-

posed are indications that the entire set of features is required for achieving this and that not all

shoulder feature dimensions contain important information for continuous emotion recognition.

5.2.7 Capturing Correlations and Temporal Patterns in Valence and Arousal

In this section, we will refer to the issue of capturing existing correlations between valence and

arousal values, while also learning manifesting temporal patterns. Current state-of-the-art in
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Table 5.19: PCA vs full dimensionality. The subscript for the fused cues demonstrates whether
valence or arousal is being estimated (v or a)

PCA No Dim. Reduction

MSE CORpf AGRpf AGR MSE CORpf AGRpf AGR
FAv 0.063 0.181 0.559 0.569 0.067 0.150 0.520 0.537
FSv 0.066 0.233 0.589 0.595 0.053 0.050 0.485 0.512
SAv 0.067 0.145 0.513 0.516 0.071 0.154 0.516 0.526

FSAv 0.064 0.188 0.590 0.579 0.059 0.076 0.441 0.475
FAa 0.096 0.186 0.620 0.623 0.081 0.356 0.668 0.676
FSa 0.095 0.216 0.612 0.646 0.098 0.174 0.592 0.617
SAa 0.077 0.395 0.692 0.682 0.084 0.460 0.697 0.693

FSAa 0.087 0.173 0.629 0.643 0.087 0.270 0.645 0.638

LSTM
G

LSTM
G

IP OUTIN

Figure 5.4: Scenario I: A network trained on a ground truth G provides the intermediate estima-
tion (IE) which is used as the input for a second network

dimensional and continuous emotion recognition does not present any work which attempts to

capture any such dependencies. We performed a set of experiments with two scenarios, one for

each of the following cases: The first scenario is presented in Fig. 5.4. The setup includes two net-

works, each one trained with a target ground truth G which can be valence or arousal (the same

for both networks). The training proceeds typically, with input consisting of features from a com-

bination of cues. In this scenario, we assume that a set of patterns which manifest in the valence

or arousal annotations are also exhibited in the intermediate prediction (IP) of the first network

(LSTM G1), and that these patterns can be captured by the network which is trained with these

predictions (LSTM G2), while furthermore the network will be able to learn which of these depen-

dencies correspond to a set of dependencies in the ground truth. If successful, the network can

learn the true dependencies that correspond to actual temporal patterns in the ground truth and

ignore the false indications. The second scenario depicted in Fig. 5.5, contains 3 networks. The

first two networks, labelled 1 and 2, are trained on predicting valence and arousal respectively.

The (intermediate) outputs of both these networks are then fed into a third network (labelled 3),

which produces the final output which can be a prediction on either valence or arousal. Again, we

assume that characteristics of the valence and arousal ground truth manifest in the intermediate

outputs, and thus correlations between the valence/arousal values could be captured by the third

network.

In Table 5.20, we present our experimental results using both scenarios I & II, which we compare

with the previous estimation. We will begin our analysis with the results from the audio cues,

since the original networks used expose the greatest correlation with the ground truth. This is an

indication that patterns and correlations emerging in the corresponding arousal/valence ground

truth do appear in the estimated values. For the audio cues we can observe the following:

(1) Predicting valence with a network trained on valence (Scenario I): All result metrics are
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Figure 5.5: Scenario II: Networks (1) and (2) are trained for predicting valence and arousal respec-
tively. The intermediate output (IP) from these networks is fed into network (3).

improved (or not decreased for the agreement per sequence).

(2) Predicting valence with Scenario II (inputs are estimations of networks trained on valence

and arousal respectively): All result metrics improve even more than (1).

(3) Predicting arousal with a network trained on arousal (Scenario I): The correlation increases

noticeably as well as the agreement per sequence. There is a drop in the agreement per fold

and an increase for the MSE.

(4) Predicting arousal values following Scenario II: All result metrics improved.

The previous observations provide us with strong indications that such training can discover and

learn temporal patterns in the valence and arousal values. Especially for the case of training

with both arousal and valence as inputs, the results demonstrate an improvement of all the result

metrics, irrelevantly of which value we are trying to predict.

Prediction with the facial expression cues confirms the first observation from the audio cues: All

result metrics of valence estimation improve, both with the first and second scenarios, only in this

case there is no clear dominance of any of the two scenarios. For the arousal prediction, training

with another network predicting arousal (Scenario I) improves the correlation but decreases the

agreement, while training with scenario II improves all result metrics. It is important to note that

the increase is not as great as in the audio case. We believe that this is in direct relation with

the fact that the correlation metric of the original network for the facial expression cues is not as

strong as in the audio cues case. Thus, many false dependencies/correlations emerging from the

prediction could negatively affect the performance of the second network which operates with the

prediction as input. Nevertheless, there is still an improvement.

The third scenario relates to the shoulder cues. Observe that the shoulder cues have the least cor-

relation from all the cues. Based on the previous experiments, we can deduce that the improve-

ment will not be great. Indeed, by observing the results, we can see that the only improvement

that can be found relates to the agreement values. In fact, there is a great drop in the correlation

for the valence, and a small drop for arousal.

In conclusion, what we can say about using networks to capture the correlations and patterns

in valence and arousal is that we can expect great improvement only if these patterns manifest

in a good degree in the intermediate prediction. For example, the audio cues have shown an
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Table 5.20: Comparing scenarios I & II with the original predictions, for capturing correlations
and patterns in the valence/arousal values. Values are in bold when they provide some improve-
ment (or no worsening) compared to the metrics in the original network

Valence Arousal

MSE COR_pf AGR_pf AGR MSE COR_pf AGR_pf AGR

A
Original 0.052 0.397 0.672 0.674 0.072 0.511 0.747 0.720

Scen. I 0.048 0.403 0.685 0.674 0.087 0.529 0.706 0.678
Scen. II 0.046 0.425 0.696 0.680 0.069 0.577 0.785 0.755

MSE COR_pf AGR_pf AGR MSE COR_pf AGR_pf AGR

F
Original 0.067 0.205 0.551 0.552 0.080 0.237 0.681 0.693

Scen. I 0.054 0.209 0.595 0.566 0.078 0.247 0.672 0.680
Scen. II 0.054 0.213 0.551 0.564 0.078 0.257 0.688 0.696

MSE COR_pf AGR_pf AGR MSE COR_pf AGR_pf AGR
S Original 0.056 0.026 0.438 0.467 0.098 0.041 0.524 0.522

Scen. I 0.061 0.001 0.534 0.527 0.099 0.031 0.568 0.601
Scen. II 0.066 0.004 0.438 0.474 0.099 0.035 0.563 0.595

improvement of 2.8% and 6.6% for the correlation in valence and arousal prediction respectively.

