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Abstract

Frederik Nagel

Psychoacoustical and Psychophysiological Correlates of the Emotional Impact
and the Perception of Music

Music plays an important role in everyday human life. One important reason for
this is the capacity of music to influence the emotions of the listeners. Sometimes
music is even accompanied by physical reactions, the so-called“strong experiences
of music” (SEMs). Very pleasurable emotions are referred to as “chills”, which
denote shivers down the spine or goose pimples. The present study consists of two
experiments investigating both the role of psychoacoustical features and social
backgrounds of participants, and physiological correlates of chills.

An adequate study of emotions in music should be based on the real-time mea-
surement of self-report data using a continuous response method. Therefore, a
recording system is proposed in this thesis which considers two important aspects:
firstly, experimental and technical standards for continuous measurement should
be taken into account for a better comparison of results, and secondly, the record-
ing system should be open to the inclusion of multimodal stimuli. Based on these
two primary considerations, four basic principles of the continuous measurement
of emotions are addressed: (a) the dimensionality of the emotion space; (b) the
synchronization of media and self-reported data; (c) the interface construction
for emotional responses; and (d) an integrated software solution. Researcher-
developed software (EMuJoy) is presented as a freeware solution for the continu-
ous measurement of responses to different media.

Participants (n = 38) in the first experiment listened to both pre-selected mu-
sical pieces and their own favorite emotion-inducing pieces and reported their
chill experiences. They were asked to report their emotions in real-time using
a two-dimensional emotion space in a computer software. Additionally, psycho-
physiological measurements, such as heart rate (HR) and skin conductance (SC),
were taken. Films were created from the time-series of all self-reports as a syn-
opsis for seven musical pieces heard by all participants. This technique of data
visualization allows a very aesthetic method of data analysis and provides the
opportunity to investigate commonalities of emotional self-reports as well as dif-
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ferences between individuals. In addition to the presentation of the films, possible
applications are discussed in areas such as social sciences, musicology and the mu-
sic industry.

Psychoacoustical parameters of musical excerpts, each 20 s in length, with chill-
reports in the middle of the time window were analyzed and compared with
musical excerpts of the same length without chill responses. A significant increase
of loudness in the frequency range between 8 and 18 Barks (920-4400 Hz) was
found in excerpts with which chills were experienced.

The relationship between self-reported chills and the psychophysiological pa-
rameters HR, HR variability (HRV) and SC were also investigated in this ex-
ploratory study. Standard deviation of instantaneous heart rate was found to be
greater in musical pieces where chills occurred than in those without chills. SC
increased by 79.8% and HR by 70.6% when chills were reported, regardless of the
specific musical piece. However, the correlation between chills and physiology
is weak. The maximum skin conductance response lagged behind the onset of
self-reported chills by 3.5 s; and the maximum heart rate lagged behind by 1.5 s.
Crosscorrelating skin conductance and heart rate allows the quantification of the
lag both between as well as within participants. The physiological time-series
data showed a typical pattern for the mean values when chills were experienced.
It could, however, be demonstrated that though physiology is not appropriate
as a sole indicator of strong emotions, it is necessary in order to validate psy-
chological self-reports when chills are defined as emotional reactions with the
cooccurrence of both physiological changes and the experience of the chill.

In a second experiment, choral singers (n = 54) listened to 174 musical pieces se-
lected from the first experiment. Participants had to rate the familiarity, arousal,
liking, and chill-potential, and to indicate whether they experienced chills them-
selves. Participants were able to rate the chill-potential of musical pieces with
high coherence (Cronbach’s α = .85). Furthermore, there is high accordance in
the rating of arousal and liking (α = .95;α = .94), while the real chill experience
is participant-specific (α = .70). Regression analysis showed that subjectively
perceived arousal can mainly be explained by loudness (R2 = .51). However, vari-
ance in liking and chill-potential cannot be explained so easily. Participants were
also asked about their criteria for rating the chill-potential of excerpts. Harmony,
melody, climax and course of loudness were the four most important parameters.
Also a gender-related effect of music in the selected 174 excerpts was observed: fe-
males experienced more chills than males (females: 32.1 chills per subject, males:
15.2 chills per participant), while arousal, liking and chill-potential were rated
systematically higher by women than by men.

viii



Zusammenfassung

Frederik Nagel

Psychoakustische und psychophysiologische Korrelate der emotionalen Wirkung
und Wahrnehmung von Musik

Musik ist wesentlicher Bestandteil unseres täglichen Lebens, nicht zuletzt auf-
grund ihrer Fähigkeit, Emotionen in uns auszulösen. Besonders starke Emo-
tionen bei Musik werden manchmal von physiologischen Reaktionen begleitet;
diese werden in der englischsprachigen Literatur als ”strong experiences of music“
(SEMs) bezeichnet. Das Erleben einer Gänsehaut oder eines Schauers, der über
den Rücken läuft – der so genannte ”Chill“ –, wird dabei als besonders angenehm
empfunden. In der vorliegenden Arbeit werden zwei Experimente vorgestellt, die
das Ziel hatten, die Rolle psychoakustischer Merkmale für die emotionale Wahr-
nehmung von Musik zu bestimmen. Ferner sollte untersucht werden, welche
Bedeutung der psychosoziale Hintergrund von Versuchspersonen (Vpn) für das
Erleben von Chills spielt. Schließlich sollten physiologische Korrelate von Chills
analysiert werden.

Da sich emotionale Reaktionen auf Filme und Musik über die Zeit entfalten,
sollten diese auch kontinuierlich gemessen werden. Dafür wurde im Rahmen der
Arbeit ein Softwaresystem entworfen und implementiert, das zwei wichtige As-
pekte berücksichtigt: Erstens werden experimentelle und technische Standards
benötigt, um eine Vergleichbarkeit von Studien zu gewährleisten. Zweitens sollte
solch ein System offen für verschiedene auch multimodale Stimuli sein. Aus-
gehend von diesen zwei Forderungen werden die vier folgenden Prinzipien der
kontinuierlichen Messung von Emotionen behandelt: (a) die Dimensionalität des
Emotionsraums; (b) die Synchronisierung von Medien und kontinuierlicher Selbst-
auskunft; (c) die Benutzerschnittstelle für die emotionale Selbstauskunft und
(d) eine Softwarelösung. Die in diesem Zusammenhang entwickelte Freeware-
Software ”EMuJoy“ wird als Werkzeug zur kontinuierlichen Messung emotionaler
Selbstauskunft zu multimedialen Reizen vorgestellt.