We can not expect significant results though if the intermediate estimation is not good enough. We

have though experimented with incorporating both valence and arousal in decision level fusion,

following a setting similar to Scenario II, only for more than one set of cues. We describe this

approach in the next section.

5.2.8 Decision-Level fusion & Valence Arousal Correlations

We will now describe some experiments with decision-level fusion using LSTM networks. Our

setting, includes the three best networks initially obtained (Section 5.2.4), i.e. with no PCA or

other attempt to improve the performance. We firstly perform decision level fusion on each of the

arousal/valence values, by using networks which predict the corresponding value as presented

in Fig. 5.6. Furthermore, in other experiments we attempt to fuse not only the networks which

predict the required value but both valence and arousal values from all the networks, as presented

in Fig. 5.7. This follows our experiments in learning correlations between the valence and arousal

values in Section 5.2.7. We will call this decision level fusion as the second type of decision-level

fusion (type II or 2) in order to discriminate it from the first one (type I or 1).

Our results are presented in Table 5.21 along with a comparison to our earlier feature-fusion at-

tempts, including PCA and SVR-RBF. Our first conclusion is that for the fusion of any combination

of cues except the face and shoulder cues there is a clear dominance of decision level fusion in

both settings, improving all the metrics. Furthermore, in this selection of cues and specifically

for arousal a further improvement is observed in all metrics by using the second type of deci-

sion level. For valence, there is always an increase in the correlation while a small decrease is

observed comparing to the first type of decision level fusion is observed only for the agreement

in the face/shoulder fusion. It is very important to notice the amount that the correlation in-

creases to comparing to feature level fusion: For example, in the fusion of all cues/modalities

the increase from feature level fusion is from 0.076 to 0.422. For the decision level fusion of the

face and shoulder the behaviour is more inconsistent. We believe that this is due to the very low
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Figure 5.6: Decision level fusion (type 1): In the example, the predicted valence from facial ex-
pression cues and audio cues is fused by using a third network which outputs the final prediction.
This example generalises to all combinations of cues and both valence/arousal.
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Figure 5.7: Decision level fusion (type 2) by using both arousal and valence from every set of cues:
In this example, the predicted valence and arousal values from both facial expression and audio
cues are fused, again by using a third network which outputs the final prediction. This example
generalises to all combinations of cues and both valence/arousal as final predictions.
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correlation that the shoulder cues expose, and the absence of the very good correlation that the

audio cues offer to balance the problem. The correlation still increases for training with both

valence and arousal (second decision-level fusion type ) in both valence and arousal prediction,

while training with the first decision-level fusion type increases the correlation only in the valence

prediction. Agreement increases in both decision-level fusion types for arousal prediction, while

for valence prediction it increases only with the first type of decision-level fusion.

What is very important to observe, is that the best correlation along with the best agreement is

achieved with the fusion of the face and audio cues and the fusion of all modalities/cues. There

is a very slight advantage to the fusion of the face and audio cues, but typically the difference

between the two is very small. This confirms our previous hypothesis (Section 5.2.7) that the

incorporation of the shoulder cues with the low correlation they provide slightly decreases the

overall performance. Finally, in Table 5.22 we present the averaged improvement7 for each of

the techniques compared in Table 5.21. The dominance of decision-level fusion for LSTMs is

obvious against the compared techniques, while decision-level fusion (type 2, with both valence

and arousal as inputs) presents us with the best recognition accuracy.

5.2.9 Continuous to Discrete Emotion Recognition

The final experiment that we will refer to is a different approach for discrete emotion recognition.

We essentially performed an experiment in determining how accurate the valence estimations

would be in determining the positive or negative classification of a sequence. The procedure we

followed referred to slicing the continuous valence estimation into a fixed number of windows n.

Then, we calculated the mean µ and standard deviation σ of the valence predictions that within

each temporal window. The pairs of these values for the n time frames composed an input example

to an SVM classifier as follows:

〈σ,µ〉1, . . . ,〈σ,µ〉n

where the vector was included by the corresponding label for positive or negative classification.

We performed this type of experiment only with the valence estimated by the audio cues. After

a grid search for the parameters, the best performance achieved in classifying a sequence as a

positive or negative emotional state was 61.4% (Parameters: c = 1.7, g = 0.038,E = 0.8), slightly

surpassing the 61.2% recognition rate of the HMM model trained in Section 5.1. This is highly

significant, as it can be observed that at least for this case this method (slightly) overperforms

typical HMM models. It is also noted that models such as SVMs can output probability estimates,

and by feeding these estimates into another classifier, a similar procedure to the classification in

the likelihood space (Section 5.1.2) could be performed - in this case by training one SVM for each

class. In conclusion, such experimentation would be interesting, and would also provide another

type of evaluation of the prediction of a continuous classifier. It is noted though, that this is heav-

ily dependent on the specific problem: In our case, we used positive/negative emotional states

and that suited the transition well. In other cases, e.g. where continuous emotion recognition is

performed on continuous streams of data, such a mapping is more difficult. As a final comment,

we should note that we also performed experiments in sequence classification with LSTMs, where

7We denote that when we refer to percentages with respect to the correlation, since the (non-negative) correlations
we are interested in are scaled from 0 to 1, we multiply with 100 in order to attain the percentage value. Then, the
percentage increase is the subtraction of the highest from the lowest value.
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Table 5.21: Decision-Level (DLev, type I) fusion compared to feature-level fusion (FeatLev),
feature-level fusion with PCA (featPCA), feature-level fusion with SVRs (fLSVR) and Decision-
Level fusion using both arousal and valence for each fused cue (VADLev, type II). The two best
results for each case are in bold.

Valence Arousal
MSE CORpf AGRpf AGR MSE CORpf AGRpf AGR

FSA featPCA 0.064 0.188 0.590 0.579 0.087 0.173 0.629 0.643
FeatLEV 0.059 0.076 0.441 0.475 0.087 0.270 0.645 0.638

fLSVR 0.058 0.161 0.526 0.547 0.087 0.172 0.617 0.627
Dlev 0.051 0.420 0.698 0.678 0.083 0.528 0.752 0.730

VADLev 0.050 0.422 0.708 0.690 0.077 0.570 0.781 0.745
MSE CORpf AGRpf AGR MSE CORpf AGRpf AGR

FA featPCA 0.063 0.181 0.559 0.569 0.096 0.186 0.620 0.623
FeatLEV 0.067 0.150 0.520 0.537 0.081 0.356 0.668 0.676

fLSVR 0.053 0.186 0.510 0.542 0.084 0.211 0.636 0.642
Dlev 0.052 0.424 0.706 0.681 0.073 0.538 0.758 0.730

VADLev 0.053 0.426 0.679 0.659 0.066 0.586 0.786 0.751
MSE CORpf AGRpf AGR MSE CORpf AGRpf AGR

SA featPCA 0.067 0.145 0.513 0.516 0.077 0.395 0.692 0.682
FeatLEV 0.071 0.154 0.516 0.526 0.084 0.460 0.697 0.693

fLSVR 0.062 0.091 0.509 0.520 0.092 0.298 0.643 0.620
Dlev 0.055 0.399 0.694 0.676 0.086 0.521 0.714 0.698

VADLev 0.052 0.418 0.703 0.689 0.078 0.539 0.750 0.723
MSE CORpf AGRpf AGR MSE CORpf AGRpf AGR

FS featPCA 0.053 0.050 0.485 0.512 0.098 0.174 0.592 0.617
FeatLEV 0.066 0.233 0.589 0.595 0.095 0.216 0.612 0.646

fLSVR 0.056 0.115 0.494 0.518 0.089 0.014 0.619 0.652
Dlev 0.065 0.234 0.551 0.549 0.089 0.204 0.663 0.675

VADLev 0.064 0.242 0.420 0.465 0.086 0.259 0.679 0.683

Table 5.22: Improvement of averaged correlation over all fused cues for PCA-LSTM (PCA),
feature-level SVR (fLSVR), feature-level LSTM (FeatLEV) against decision level fusion type I
(DLev) and decision level fusion type II (VADLev - using both valence and arousal as inputs).
Notice that type II fusion is better than type I on every single comparison.

Dlev VADLev

Valence Arousal AVG Valence Arousal AVG
PCA 22.83% 21.55% 22.19% 22.91% 25.65% 24.28%

fLSVR 23.11% 27.40% 25.26% 23.19% 31.50% 27.35%
FeatLEV 21.59% 12.20% 16.90% 21.68% 16.30% 18.99%
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the networks output a class label for each sequence instead of the continuous estimation. Results

did not show any improvement over the standard HMMs for the face and shoulder cues for which

we experimented with.
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5.3 Discussion

In this section we will attempt to summarise some of the conclusions we arrived at during the pre-

vious discussions and experiments described. There has been a variety of experiments performed,

thus this discussion will focus on the most important conclusions.

Firstly, with experiments in discrete emotion recognition:

• Subject-independent recognition is very difficult with four subjects. We confirm previous

work on the SAL database that only provides subject-dependent results (e.g. [199]). This

applies to continuous emotion recognition as well.

• The removal of background speech improves the performance of the system by nearly 6%,

while the noise reduction increases it by another 3.73%. In total, the improvement was

almost 10%.

• In subject dependent emotion recognition from CHMMs, the fusion of all cues provides

the best results, while the facial expression and shoulder cues (visual modality) are better

performing than the audio for positive/negative emotional state classification. Again, this

confirms the theoretical expectations [84].

• For classification in the likelihood space, a linear kernel by using SVM can improve the

performance of a separating line found with gradient descent. Furthermore, RBF kernels

specific for each combination of cues have been shown to increase the classification rate of

CHMMs by 11.9%, and the performance of a gradient descent found separating line by an

additional 5.5%. Most importantly, the results are the theoretically expected ones, with the

fusion of the all cues providing the best classification and the single cues which related to the

visual modality performing better than the audio cues. We denote that classification rates of

88.2%, 86.7% and 85.1% were attained, while with maximum likelihood classification the

maximum accuracy was 79.1% and with a separating line determined by gradient decent

85.1%. Finally, we observe that 6 of the 8 combinations of cues/modalities produce an

accuracy of over 79-80% (Table 5.8). We believe the high recognition rates demonstrate that

our segmentation process has successfully discriminated between negative/positive valence.

This is an indication towards the reliability of the ground truth.

and for continuous emotion recognition:

• The length of each temporal sequence which is destined for training sequence learning tech-

niques and especially for LSTMs which have the ability to learn long range patterns in the

input data is crucial. Although theoretically the facial expressions are better indications for

the valence dimension [84], the double length sequences of the audio cues provide better

results. When the features from the audio signal are extracted at a frame rate equivalent to

that of the video, the facial expression cues perform much better than the audio cues (again

for valence).

• Following the latter comparison, of the audio cues reduced to a video frame rate, we can still

notice that they perform better than the shoulder cues, which do not provide good results

in general, either in mono-cue or multi-cue recognition. We assume this is due to limited

variances in the shoulder motion (See discussion in Section 5.2.5).
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• The averaged MSE alone is not a proper indicator of the accuracy of the estimated values for

valence and arousal, as we have shown in Section 5.2.3. It should be used primarily with the

correlation and agreement metrics in order to provide a more objective evaluation, which

considers not only the numerical error but also the patterns of the distributions, as well as

the agreement level in terms of estimating a positive (negative) emotional state as a positive

(negative) for valence, similarly with active/passive for arousal.

• By training a SVM with the estimated "windowed" valence prediction of an LSTM network

for applying discrete emotion recognition, we achieve a performance of 61.4% slightly sur-

passing the 61.2% results reported by the HMMs. This is a very important observation and

despite the fact that more experiments with fusion and other cues are required to provide

more solid conclusions, it is crucial that the results compete with models specifically mod-

elled for discrete emotion recognition, such as the HMMs.

• Using a polynomial kernel in SVR does not provide naturalistic results for continuous emo-

tional recognition. The RBF kernel provides much better results, considering the correlation

and agreement. It is noted that the polynomial kernel in some cases presents us with a neg-

ative correlation with the ground truth.

• For single cues, the LSTMs perform better than the SVR-RBF (by 8.3% on average), except

for the shoulder cues for valence estimation, which as we have mentioned appear to be

problematic for continuous recognition. For feature-level fusion, the LSTMs provide sub-

stantially better results for arousal, while for valence the SVR-RBF performs better - this

could be an indication of certain feature dimensionality size issues with LSTMs. The corre-

lation of the audio cues with respect to the arousal ground truth for LSTMs is 0.511, even

improving the 0.505 average correlation that the human coders have for estimating arousal.