Im ersten Experiment hörten Vpn (n = 38) verschiedene Musikstücke, Ver-
gleichsstücke, die allen Vpn vorgespielt wurden und mitgebrachte Stücke, bei de-
nen die Vpn erwarteten, einen Chill zu bekommen. Dabei wurden die gefühlten
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Emotionen und Chills kontinuierlich mit der EMuJoy-Software aufgezeichnet. Zu-
sätzlich wurden psychophysiologische Messungen, u. a. von Herzrate (HR) und
Hautleitwert (SC = skin conductance), durchgeführt. Aus den Daten der emo-
tionalen Selbstauskunft aller Probanden wurden Animationen erstellt, die zur glei-
chen Zeit Einblick in die emotionalen Daten von 38 Vpn Daten boten. Mit dieser
Art der Datenvisualisierung wurde eine ästhetische Methode der Datenanalyse
geschaffen und die Möglichkeit gegeben, Ähnlichkeiten und Unterschiede im Ver-
lauf der emotionalen Selbstauskunft leicht zu bestimmen. Neben der Präsentation
dieser Animationen werden mögliche Einsatzgebiete in den Sozialwissenschaften,
der Musikwissenschaft und der Musikindustrie diskutiert.

Aus den Musikstücken, bei denen Chills berichtet worden waren, wurden Aus-
schnitte von jeweils 20 Sekunden Länge um die Chillantworten herum erstellt und
psychoakustisch analysiert. Es konnte ein signifikanter Anstieg in der Lautstärke
im Frequenzbereich zwischen 8 und 18 Barks (920 4400 Hz) bei Chillstellen nach-
gewiesen werden, außerdem unterschieden sich die Chill-Ausschnitte von solchen
ohne Chills durch eine erhöhte Rauigkeit und einen verminderten Ton-Rausch-
Abstand.

Ein weiterer Schwerpunkt lag in der Betrachtung des Zusammenhangs zwi-
schen angegebenen Chills und psychophysiologischen Parametern wie HR, Herz-
ratenvariabilität und SC. Die Standardabweichung der instantanen HR war in
Stücken mit Chills gegenüber Stücken ohne Chills gesteigert. Im Zusammenhang
mit Chills war in allen Musikstücken die SC in 79.8% und die HR in 70.6% er-
höht in 10-Sekunden Fenstern um Chills. Die (biseriale) Korrelation der beiden
Parameter Chills und Psychophysiologie ist dagegen schwach. Die SC erreichte
sein Maximum im Mittel bei 3,5 s nach der Chillangabe, die HR bei 1,5 s. Mit
Hilfe einer Kreuzkorrelation konnte die Konsistenz dieser Verzögerung sowohl
inter- als auch intraindividuell nachgewiesen werden. Die physiologischen Zeitrei-
hen zeigten bei Chills im Mittel ein typisches Muster. Physiologie allein erwies
sich als ungeeignet als einziger Indikator für das Chillerleben; sie sollte mit der
emotionalen Selbstauskunft kombiniert werden.

In einem zweiten Experiment wurde Chorsängern (n = 54) ein Auswahl von 174
Musikausschnitten aus dem ersten Experiment vorgespielt. Die Vpn hatten dabei
die Aufgabe, Bekanntheit, eigene Aufregung, Gefallen und das Chillpotential der
Musik einzuschätzen und anzugeben, ob sie selbst einen Chill bekommen hatten
oder nicht. Es konnte gezeigt werden, dass Vpn das Chill-Potential von Musik
mit hoher Kohärenz (Cronbachs α = .85) bewerten können. Es gab ferner gute
Übereinstimmung im Bewerten von Aufregung und Gefallen (α = .95;α = .94),
während das Empfinden von Chills sehr individuell ist ( α = .70). Eine Regressions-
sanalyse zeigte, dass Aufregung hauptsächlich durch Lautheit der Musik erklärt
werden kann (R2 = .51), während Gefallen und Chillpotential nicht so gut mit
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psychoakustischenEigenschaften von Musik korrelieren. Die Vpn gaben außerdem
an, welche Kriterien sie benutzt hatten, um zu ihrer Einschätzung des Chillpoten-
tials der Musik zu kommen und wie sie die einzelnen Kriterien gewichten würden.
Harmonie, Melodie, Klimax und Lautstärkeverlauf waren die vier wichtigsten
Parameter. Außerdem wurde ein Geschlechtsunterschied in den Bewertungen
festgestellt: Frauen gaben mehr Chills an als Männer (Frauen: 32.1 Chills pro
Person, Männer: 15.2 Chills pro Person), Aufregung, Gefallen und Chillpotential
wurden von den Frauen allerdings auch systematisch höher bewertet als von den
Männern.
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from Johann Sebastian Bach’s “Matthäuspassion”), all figures are taken from
this thesis. The descriptions of the other figures can be found in this list under
numbers 2.5, 4.2, 5.25, and 5.15 respectively. The lower right figure is slightly
modified from that which is found in the text.

xviii



List of Tables

2.1 Selected Time Domain Measures of HRV . . . . . . . . . . . . . . . 15
2.2 Hevner’s results from emotional ratings. . . . . . . . . . . . . . . . 22
2.3 Structure of music and its relation to emotion perception. . . . . . 23

5.1 Content of pictures from the IAPS with their expected rough mean
ratings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5.2 Results of self-reports while viewing pictures from the IAPS . . . . 43
5.3 Correlations of HRV time-domain parameters (n = 25) . . . . . . . 58
5.4 Musical features used for psychoacoustical analysis. . . . . . . . . 63
5.5 Features used in the rating of the chill-potential of musical pieces . 80

A.1 Distributions of the most important subjective factors with regard
to the collected personal data in Experiment II. . . . . . . . . . . . 96

A.2 Stepwise regression analysis of the number of experienced chills . . 97
A.3 Correlations between musical competence and summed chills per

participant. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
A.4 Stepwise multiple regression analysis of psychoacoustical features

with respect to emotional ratings . . . . . . . . . . . . . . . . . . . 99
A.5 Comparison of the participants-wise correlations between partici-

pants’ emotional ratings and the calculation of inter-participants’
means over all musical pieces . . . . . . . . . . . . . . . . . . . . . 99

B.1 Participants’ favorite musical pieces that they brought to the ex-
periment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

B.2 The musical stimuli and features thereof that were presented to all
participants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

B.3 Entire musical pieces with which more than 11 chills per piece were
experienced . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

xix





“Music expresses that
which cannot be said

and on which it is impossible
to be silent.”

Victor Hugo (1802-1885)

1 Introduction

Music is able to elicit strong emotions and to influence our mood. Playing an
instrument, singing in a choir or simply listening to music is an important part
of the life of many people in any culture. German people make music actively
and periodically (4 of 80 million) (Gembris, 1998). Listening to music in turn
is also important due to its power to evoke emotions. People report that it is
this emotional impact of music that causes them to listen to music regularly
(Panksepp, 1995).

However, it is not yet fully understood which musical features cause strong
emotional responses. Therefore, it seems worthwhile or necessary to investigate
both how strong emotions are elicited and which psychological and physiological
changes are related to these emotions.

We are listening to the radio and “our” song is played which we heard long
ago when we met our partner for the first time. Suddenly we experience a very
pleasurable feeling, a shiver runs down the spine, we feel goose pimples. Most
of us have ourselves experienced such phenomena when we listen to moving mu-
sic. Other bodily reactions that may accompany emotional music are tachycar-
dia, sweating, a lump in the throat or moist eyes. Those strong emotions were
firstly described by Nicolai (1745) in his book “Die Verbindung der Musik mit
der Artzneygelehrtheit” (the link between music and medicine) which was an
early contribution to the music therapy. Alf Gabrielsson and colleagues brought
the SEM-project (SEM = strong emotions with music) in to being (Gabriels-
son, 2001; Gabrielsson, 2001–2002; Gabrielsson & Lindström, 1994; Gabrielsson
& Wik, 2003). Their aim was to systematically identify both which musical
features and personal factors influence the emotional perception of music. They
accomplished this by free expression in speech from their participants about their
peak experiences, which the authors then classified.

About 50% to 90% of the population occasionally experience strong bodily
reactions to music (Goldstein, 1980). Scherer, Zentner, and Schacht (2001–2002)
found semi-physiological sensations such as tears and shivers, cardiovascular
symptoms, as well as incitement to motor action such as jumping or dancing, to
be the most frequent bodily reactions to music. It is widely believed that SEMs
are accompanied by physiological reactions, particularly of the autonomous ner-
vous system (ANS), that can be assessed objectively (Krumhansl, 1997; Witvliet
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& Vrana, 1995).
One type of SEMs, shivers down the spine or goose pimples is referred to as

“thrill” (Goldstein, 1980) or “chill” (Panksepp, 1995), respectively. In German
we commonly use the term “Gänsehaut” or “Schauer über den Rücken”. These
reactions are usually experienced as very pleasurable; they probably have no
relation to the feelings we experience when someone scratches on a board with
his/her fingernails or when a women nags.

Using PET brain imaging techniques, Blood and Zatorre (2001) showed that,
during these experiences, brain regions are involved that are also implicated in
reward and emotions, as well as is sex or cocaine consumption. The chill phe-
nomenon is thus one of the factors that makes music as pleasurable as it is for
us. It is, however, self-evident that not all music is composed with the intention
of eliciting chills or for being emotionally affective at all.

The present thesis is based on two experiments, carried out subsequently, that
investigated the psychoacoustical and psychophysiological correlates of the emo-
tional impact and the perception of music. New methods were developed and
tested including a new software system to assess self-reported emotions. This
software allowed participants to both express their emotions continuously during
music listening and to indicate chills. The resulting data then had to be combined
with physiological measurements, which had to be recorded simultaneously with
the psychological real-time data. This was the equipment with which a basis for
emotional research was to be laid.

The aim of this thesis was to determine which psychoacoustical factors play
a role in the experience of strong emotions with music, as well as to investi-
gate which psychophysiological parameters correlate. With this knowledge, the
gist of emotion encoding and decoding in music may be found: knowledge that
composers, interpreters as well as listeners might implicitly have and use for the
encoding and decoding of emotions in music. Such knowledge, or even a part of it,
might be detached from culture; music might function universally, independent
from the listener, his/her personality and culture. The possibility that music
might either induce emotions or just encode emotions was also considered. In
the first case, music was expected to work in stimulus-response matter, i.e. that
one is not able to avoid being emotionally affected by music. Additionally, factors
that influence the subjective experience of music were to be identified.
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2 Background

Charles Darwin’s work “The expression of the emotions in man and animals”
(Darwin, 1872) built the foundation for emotional research. He firstly described
associations between emotion and behavior both in human beings and animals,
thus providing a basis for the idea that distinct brain regions are involved in the
processing of certain emotions. In his work, however, he confined himself on the
investigation of behaviors or habits. He did not take into account the changes in
physiology as present research on emotions does.

2.1 What are Emotions?

One of the first researchers who asked this question was William James (1884)
in his article “What is an emotion?”. He described the relationship between emo-
tions and physiology as follows: “Instinctive reactions and emotional expressions
thus shade imperceptibly into each other. Every object that excites an instinct
excites an emotion as well”. He thus defined emotions as an internal physiological
reaction combined with an reaction towards a stimulus. Carl Lange constricted
James’ theory on the perception of physiological changes. Both theories are re-
ferred to as the James-Lange theory. Essential was the understanding that a
person needs his/her physiological changes in order to become aware of the emo-
tion.