The respective valence correlation for audio is 0.397, slightly lower than the 0.45 correlation

that human coders have with the ground truth.

• For single cues dimensionality reduction does not provide any significant improvement.

The only slight improvement is with the shoulder cues. Dimensionality reduction with the

fusion of all cues does provide some improvement when the shoulder cues are involved,

except when they are fused with the audio cues alone. We believe that this is due to the

deterioration of the performance of the audio cues due to the dimensionality reduction.

• Capturing correlations between the valence/arousal values and detecting patterns in the

distributions can improve the performance, considering that the initial estimation is mod-

erately accurate. In our experiments, the only estimations that did not provide significant

improvement had a correlation of 0.035 or below with the ground truth. The maximum

improvement for the correlation of mono-cue recognition was 6.6%.

• Decision-level fusion with LSTMs, generally outperforms feature-level fusion with either

LSTMs or SVRs and feature-level fusion with PCA. Moreover, by using both arousal and

valence values for determining the output (which in an instance of networks can be either

arousal or valence) again provides very significant improvement. The largest increase can

be observed for the fusion of all cues: Feature-level fusion with LSTMs provides with a

correlation of 0.076, which is boosted to 0.42 with decision level fusion. The accuracy of
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a human coder with respect to the correlation with the ground truth is 0.505 for arousal.

This is again outperformed with decision level fusion by the fusion of all cues (0.57), the

face/audio cues (0.586) and the fusion of the shoulder/audio cues (0.539). The maximum

coder correlation with the ground truth for arousal is 0.62, closely approximated by our

0.59 results. The agreement of the coder with the ground truth regarding arousal is 0.82, a

value which is very closely approximated by the fusion of all cues (0.78) the fusion of facial

expression and shoulder cues (0.79) and the fusion of shoulder/audio cues (0.75). Also,

the correlation of the human coders with the valence ground truth is 0.45, approximated

by values such as 0.426 achieved by the facial expression/audio cues fusion. In general,

with decision-level fusion we improve feature-level fusion by 22% and 12% for valence and

arousal respectively, while with decision-level fusion by using both estimated arousal and

valence as features during training, the improvement is 22% and 16% respectively. When

compared to feature-level SVR fusion, the improvement reaches a 32% average increase for

arousal and 23.2% for valence.

We will conclude this chapter with two final discussions: Firstly, it is significant to remind the

reader that the optimal fusion method for emotion recognition is still an open research issue

(Chapter 2). It is claimed that feature-level fusion can allow the algorithm to learn inter-cue cor-

relations, while with decision-level fusion this is not possible. However, this generally applies

to discrete emotion recognition, where the output of a classifier is typically a small integer indi-

cating the class assigned. If we consider continuous emotion recognition though, decision-level

fusion can be seen from a much more different perspective. Firstly, the output of the algorithm

is a real number (limited to a finite set only by the machine accuracy). We believe that although

the correlations amongst the cues can not be explicitly learnt in decision-level fusion, these char-

acteristics of the cues can be implicitly encoded in the estimated values. Thus, by providing the

decision-level algorithm with a set of these patterns can imply the significant improvement ob-

served. Furthermore, decision-level fusion with valence (or arousal) estimations can allow the

learning technique to identify common and correct patterns across the predictions, and can disre-
gard patterns which appear not to offer any improvement to the estimated value during training.

Furthermore, the decision-level fusion of both arousal and valence estimations from the set of cues

being fused provides the learning technique with the opportunity to detect not only correlations

between valence (or arousal) estimations from different cues, but also correlations and patterns

between the valence and arousal estimations, thus providing a robust, effective and more accurate

performance improvement.

Secondly, we should comment on the fact that the correlation of our prediction with the ground

truth with respect to the arousal, is higher (0.586) than the average correlation (0.505) of the

coders with respect to the ground truth. We should state that we do not claim that the perfor-

mance is in general better. The coder annotations provide a minimum MSE of 0.02 with respect

to the ground truth, while for the corresponding experiments our MSE was more than 0.07. Sec-

ondly, the average agreement of the coder with the ground truth is 0.825, while the maximum

agreement we achieve is 0.786. In other words, we can not say that we generally perform better

than the average coder, but just refer to the correlation. We also should mention the fact that the

coder with the maximum correlation with respect to the ground truth has a correlation of 0.616,

higher than our predicted 0.586.
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Our assumption is that the distribution of the arousal ground truth can be easier predicted than

the distribution of the valence ground truth. We denote that this is confirmed by other work

which presents results for correlation in continuous emotion recognition: Specifically in [117], the

predicted correlation is twice and almost three times higher for arousal than the predicted corre-

lation for valence, while in [101], again the arousal correlation is larger. We should also denote

that this phenomenon could relate to the issues manifesting in human coder annotations (Section

4.4). Finally, the procedure of normalising and segmenting the annotations was based mainly on

synchronising the valence annotations and secondly on imposing thresholds on arousal, since the

main focus was on extracting positive and negative segments. This could have introduced a bias,

negatively affecting the coder arousal correlation to the ground truth.
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Conclusions & Future Work

In this work, we have provided a detailed description of background research (Chapter 2), cov-

ering state-of-the-art emotion recognition systems, providing a discussion on modern research

questions while also describing the background in emotion theory. We described a set of state-of-

the-art learning techniques suitable for continuous emotion recognition in Chapter 3, from which

Support Vector Machines and Long short-term memory neural networks have been used in our ex-

periments. In Chapter 4, we presented a novel segmentation procedure for extracting audiovisual

segments from databases which have continuous and dimensional emotion annotations, while we

presented our pre-processing experimentation. Finally, in Chapter 5, we present the entire set

of our experiments, ranging from discrete to continuous emotion recognition. We described our

most significant conclusions for these experiments in Section 5.3.

We believe that one of the most important conclusions one can have from this work, is the cru-

cial and substantial differences that constitute discrete and continuous emotion recognition two

vastly different problems. This is not only demonstrated by the different techniques and algo-

rithms required to approach the two problems, but also in the experimental results provided. For

example, consider how the double frame rate of the audio feature extraction shifted the balance in

favour of the audio cues in continuous emotion recognition, while the same characteristic did not

provide any significant variations in the ranking of the performance of each cue in the discrete

recognition. Consider how the shoulder movement cues, very descriptive for discrete emotion

recognition proved to be weak for predicting continuous emotions.

Continuous emotion recognition is still at its infancy, with the literature in the field providing just

a few examples of previous relevant research work. We hope that with this work, we have pro-

vided a step towards the generation of fully automatic continuous emotion recognition systems.

6.1 Future Work

In this section we will provide some topics that can be undertaken as future work. We should note

that the research issues relating with emotion recognition and continuous emotion recognition are

many, and so are the possibilities of research building on this work. We just denote some of the

most significant points:
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• We have briefly mentioned the topic of moving from continuous to discrete emotion recog-

nition. This is very important for two reasons: Firstly, the accuracy could provide a quite

interesting evaluation method of the performance of the continuous estimation. Secondly, as

we have seen from just a single experiment conducted with SVMs for the audio cues valence

estimation, the performance we achieved for classifying a sequence as positive/negative was

slightly better compared to the classification rate of HMMs (Section 5.2.9).

• Training continuous emotion recognition systems to learn and be able to model an individ-

ual coder. For example, in the SAL case we have four coders, each providing annotations.

A separate classifier can be trained for each of the coders, each one predicting the anno-

tations of the specific coder given as input the same set of features (from the cues used).

Then, the estimation that these models of the coders would provide would be fused provid-

ing the final estimation. We believe that this technique would be able to better capture the

actual behaviour of the coder while annotating and thus would be able to better predict the

estimated values.

• We have already demonstrated how the frame rate at which features are extracted is of high

importance, along with the actual length of the sequences. It is thus crucial to firstly obtain

audiovisual material with a higher video frame rate. It is noted that the issue of how humans

perceive visual images is not fully explored in the relevant sciences such as neurology, i.e.

there is no "frames-per-second" estimate for the human eye and translation. Thus, the higher

the frame rate of the videos we process, the more features we extract per sequence, enforcing

crucially the dynamic sequence learning techniques for continuous emotion recognition. In

this case, in the future we can work with databases which provide more frames per second,

while we can also experiment with extracting longer sessions.

• We have already referred to the baseline problem (Section 2.5). It would be interesting to ex-

amine how regression on sequence learning performs without the explicit presence of such

a baseline. Although it is typically considered that a baseline is required, it is interesting to

observe how the performance degrades in the contrary case, and if the dynamic classifica-

tion methods would be able to catch up over time and adjust to the changing features in the

sequences.

• There is still room for experimenting with new techniques. We plan to work not only

with LSTMs and SVR, but also with other techniques for continuous emotion recognition,

whether that is with continuous real values (regression) or quantised levels (with assigned

labels, as would be done for CRFs). Furthermore, it would be interesting to experiment with

learning techniques that can cope with missing values in the learning data, thus making the

interpolation stage unnecessary (where the "missing values" problem is manifested)

• Furthermore, in this work we have not fully explored the decision-level fusion options avail-

able. It would be interesting to examine how SVR performs with decision-level fusion, while

there are many other techniques for experimentation, such as using linear combinations

[101].

• As aforementioned, the development of emotion-specific learning techniques is still an open

research issue. A quite interesting work would be to evaluate the results that we achieved in
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our experiments and determine how modifying or combining modern learning techniques

can improve the performance in emotion recognition.

• Improving our normalisation and segmentation procedure: We have demonstrated that our

normalisation procedure does decrease the MSE amongst the coders and does promote coder

agreement. Experimentation with the segmentation procedure though could provide us

with improved segments for the learning. Issues of improvement could relate to more accu-

rate synchronisation and time-shifting for both valence and arousal, more robust matching

between transitions from one emotional state to the other, synchronisation based on the

peaks in the distributions or even synchronisation based on temporal intervals were miss-

ing annotations exist, while minimising the time shifting offset and maximising the number

of agreeing coders.
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Appendix

7.1 Toolkits

For the learning techniques involved in this project, we have used the libsvm library for Support

Vector Machines and Regression [33], RNNLIB http://wiki.github.com/alexgraves/RNNLIB

for Long Short-Term Memory networks by Alex Graves, and the library developed for Coupled

Hidden Markov Models by S. Kaltwang [100] based on The Bayes Net Toolbox for MATLAB [131].

The source code of each toolkit was modified where it was required, while for Support Vector

Machines we experimented with the "Multi-class classification (and probability output) via error-

correcting codes" extension, described in [94].

7.2 Algorithm Notation

We present common notation for the algorithms we present. It is noted that other notation may

appear if described in the text.

• a← b: Assignment of b to a

• a = b: Check if b equals a

• for a in C: Iterate through the collection (or list, or vector) C, assigning at iteration i the i-th

element of C to a

• sign(s): returns 1 for a positive and -1 for a negative number. Since this function has been

used for inputs which do not contain zeros (0), 0 is returned only if the input is not a number

(NaN)

• length(C): refers to the number of objects in collection C

• int(K): returns the nearest integer of real number K

• corr(coder): returns the correlation of coder
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7.3 Useful Vocabulary

We present some of the terminology that is constantly used throughout the project:

• annotations: With the term annotations we describe the valence/arousal measurements that

the human coders provided in order to evaluate the emotional state of the subjects presented

in the SAL database sessions.

• coder: A coder is the human who manually performs the annotation of the audiovisual

material in SAL.

• segment, sequence: In our description, the set of videos along with the ground truth anno-

tations produced by our segmentation (Chapter 4) constitute the set of audiovisual segments
we use for learning. We use the term sequence essentially to refer to the segment as a se-
quence of frames.

• session: By session, we refer to the SAL database sessions, before they were segmented by

our method.