This theory was criticized by Walter B. Cannon and his scholar Philip Bard who
did research on animals whose internal organs were separated from the nervous
system. The animals could display emotional expression and Cannon therefore
concluded that emotion cannot simply be the perception of physiological changes
but that the stimuli had to be evaluated independently from physiological reac-
tions of the body (Cannon, 1927). This theory is referred to as Cannon-Bard
theory. Figure 2.1 shows an illustration of the both views on emotional process-
ing.

Before our group could start investigating emotional responses to music, we
needed a consistent definition about emotions and so had also to ask “What are
emotions?”.

In order to answer this question, we started by distinguishing between mood
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2.1. WHAT ARE EMOTIONS?

Figure 2.1: Illustration of the James-Lange - Cannon-Bard controversy. Adapted from
the McGraw-Hill Higher Education’s Psychology Page (2001).

and emotions or affectsrespectively. Moods usually last for hours or even days
and are the result of emotions themselves. Emotions are, in contrast, the result
of comprehension and appraisal of stimuli on the basis of knowledge and mood.
Emotions occur very fast with a delay of only milliseconds to seconds and also
last only for seconds. Cognitive processes are involved in the perception and the
appraisal. A recent review of emotion research, definitions and measuring can
be found in a review by Scherer (2005). Scherer has also investigated emotions
induced by music.

A broadly accepted view on emotions is based on Plutchik’s (1980) work (see
also Lazarus, 1991). Their model of emotions is based on the idea that emotions
consist of three components: 1. subjective (cognitive), 2. physiological and 3.
behavioral (facial expression / gestures). All three of these parts can be measured
during emotional perception of stimuli, such as images or music. While emotions
have been studied since the 19th century, there was not much research in either
psychology or in musicology with regard to emotion and music (Lazarus, 1991;
Gabrielsson & Lindström, 1994; Juslin & Zentner, 2001–2002).

2.1.1 Strong Emotions

Most people report to be aware of very strong emotions when listening to music.
These emotions are sometimes accompanied by physical reactions, such as tachy-
cardia, sweating, a lump in the throat, moist eyes or goose pimples and shivers
down the spine. These correlates of strong emotions can be measured objectively.
Gabrielsson denoted these sensations as “Strong Experiences with Music” (SEM)
(Gabrielsson, 1989; Gabrielsson, 2001; Gabrielsson, 2001–2002; Gabrielsson &
Lindström, 1994; Gabrielsson & Wik, 2003). The SEMs are sometimes related to
musical structures (Gabrielsson & Lindström, 2001). An overview of the relation-
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ship can be found in Sloboda (1991). He found that moist eyes were the most
frequent reaction to emotionally powerful music and identified musical devices
such as appoggiaturas and descending cycles of fifths as related to such reactions
(see also Section 2.6, particularly 2.6.2 plus Tables 2.2 and 2.3).

Very pleasurable SEMS are the above mentioned “chills” that denote shivers
down the spine and goose pimples. These are the reactions focused on in the
present thesis.

2.2 Emotions in Music

Most researchers agree that music is able to induce emotions and to alter emo-
tional states. Västfjäll (2001–2002) gave an overview about the so-called“musical
mood induction procedure” (MMIP). He discussed the effectiveness of music as
a mood-inducing stimulus. He also presented ways for assessing the emotional
states of the participants, such as self-reports, physiological, and behavioral mea-
surements.

Aside from the question whether music induces emotions directly or indirectly,
it is evident that music is used to influence emotions and mood. Scherer et
al. (2001–2002) presented a model that showed a possible explanation of the
communication of emotions via music (Figure 2.2).

Figure 2.2: Model of emotional communication in music from Scherer et al. (2001–
2002).

The composer has an idea of which emotion he wants to communicate. This
idea is written down and encoded in the score, after which it has to be decoded
and again encoded by the interpreter. The resulting acoustic signal which is
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2.3. MEASURING EMOTIONAL SELF-REPORT

produced has to again be decoded by the listener and then encoded into an inter-
nal representation of emotions, eventually in a dimensional system (see Section
2.3.3) in order to be expressed in experiments as presented in this thesis. Gabri-
elsson and Juslin (1996) investigated the communication between interpreter and
listener and showed that the participants were able to decode the interpreter’s
intended expression. The goodness in recognition, however, was dependent on
the type of encoded emotion.

It is not clear whether emotions are only perceived or really felt. Gabrielsson
(2001–2002) discussed this question without having a final answer on this ques-
tion. Both ways on musical apprehension, however, have an impact on the re-
spective other. Kivy (1994) firstly distinguished between the ‘cognitivist’-position
which means that encoded emotions are simply recognized, and the ‘emotivist’-
position, in which emotions are induced. Rickard (2004) and Krumhansl (1997)
supported the ‘emotivist’-position by showing psychophysiological correlates of
self-reported emotions.

Sloboda and Juslin (2001) gave an overview of psychological research with
regard to music and emotion. They distinguished between extrinsic and intrinsic
emotions. Intrinsic emotions are emotions that are elicited directly by the use
of structural parameters of the music, such as syncopations or appoggiaturas
(Meyer, 1956; Sloboda, 1991); extrinsic emotions focus more on the surface of the
music, namely on loudness and tempo. This means that fast music, for example,
expresses hurrying, loudness energy and sharpness, for example, brightness or
brilliance (Sloboda & Juslin, 2001, pp. 91). In Meyer’s reflections, expectancy
and its violation played the central role.

Emotional experience of music is influenced by personal factors (e.g. cultural
and educational background), musical preferences and mood (Gabrielsson, 2001;
Juslin, 2000; Scherer, 1991). Sloboda, Lehmann, and Parncutt (1997) found
evidence for the importance of the performance style, measured by a strong rela-
tionship between emotionality ratings and performance features, such as changes
in loudness and timing. The authors explained increased emotionality by local
deviations from the performance characteristics of an average performance. Ga-
brielsson (2001) emphasized the role of the composer’s combination of musical
features and gave a review on the literature concerning the relationship between
musical features and perceived emotions.