• transition, crossover: Especially in the segmentation chapter (Chapter 4), we refer to tran-

sitions from and to an emotional state to the other (we examine two discrete states: positive

and negative). We use both words with essentially the same meaning, with the crossover

being used mostly when we describe algorithms.
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7.4 Tables

Table 7.1: Coder error with respect to the ground truth, by comparing the annotations before
pre-processing

Valence Arousal

Coder MSE COR MSE COR
JD 0.04687 0.452134 0.039294 0.530569
cc 0.063639 0.403239 0.038473 0.392515
dr 0.067365 0.483183 0.063935 0.610911

em 0.111626 0.391809 0.093746 0.426104
AVG 0.072375 0.432591 0.058862 0.490025
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Table 7.2: Correlation, agreement (Equation 4.1) and trust1 (Equation 4.2 for a=b=1) values for
each of the sessions and each of the coders, after normalisation (mean=1, std=0). Each of the
values presented is the averaged value of each coder towards the rest of the coders, as discussed
in Section 4.1.3

Name Coder

cc dr em JD
COR AGR TR1 COR AGR TR1 COR AGR TR1 COR AGR TR1

edA01 0.62 0.72 0.67 0.52 0.66 0.59 0.52 0.66 0.59 0.62 0.68 0.65
edA02 0.64 0.72 0.68 0.44 0.63 0.54 0.66 0.71 0.69 0.64 0.73 0.68
edA03 0.60 0.69 0.65 0.51 0.68 0.59 0.45 0.66 0.56
edB01 0.66 0.71 0.68 0.74 0.74 0.74 0.62 0.71 0.66
edB02 0.54 0.60 0.57 0.57 0.63 0.60 0.52 0.62 0.57
edB03 0.64 0.68 0.66 0.75 0.70 0.72 0.68 0.66 0.67
ellA01 0.87 0.86 0.86 0.85 0.83 0.84 0.88 0.86 0.87 0.85 0.84 0.84
ellA02 0.73 0.78 0.76 0.66 0.74 0.70 0.72 0.78 0.75 0.51 0.65 0.58
ellA03 0.83 0.74 0.79 0.82 0.75 0.78 0.86 0.77 0.82 0.82 0.75 0.79
ellA04 0.42 0.59 0.50 0.22 0.53 0.37 0.49 0.63 0.56 0.34 0.59 0.46
ellB01 0.52 0.72 0.62 0.58 0.75 0.66 0.52 0.73 0.62 0.53 0.72 0.62
ellB02 0.67 0.73 0.70 0.66 0.70 0.68 0.67 0.70 0.68 0.74 0.75 0.74
ellB03 0.71 0.77 0.74 0.70 0.76 0.73 0.78 0.78 0.78 0.69 0.74 0.72
ellB04 0.62 0.75 0.69 0.67 0.72 0.69 0.67 0.76 0.71 0.53 0.68 0.60
ianA01 0.55 0.76 0.65 0.54 0.74 0.64 0.57 0.75 0.66 0.39 0.71 0.55
ianA02 0.14 0.59 0.37 0.36 0.65 0.51 0.35 0.66 0.51 0.36 0.65 0.51
ianB01 0.42 0.66 0.54 0.24 0.64 0.44 0.27 0.66 0.46 0.28 0.62 0.45
ianB02 0.27 0.69 0.48 0.34 0.69 0.51 0.36 0.69 0.53 0.37 0.67 0.52
rodA01 0.53 0.69 0.61 0.56 0.69 0.63 0.55 0.67 0.61 0.53 0.71 0.62
rodA02 0.70 0.80 0.75 0.67 0.77 0.72 0.72 0.80 0.76 0.62 0.77 0.70
rodA03 0.44 0.68 0.56 0.52 0.69 0.61 0.52 0.71 0.61 0.28 0.64 0.46
rodA04 0.27 0.62 0.44 0.25 0.59 0.42 0.41 0.66 0.54 0.19 0.62 0.41
rodB01 0.06 0.56 0.31 0.16 0.56 0.36 0.15 0.58 0.36 0.16 0.57 0.36
rodB02 0.55 0.69 0.62 0.52 0.70 0.61 0.48 0.66 0.57 0.46 0.67 0.57
rodB03 0.54 0.74 0.64 0.54 0.69 0.61 0.51 0.72 0.61 0.56 0.71 0.63
rodB04 0.22 0.63 0.43 0.14 0.61 0.37 0.32 0.65 0.49 0.19 0.64 0.42
rodB05 0.61 0.70 0.65 0.61 0.67 0.64 0.65 0.71 0.68 0.61 0.68 0.65

AVG 0.52 0.70 0.61 0.52 0.68 0.60 0.56 0.71 0.63 0.50 0.68 0.59
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Table 7.3: Range of valence annotations for each session by each coder (cc, dr, em and JD and average), before and after normalising the data to zero
mean. Before the normalisation, the average range of values is [0.603 -0.457], while after the normalisation it is [0.598 -0.463]. Narrowed down to two
significant digits the range is identical, [0.60 to 0.46]