2.3 Measuring Emotional Self-Report

Emotions (including the non-basic emotions, see Section 2.4) are related to cog-
nitive processes, participants can thus express their emotions towards stimuli.
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There are different techniques to assess the participants’ emotions, such as af-
fective scales, free descriptions in speech and the use of an “emotions space”.
Expressed emotions can be acquired continuously in real-time or on distinct time
points. Schubert (2002) gave a complete review about empirical studies that in-
vestigated emotional perception of music on dimensional scales. Some important
studies are listed here [the scale is given in square brackets]:

• Aesthetic experience [negative-positive] (Capperella-Sheldon, 1992; Mad-
sen, Brittin, & Capperella-Sheldon, 1993)

• Chills or thrills respectively by raising a hand (Panksepp, 1995; Goldstein,
1980)

• Emotionality [High-low] (Sloboda et al., 1997)

• Felt emotion [negative-positive] (Lychner, 1998)

• Fear, happiness, sadness and tension (Krumhansl, 1997)

2.3.1 Adjective Scales

Kate Hevner (1936; 1937) was one of the first researchers who investigated music
with respect to emotions. For that purpose, she divided the music into segments;
after participants had heard each excerpt, they were asked to use adjective scales,
such as fear, anger, elation or confidence, to describe the emotions, they believed
the music intended to express.

Though this procedure was quite innovative at the time, it required the musical
pieces to be divided into distinct segments, which were then rated separately for
emotional expression. This did not take into account one important property of
musical emotions, namely that they unfold over time.

2.3.2 Free Descriptions

An even more complicated approach towards the emotional expression was made
by Gabrielsson and Wik (2003). They collected free speech reports regarding
strong emotions when listening to music. This approach also led to problems, in
particular that of classifying different reports and integrating them without any
standardization. The expressions were given, however, after entire musical pieces,
there was no chance to investigate certain musical structures or psychoacoustics
with regard to the participants’ responses.
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2.3.3 Emotion Space

The German psychologist Wilhelm Wundt (1911) was the first who had the idea of
mapping emotions on a three-dimensional space. These dimensions are commonly
labeled “Pleasure” or “Valence”, “Arousal”, and “Dominance”. Schlosberg (1954)
followed Wundt and also used three dimensions. He discussed, however, whether
to use three dimensions or only two, omitting dominance, as dominance is related
to arousal.

Three dimensions were used for example in the International Affective Picture
System (IAPS) (Lang, Bradley, & Cuthbert, 2001), which is a huge selection of
affective images. The emotional perception of the images was tested with the
’Self Assessment Manikin’ (SAM) (Figure 2.3).

Figure 2.3: Self Assessment Manikin (SAM).
Ratings are given on three scales. Top: va-
lence or pleasure, middle: arousal, bottom: dom-
inance. From: Lang et al. (2001).

Figure 2.4: Russel’s (1980)
“Circumplex Model of Affect”

Russell (1980) in contrast used only two dimensions. He arranged adjectives
by similarity reports of participants. By the use of multidimensional scaling, he
was able to identify a basis of two dimensions on which the emotional adjectives
could be placed. The dimensions were named “valence” and “arousal” (see Figure
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2.4). Such an emotion space is very helpful in emotion research, especially for
emotional self-report and is used in this study.

2.3.4 Emotions as Dynamical Processes

As emotions as result of listening to music or watching films unfold over time, it is
desirable to assess this process in real-time. Schubert (1996) therefore developed
the “Emotionspace Lab”-software, which for the first time enabled participants
to express their emotions online with a computer mouse while they were listening
to musical excerpts. He also was able to prove the validity and reliability of this
method (Schubert, 1999). An overview of measuring emotions continuously can
be found in Schubert (2002).

2.4 Physiological Correlates of Emotions

Emotions are commonly accompanied by subjective, physiological and behavioral
reactions (see Section 2.1), so it is important to integrate psychophysiological
measurements in the investigation of emotional responses to music.

A variety of studies investigated the relationship between physiology and emo-
tions (for instance Jeong, Joung, & Kim, 1998; Shapiro, Jamner, Goldstein, &
Delfino, 2001; Watanuki & Kim, 2005; Harrer & Harrer, 1977). With regard
to music, a significant number of studies were carried out during the last years
analyzing psychophysiological peripheral parameters as correlates of emotions
(Bartlett, 1996; Bradley & Lang, 2000; Dimberg, 1990; Goldstein, 1980; Gulick,
Gescheider, & Frisina, 1989; Khalfa, Peretz, Blondin, & Manon, 2002; Krumhansl,
1997; Allesch, 1983; Nykĺıcek, Thayer, & Van Doornen, 1997; Picard, Vyzas, &
Healey, 2001; Rickard, 2004; Watanuki & Kim, 2005; Witvliet & Vrana, 1995).
The most prominent parameters that were investigated regularly and frequently
were heart rate and its variance, skin conductance and electromyograms of facial
muscles. Furthermore, some studies also measured skin temperature and breath-
ing rate. Figure 2.5 shows photos of our experimental set-up with the electrodes
positioned on the participant.

Carol Krumhansl (1997) recorded SC, cardiac, vascular, and respiratory func-
tions and related them to the scales sadness, fear, happiness, and tension, while
her participants were listening to musical excerpts. She found the largest changes
in HR, blood pressure and SC for sad excerpts. The fear excerpts produced the
largest changes in blood transit time (related to blood pressure) and amplitude
while happy excerpts produced the largest changes in the measures of respira-
tion. Krumhansl interpreted her results as supporting the view that emotions
are elicited by the music (emotivist) and not only perceived (cognitivist). The
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Figure 2.5: Experimental situation in the laboratory. The participant is equipped
with electrodes on the face, for measuring facial expression related muscle activity, heart
rate monitoring belt (under clothing) and electrodes on the hand for measuring the skin
conductance.

physiological effects of music observed generally support the ‘emotivist’ view of
musical emotions, i.e. music can elicit emotions and is not only a carrier for en-
coded emotions. Dibben (2004) additionally showed that the perception of bodily
affection as reaction to the music or as a result of environmental influences has
an influence of the emotional perception of music.

Bradley and Lang (2000) evaluated psychological self-reports and physiological
data as their participants listened to commonly occurring sounds such as screams,
erotica and bombs. They also recorded autonomic and facial EMGs and measured
startle reflexes using visual probes. It was shown that when participants listened
to unpleasant rather than pleasant sounds, they reacted with more pronounced
startle reflexes, increased EMG activity, and a HR deceleration. There were
larger changes in SC for emotionally arousing sounds than for neutral ones. One
can therefore expect that EMG also changes when listening to emotional music.