name
MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN

edA01 0.730 0.020 0.700 -0.050 0.950 0.150 0.550 -0.300 0.730 -0.050 0.350 -0.360 0.360 -0.400 0.350 -0.460 0.430 -0.420 0.370 -0.410
edA02 0.650 -0.470 0.230 -0.410 0.720 -0.690 0.560 -0.500 0.540 -0.520 0.760 -0.360 0.420 -0.220 0.960 -0.450 0.790 -0.280 0.730 -0.330
edA03            0.650 -0.330 0.910 -0.390 0.440 -0.280 0.670 -0.330            0.440 -0.530 0.670 -0.620 0.420 -0.310 0.510 -0.490
edB01            0.620 -0.500 0.700 -0.410 0.770 -0.500 0.700 -0.470            0.480 -0.640 0.480 -0.630 0.660 -0.620 0.540 -0.630
edB02            0.180 -0.540 0.630 -0.500 0.620 -0.510 0.480 -0.520            0.380 -0.340 0.830 -0.300 0.810 -0.310 0.680 -0.320
edB03            0.790 -0.530 0.720 -0.380 0.580 -0.550 0.690 -0.490            0.650 -0.670 0.560 -0.540 0.540 -0.580 0.580 -0.600
ellA01 0.720 -0.740 0.680 -0.680 0.650 -0.500 0.760 -0.390 0.700 -0.580 0.730 -0.730 0.690 -0.670 0.670 -0.480 0.760 -0.390 0.710 -0.570
ellA02 0.540 -0.740 0.460 -0.670 0.440 -0.640 0.530 -0.430 0.490 -0.620 0.780 -0.510 0.530 -0.600 0.620 -0.460 0.620 -0.340 0.640 -0.480
ellA03 0.670 -0.710 0.730 -0.640 0.720 -0.580 0.690 -0.640 0.700 -0.640 0.930 -0.450 0.860 -0.510 1.000 -0.290 0.880 -0.450 0.920 -0.420
ellA04 0.450 -0.740 0.150 -0.540 0.560 -0.690 0.520 -0.520 0.420 -0.620 0.700 -0.490 0.340 -0.350 0.890 -0.370 0.770 -0.270 0.670 -0.370
ellB01 0.510 -0.440 0.200 -0.470 0.080 -0.610 0.190 -0.490 0.240 -0.500 0.590 -0.350 0.320 -0.350 0.400 -0.290 0.410 -0.280 0.430 -0.320
ellB02 0.540 -0.510 0.630 -0.580 0.330 -0.660 0.510 -0.460 0.500 -0.550 0.450 -0.600 0.590 -0.630 0.470 -0.520 0.520 -0.450 0.510 -0.550
ellB03 0.670 -0.520 0.770 -0.600 0.690 -0.560 0.900 -0.410 0.760 -0.520 0.430 -0.760 0.570 -0.800 0.520 -0.730 0.700 -0.600 0.560 -0.730
ellB04 0.350 -0.480 0.520 -0.620 0.870 -0.610 0.920 -0.680 0.660 -0.590 0.490 -0.330 0.680 -0.450 1.160 -0.310 1.100 -0.500 0.860 -0.400
ianA01 0.660 -0.200 0.610 -0.320 0.780 -0.190 0.560 -0.290 0.650 -0.250 0.420 -0.440 0.440 -0.490 0.490 -0.480 0.530 -0.320 0.470 -0.430
ianA02 0.360 -0.430 0.520 -0.560 0.890 -0.410 0.600 -0.370 0.590 -0.440 0.310 -0.480 0.550 -0.530 1.020 -0.280 0.700 -0.270 0.650 -0.390
ianB01 0.480 -0.240 0.510 -0.400 0.850 -0.220 0.500 -0.250 0.590 -0.280 0.290 -0.430 0.460 -0.450 0.530 -0.530 0.560 -0.200 0.460 -0.400
ianB02 0.520 0.000 0.660 -0.250 0.740 -0.240 0.580 -0.210 0.630 -0.170 0.220 -0.300 0.320 -0.580 0.330 -0.650 0.500 -0.290 0.340 -0.450
rodA01 0.510 -0.160 0.840 -0.490 0.790 -0.120 0.930 -0.280 0.770 -0.260 0.280 -0.390 0.500 -0.830 0.480 -0.430 0.740 -0.470 0.500 -0.530
rodA02 0.510 -0.250 0.730 -0.650 0.710 -0.670 0.990 -0.590 0.740 -0.540 0.460 -0.310 0.930 -0.450 0.860 -0.520 1.150 -0.430 0.850 -0.430
rodA03 0.700 -0.160 0.790 -0.670 0.690 -0.290 0.970 -0.370 0.790 -0.370 0.370 -0.480 0.720 -0.740 0.490 -0.490 1.030 -0.310 0.650 -0.500
rodA04 0.640 -0.020 0.670 -0.500 0.810 -0.190 1.000 -0.300 0.780 -0.250 0.310 -0.350 0.630 -0.550 0.530 -0.480 0.980 -0.320 0.610 -0.420
rodB01 0.010 -0.740 0.010 -0.850 -0.030 -0.770 -0.120 -0.890 -0.030 -0.810 0.430 -0.320 0.580 -0.280 0.540 -0.200 0.390 -0.390 0.490 -0.300
rodB02 0.630 -0.350 0.780 -0.640 0.470 -0.580 0.990 -0.450 0.720 -0.500 0.500 -0.480 0.900 -0.530 0.700 -0.340 0.740 -0.690 0.710 -0.510
rodB03 0.390 -0.720 0.080 -0.870 0.010 -0.790 0.970 -0.890 0.360 -0.820 0.630 -0.470 0.560 -0.390 0.530 -0.270 1.210 -0.640 0.740 -0.440
rodB04 0.610 0.000 0.690 -0.010 0.600 -0.350 0.960 -0.310 0.720 -0.170 0.250 -0.360 0.330 -0.380 0.370 -0.570 0.700 -0.570 0.410 -0.470
rodB05 0.540 -0.170 0.600 -0.600 0.630 -0.570 0.950 -0.590 0.680 -0.480 0.320 -0.390 0.470 -0.720 0.580 -0.610 0.840 -0.690 0.550 -0.610

AVG 0.539 -0.381 0.548 -0.517 0.626 -0.461 0.682 -0.461 0.603 -0.457 0.478 -0.441 0.544 -0.521 0.631 -0.456 0.721 -0.422 0.598 -0.463

normalized to avg=1

Valence

cc dr em
no normalization

AVGJD AVG cc dr em JD
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Table 7.4: Range of arousal annotations for each session by each coder (cc, dr, em and JD and average), before and after normalising the data to zero
mean. Average range before normalisation is [0.630 -0.406], which changes after normalisation to [0.536 -0.500]