Skin conductance response (SCR) and HR were revealed as the most relevant
factors with respect to peripheral physiological parameters. SCR was used as
a reliable indicator for sympathetic nervous system activity and particularly for
arousal (Rickard, 2002; Rickard, 2004; Khalfa et al., 2002; Witvliet & Vrana,
1995; Krumhansl, 1997). These studies showed that emotionally powerful music
elicited significantly greater increases in SC and number of chills than treatments
with non-emotion-arousing music or relaxing music. It is also a common finding
that SCR increases independently from reported emotional valence along the
arousal dimension (Lang, Greenwald, Bradley, & Hamm, 1993).

Some researchers distinguish between basic emotions, needed for survival etc.,
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and higher cognitive emotions, which lack physiological or behavioral correlates.
Basic emotions, however, are defined differently by several researchers, for in-
stance with respect to adaptation to biological processes: acceptance, anger, an-
ticipation, disgust, joy, fear, sadness, surprise (Plutchik, 1980), or with focus on
universal behaviors: anger, disgust, fear, joy, sadness, surprise (Ekman, 1993).
However, all these definitions rest on the fundamental believe that there are emo-
tions with specific physiological and behavioral correlates. When we, or rather
one of our ancestors, noticed a lion in the savannah, there was an unconditional
need to react in a very distinct way, to activate the sympathetic autonomous
system and run away. Similar examples can be found for disgust; however, there
is no need for a reaction pattern related to elation or depression. Scherer (2004)
therefore distinguished between ‘utilitarian’ and ‘aesthetic’ emotions. He denoted
emotions that are important for survival and which needed appropriate reaction
patterns that have evolved during the evolution as utilitarian. Aesthetic emo-
tions that are expressed in arts are seen only as representation of emotions with
a lack of need to react in an appropriate way.

In addition to the peripheral physiological parameters, several studies used
brain imaging techniques, such as positron emission tomography (PET) (Blood
& Zatorre, 2001), electroencephalography (EEG) or functional magnet resonance
imaging (fMRI) for investigating the neuronal bases of musically induced or per-
ceived emotions. Altenmüller, Schurmann, Lim, and Parlitz (2002) and Kim,
Yoon, Kim, Jho, and Lee (2003) showed a lateralization effect related to the
valence rating of musical pieces using EEG; a similar investigation was done
by Khalfa, Schon, Anton, and Liegeois-Chauvel (2005) using fMRI. EEG was
used in many studies with respect to music, for instance to investigate the link
between semantics in music and language (Koelsch et al., 2004) or to quantify
emotions (Jeong et al., 1998). Further studies with EEG were carried out by
Kabuto, Kageyama, and Nitta (1993), Jeong et al. (1998) and Goydke, Alten-
müller, Moller, and Münte (2004). Koelsch, Fritz, Von Cramon, Muller, and
Friederici (2006) investigated neural correlates of emotion processing with fMRI.
They evoked different emotions with pleasant and unpleasant music and found
that distinct brain regions, namely amygdala, hippocampus, gyrus parahippocam-
palis, and temporal poles, were activated during processing of emotions. The
details of these studies are not summarized here as this thesis did not use brain
imaging techniques. A recent review of functional neuroimaging studies can be
found in Limb (2006). The latter demonstrates the use of music as a tool for the
study of human auditory brain structure and function. A broad review about
literature concerning the “brain organization for music processing” can be found
at Peretz and Zatorre (2005).
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2.4.1 Skin Conductance

Skin conductance (SC) measures the changing resistance (or conductance, respec-
tively) of the skin surface, usually on the non-dominant hand, which is closely
related to the sweat gland activity. Since the second half of the 19th century,
there have been investigations regarding skin conductance (Dawson, Schell, &
Filion, 2000). An important finding in this field was that changes in SC are not
necessarily strictly related to temperature regulation or movement but can be
due to mental processes.

The SC data are commonly filtered into two parameters: skin conductance level
(SCL), which measures the tonic level of the conductance and skin conductance
response (SCR). Often, SCL is used as an indicator for physiological arousal,
as it increases with alertness and decreases with relaxation (e.g. Alexander et
al., 2005). SCR in contrast is used as stimulus related measurement. Different
parameters of the SCR shape are analyzed, such as amplitude, time lag and
duration. The shape is related to certain features of the presented stimulus, such
as novelty, emotionality, intensity or significance (Nagai, Critchley, Featherstone,
Trimble, & Dolan, 2004). For further details concerning the SC, refer to Dawson
et al. (2000).

Figure 2.6 shows a circuit for measuring skin conductance which was used in
our setting. The participants’ skin conductance is measured as RP, the skin
conductance is the reciprocal of the measured resistance. The latter can be
calculated by the voltage UO, which is measured. UDC is standardized for 0.5 V,
RC can be chosen freely.

RP

RC

0.5 V = UDC

+

-
C

O DC

P

R
U =U

R

Figure 2.6: Common circuit for measuring skin conductance or resistance, respectively.

The conductance level of the skin surface is determined by the amount of
sweat, which is produced by the sweat glands on the surface of the hand. These
glands are innervated by the sympathetic nervous system, making the SC a useful
indicator for sympathetic activity (Boucsein, 1992; Dawson et al., 2000).
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Figure 2.7 shows a variety of parameters that can be calculated from the SCR.
Many researchers, however, restrict themselves to the most stable and reliable pa-
rameters, such as the observation of the occurrence of SCR-changes, the position
and the amplitude.

Figure 2.7: Common parameters of skin conductance response (SCR) (from Zell, 2004).
Most important are the amplitude and the position of maximum.

Several brain regions are responsible for the sympathetic nervous system acti-
vation that lead to sweat gland enervation. There is no single central mechanism,
but rather multiple areas, that act at least partially independently from each
other when changes in SC can be observed (Boucsein, 1992; Dawson et al., 2000).
The hypothalamus plays a central role in sweating for thermoregulation. Areas of
the frontal cortex, reticular formation, and basal ganglia also influence sweating;
stimulation of the formatio reticularis can trigger SCRs (Dawson et al., 2000).

Khalfa et al. (2002) focused on SCR changes due to musically induced emotions.
They confirmed the relationship between distinct emotions and the corresponding
SCR and found that the amplitude of the SCR in particular is closely linked to
emotions such as fear and happiness, and that fear triggers the greatest SCR.

2.4.2 Heart Rate and Heart Rate Variability

Heart rate (HR) and its variability (HRV) are frequently used parameters in
psychophysiological research. They are measured either as a standard electro-
cardiogram (ECG), or, if only the distinct heart beats are of interest, only the
distinct heart beats, i.e. R-waves, are recorded, for instance with a heart rate
monitor as used in sports. Figure 2.8 shows a simplified ECG. The distance
between succeeding R-waves is denoted as inter-beat intervals (IBI); heart rate
(HR) is calculated as the reciprocal of IBI. An important parameter of HRV is the
variability of IBI, denoted as standard deviation of normal to normal intervals
(SDNN); normal denotes a QRS-complex.
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2.4. PHYSIOLOGICAL CORRELATES OF EMOTIONS

Figure 2.8: Electrocardiogram (ECG). R-waves are
recognized from ECG-signal and then further pro-
cessed. The RR-interval is also denoted as inter-beat
interval (IBI). From a series of intervals HRV and HR
are calculated.

The Task Force of the European Society of Cardiology and the North Amer-
ican Society of Pacing and Electrophysiology (1996) has defined standards for
the measurement of HR and HRV; a review of the parameters can be found in
Berntson et al. (1997). HRV can be analyzed both in time domain and in fre-
quency domain. In this thesis, however, only the time domain analysis was used.
The most important parameters of time domain measures of HRV are shown in
Table 2.1.

Nykĺıcek et al. (1997) investigated the effects of musically-induced emotions on
the cardiorespiratory system. A variety of cardiorespiratory variables, including
an index of parasympathetic cardiac control during affect manipulation, were
studied. The authors were able to distinguish patterns of autonomous nervous
system (ANS) activity during four affective conditions induced by musical stimuli.
Valence and activation were found to account for over 70% of variance of ANS
data. HRV is also described as being linked with prefrontal cortical activity across
physiological, affective, and cognitive domains (Thayer & Lane, 2000; Thayer &
Siegle, 2002) and appears to play a role in psychological emotion-related illnesses,
such as schizophrenia, depression or anxiety disorders (Mujica-Parodi, Yeragani,
& Malaspina, 2005; Thayer, Smith, Rossy, Sollers, & Friedman, 1998).

2.4.3 Electromyograms

Electromyograms (EMG) have been used in several studies in which emotions
were induced, particularly by pictures, e.g. with the IAPS (Lang et al., 2001).
Lang et al. (1993) showed changes in the activity of facial muscles, particularly
the M. zygomaticus and the M. corrugator in relation to the emotional expression
of the pictures, especially in the valence dimension. The M. zygomaticus is used
for laughing, the M. corrugator for frowning.
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Variable Units Description
SDNN ms Standard deviation of all NN intervals
SDANN ms Standard deviation of the averages of NN intervals

in all 5-minute segments of the entire recording
RMSSD ms The square root of the mean of the sum of the squares

of differences between adjacent NN intervals
SDNN index ms Mean of the standard deviations of all NN intervals

for all 5-minute segments of the entire recording
SDSD ms Standard deviation of differences between adjacent

NN intervals
NN50 # Number of pairs of adjacent NN intervals differing

by more than 50 ms in the entire recording; three
variants are possible counting all such NN intervals
pairs or only pairs in which the first or the second
interval is longer

pNN50 % NN50 count divided by the total number of all NN
intervals

Table 2.1: Selected Time Domain Measures of HRV from the Task Force of the Euro-
pean Society of Cardiology and the North American Society of Pacing and Electrophys-
iology (1996).

2.4.4 Correlation of Psychology and Physiology

Although there are physiological correlates of emotional processes, there is little
evidence for emotion-specific profiles (Cacioppo, Bernston, Larson, Poehlmann,
& Ito, 2000; Ekman & Davidson, 1994; Stemmler, 1998). Figure 2.9 shows an
example of physiological data of one participant measured during music listening.
There were changes in physiological data (heart rate is red, skin conductance
green, chill report blue) (a) when nothing is reported and (b) in coincidence
with chills. In (c), a chill is reported with a lack of physiological correlate. It
is obvious here that chills and psychophysiology were not correlated in all cases.
An analysis and quantification of the relation between psychology and physiology
was therefore needed. There are few studies that compare physiological correlates
of emotions between different cultures. Philippot (2005) for example investigated
body sensations associated with emotions in Rarámuri indians, rural Javanese,
and three student groups from Belgium, Indonesia and Mexico. He found cross-
cultural similarities in the data but unfortunately restricted himself on reports
of the students and did not investigate psychophysiology.
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Figure 2.9: Example of psychophysiological time series of one participant, when lis-
tening to a musical piece and experiencing chills. SCR is drawn at the top, HR at the
bottom. Chill experiences are indicated by the rectangles. (Their level is high for the
duration the chill was reported by pressing the mouse button). Coincidences of HR,
SCR and chills can be found (b) as well as dissociations of the observed parameters (a,
c).

2.5 Hearing

The basis for the emotional affection by music is firstly the perception of longi-
tudinal waves propagating through matter that represent acoustic signals. Some
basics of hearing, sound and psychoacoustical calculations are therefore described
here.

Before a sound can be perceived, a spectrographic analysis of the auditory
stimulus has to be carried out. The cochlea therefore acts as a bank of filters
whose outputs are ordered tonotopically. Within the cochlea, frequencies are
transformed into corresponding nerve signals. The highest frequencies are rep-
resented near the cochlear base, the lowest close to its apex. Terhardt (1972)
investigated how the pitch of sounds is perceived.