name

MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN

 edA01 0.470 -0.360 0.630 -0.270 0.770 0.030 0.520 -0.120 0.600 -0.180 0.310 -0.520 0.430 -0.470 0.380 -0.360 0.410 -0.220 0.380 -0.390
 edA02 0.710 -0.430 0.840 -0.370 0.790 -0.310 0.720 -0.200 0.760 -0.330 0.490 -0.650 0.470 -0.740 0.360 -0.740 0.460 -0.450 0.450 -0.650
 edA03           0.500 -0.510 0.640 -0.370 0.480 -0.240 0.540 -0.370           0.590 -0.420 0.290 -0.710 0.390 -0.330 0.430 -0.490
 edB01           0.520 -0.410 0.720 -0.410 0.590 -0.510 0.610 -0.440           0.520 -0.410 0.490 -0.640 0.540 -0.560 0.520 -0.540
 edB02           0.870 -0.740 0.650 -0.530 0.830 -0.450 0.780 -0.570           0.770 -0.840 0.450 -0.730 0.720 -0.550 0.650 -0.710
 edB03           0.610 -0.370 0.850 -0.350 0.660 -0.170 0.700 -0.290           0.440 -0.540 0.450 -0.750 0.500 -0.320 0.460 -0.540
ellA01 0.460 -0.410 0.720 -0.540 0.610 -0.340 0.630 -0.190 0.600 -0.370 0.520 -0.350 0.680 -0.580 0.410 -0.540 0.470 -0.350 0.520 -0.450
ellA02 0.340 -0.730 0.720 -0.470 0.550 -0.670 0.740 -0.410 0.590 -0.570 0.460 -0.610 0.710 -0.480 0.560 -0.660 0.690 -0.450 0.600 -0.550
ellA03 0.620 -0.550 0.810 -0.580 0.830 -0.550 0.810 -0.450 0.770 -0.530 0.630 -0.540 0.710 -0.680 0.640 -0.740 0.670 -0.600 0.660 -0.640
ellA04 0.610 -0.350 0.900 -0.410 0.760 -0.380 0.840 -0.240 0.780 -0.350 0.440 -0.520 0.520 -0.790 0.370 -0.770 0.540 -0.540 0.470 -0.650
ellB01 0.370 -0.280 0.680 -0.260 0.580 -0.180 0.630 0.000 0.570 -0.180 0.380 -0.270 0.560 -0.390 0.220 -0.540 0.330 -0.300 0.370 -0.380
ellB02 0.240 -0.610 0.540 -0.550 0.450 -0.650 0.640 -0.280 0.470 -0.520 0.420 -0.440 0.650 -0.440 0.490 -0.600 0.520 -0.400 0.520 -0.470
ellB03 0.420 -0.390 0.720 -0.620 0.650 -0.490 0.570 -0.260 0.590 -0.440 0.420 -0.380 0.620 -0.720 0.600 -0.550 0.390 -0.440 0.510 -0.520
ellB04 0.220 -0.470 0.540 -0.520 0.560 -0.730 0.490 -0.340 0.450 -0.510 0.390 -0.300 0.670 -0.390 0.720 -0.570 0.460 -0.370 0.560 -0.410
ianA01 0.290 -0.330 0.640 -0.400 0.650 -0.410 0.490 -0.170 0.520 -0.330 0.280 -0.340 0.600 -0.430 0.280 -0.770 0.430 -0.230 0.400 -0.440
ianA02 0.420 -0.290 0.600 -0.630 0.540 -0.350 0.580 -0.280 0.530 -0.390 0.400 -0.310 0.630 -0.590 0.300 -0.590 0.480 -0.370 0.450 -0.460
ianB01 0.430 -0.300 0.600 -0.450 0.520 -0.490 0.570 -0.130 0.530 -0.340 0.440 -0.280 0.690 -0.360 0.400 -0.620 0.470 -0.230 0.500 -0.370
ianB02 0.310 -0.260 0.520 -0.520 0.630 -0.090 0.490 -0.010 0.490 -0.220 0.320 -0.260 0.640 -0.400 0.320 -0.390 0.380 -0.130 0.410 -0.300
rodA01 0.380 -0.200 0.750 -0.380 0.710 -0.180 0.560 -0.010 0.600 -0.190 0.280 -0.300 0.670 -0.460 0.410 -0.480 0.430 -0.150 0.450 -0.350
rodA02 0.580 -0.310 0.870 -0.750 0.720 -0.540 0.760 -0.470 0.730 -0.520 0.520 -0.360 0.630 -0.990 0.420 -0.850 0.550 -0.680 0.530 -0.720
rodA03 0.270 -0.430 0.530 -0.670 0.460 -0.410 0.270 -0.120 0.380 -0.410 0.440 -0.270 0.700 -0.500 0.510 -0.350 0.210 -0.180 0.460 -0.330
rodA04 0.440 -0.260 0.850 -0.260 0.700 -0.100 0.720 -0.090 0.680 -0.180 0.380 -0.320 0.530 -0.570 0.290 -0.510 0.560 -0.250 0.440 -0.410
rodB01 0.730 -0.710 0.850 -0.780 0.810 -0.840 0.940 -0.870 0.830 -0.800 1.110 -0.340 1.210 -0.420 1.200 -0.450 1.230 -0.580 1.190 -0.450
rodB02 0.440 -0.340 0.840 -0.440 0.710 -0.590 0.580 -0.290 0.640 -0.410 0.420 -0.360 0.750 -0.530 0.770 -0.530 0.510 -0.360 0.610 -0.450
rodB03 0.580 -0.650 0.890 -0.850 0.970 -0.800 0.900 -0.870 0.840 -0.790 0.720 -0.500 1.110 -0.620 1.010 -0.770 0.980 -0.790 0.950 -0.670
rodB04 0.500 -0.290 0.840 -0.360 0.790 -0.440 0.730 -0.030 0.720 -0.280 0.400 -0.400 0.640 -0.550 0.440 -0.800 0.420 -0.340 0.470 -0.520
rodB05 0.500 -0.390 0.870 -0.400 0.790 -0.620 0.660 -0.350 0.700 -0.440 0.360 -0.530 0.750 -0.520 0.460 -0.950 0.410 -0.600 0.500 -0.650

AVG 0.449 -0.406 0.713 -0.500 0.682 -0.437 0.644 -0.280 0.630 -0.406 0.458 -0.398 0.663 -0.549 0.490 -0.628 0.524 -0.399 0.536 -0.500

em JD AVG

Arousal

no normalization normalized to avg=1

cc dr em JD AVG cc dr
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Table 7.5: Audiovisual data and annotations. All videos have a frame rate of 25 fps

Session Filename Length (seconds) Coders
1 edA01 332.04 4,{cc,dr,em,JD}
2 edA02 459.20 4,{cc,dr,em,JD}
3 edA03 493.16 3,{dr,em,JD}
4 edB01 330.78 3,{dr,em,JD}
5 edB02 348.99 3,{dr,em,JD}
6 edB03 282.15 3,{dr,em,JD}
7 ellA01 438.64 4,{cc,dr,em,JD}
8 ellA02 372.36 4,{cc,dr,em,JD}
9 ellA03 595.88 4,{cc,dr,em,JD}

10 ellA04 394.71 4,{cc,dr,em,JD}
11 ellB01 346.52 4,{cc,dr,em,JD}
12 ellB02 410.67 4,{cc,dr,em,JD}
13 ellB03 305.60 4,{cc,dr,em,JD}
14 ellB04 357.51 4,{cc,dr,em,JD}
15 ianA01 237.64 4,{cc,dr,em,JD}
16 ianA02 394.92 4,{cc,dr,em,JD}
17 ianB01 289.92 4,{cc,dr,em,JD}
18 ianB02 220.68 4,{cc,dr,em,JD}
19 rodA01 426.03 4,{cc,dr,em,JD}
20 rodA02 307.30 4,{cc,dr,em,JD}
21 rodA03 483.58 4,{cc,dr,em,JD}
22 rodA04 372.38 4,{cc,dr,em,JD}
23 rodB01 430.56 4,{cc,dr,em,JD}
24 rodB02 335.99 4,{cc,dr,em,JD}
25 rodB03 515.60 4,{cc,dr,em,JD}
26 rodB04 298.40 4,{cc,dr,em,JD}
27 rodB05 357.88 4,{cc,dr,em,JD}
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