2.5.1 Pitch and Frequency

Stationary sounds consist of summations of sinusoidal signals of frequencies (in
Hertz [Hz]). In contrast to music, tones are physically not referred to as pitches
but as frequencies. The frequency summands can be calculated with Fourier
transformations or fast Fourier transformations (FFT) which are computationally
more efficient (for instance Garg, 1998). In case of music, i.e. for non-stationary
sounds, the FFT is calculated over moving time windows in order to preserve the
time-changing characteristics of the music. In contrast to frequencies, pitch is
referred to in octaves, semi-tones or cents.

The basilar membrane is an organ of ca. 32 mm length and a width of between
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0.04 mm and 0.5 mm. Acoustical signals are perceived via shearing of hair cells
by the sound wave. For different frequencies, different regions on the membrane
are activated, i.e. particular cells are sheared depending on the signal. Figure 2.10
shows the basilar membrane; one can see that in the range between 1 and 4 kHz
there are as many cells as between 4 kHz and 20 kHz or below 1 kHz. A mapping
between frequencies and the membrane can be seen in Figure 2.10. There is a
linear relation between position and frequency up to 500Hz, between 500Hz and
8000 Hz, for distances on the membrane there is a doubling in frequency. On
almost the entire basilar membrane, a representation of an octave is 1.3mm.

Figure 2.10: Frequency coding on the basilar membrane. The different scales can
be converted from one to another. All scales, excepting the frequency scale, are linear.
Adapted from (Zwicker & Fastl, 1999, p. 162).

The Bark scale, named after the German physicist Barkhausen, is a scale
that is based on the characteristics of the basilar membrane. It integrates a
row of 150 Hair cells in one Bark; such integration is called the “critical band-
width” or “frequency group”. Below 500 Hz, 1 Bark is about 100 Hz. Zwicker
(1961) investigated critical bandwidths and published a table with values for
the size of frequency groups Fg, Terhardt (1998) later published a formula
for approximation: Fg(f) = 86 + 0.0055f1.4, Fg and f in Hz. The conver-
sion between frequency f and pitch Z can be done with the formula Z(f) =
13 arctan(0.76f) + 3.4 arctan(f/7.5)2 with Z in Bark and f in kHz. Figure 2.11
shows the relation between Bark and Hz. The width of the critical bandwidths
increase with frequencies above 500 Hz.

Auditory Scales

Auditory perceived pitch can be measured with mel (from the word melody).
The mel scale is a perceptual scale of pitches judged by listeners to be equal
in distance from one another. It was proposed by Stevens and Volkman (1940).
They asked participants to adjust tones so that they sounded twice as high or half
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as high as reference tones. In a second experiment, participants had to choose a
tone, which was perceived as being exactly in the middle of two reference tones.
On the basis of these experiments, Stevens and Volkman proposed the mel scale.

A pitch of 1000 mel, defined as a 1000 Hz tone, is used as reference point.
This is 40 dB above the listener’s threshold (see Figure 2.12). A tone which
is perceived as twice as high as a reference tone has the double mel value; for
frequencies f < 500 Hz, both scales are matched. The formula for the conversion
is Z = 1127.01048 ln(1 + f/700) with pitch Z and frequency f . The mel scale
is closely related with the critical-band rate scale which is mainly used today
(see also Figure 2.10). Zwicker and Fastl (1999) defined a mel-scale based on
the Bark-Scale, which is explained in the next paragraph. As reference point, he
used the musical tone ‘c’ with the frequency f = 131Hz that he assigned Z =
131 mel. His formula is Z = 3322 ∗ (log(1000 + f)− 3)mel

Hz .

Figure 2.11: Bark scale. The logarithmic frequency scale is adapted to the human ear
in the Bark scale. The range of highest sensitivity of the human ear is emphasized.

2.5.2 Loudness and Intensity

The magnitude, i.e. the sound pressure level of a sound is given in decibels [dB].
The acoustical signal that is emitted, for instance, from a loudspeaker, an instru-
ment or a creature, can be measured as sound pressure using a microphone. The
unit for sound pressure is Pascal [Pa]; like all pressure it is calculated as force F
per area A, the formula simply is p = F

A .
The instantaneous sound pressure is the deviation from the local ambient pres-

sure p0 caused by a sound wave at a given location and given instant in time.
The effective sound pressure is the root mean square of the instantaneous sound
pressure over a given interval of time. The entire pressure is the sum of the local
ambient pressure and the sound pressure deviation.
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More common than the sound pressure is the sound pressure level (SPL), mea-
sured in decibels [dBSPL]. It is primarily the logarithm of the root-mean-square
(rms) pressure of a particular noise relative to a reference noise source with

SPL = 10 log10(
p2

p0
2
) = 20 log10(

p2

p0
2
)dBSPL

where p0 is the reference sound pressure of usually 20 µPa and p is the rms sound
pressure being measured.

Perception of loudness

The perception of loudness is mainly dependent on the frequency of the sound
(Terhardt, 1998; Zwicker & Fastl, 1999). The perceived loudness level is measured
in phon, which is a subjective measure of the strength of a sound. The unit of
perceived loudness N is a subjective measure of the sound pressure, with the
unit sone. At a frequency of 1 kHz, 1 phon is defined to be equal to 1 dB of sound
pressure level above the nominal threshold of hearing.

At other frequencies, the phon departs from the decibel, but is related to it by
a frequency weighting curve (equal-loudness contour) that reflects the frequency
response of human hearing. The standard curve for human hearing (the equal-
loudness contour for a 40 dB stimulus at 1 kHz) is shown in Figure 2.12. The“unit”
phon has been largely replaced by the dB(A) (A-weighted decibel). 0 dB(A) is
defined as a 1 kHz tone at the threshold of hearing. An increase of sound pressure
with factor 10 is defined as an increase of 20 dB(A) (Eska, 1997).

According to the mel-scale for pitches, the sone-scale is based on the perception
of doubled and halved loudness of reference tones. A tone with a loudness of 2 sone
is twice as loud as a tone with a loudness of 1 sone. For tones with intensity of
more than 40 dB, a doubling of the perceived loudness accords with an increase
in SPL of 10 dB. For loud (>40 dB) sinusoidal tones with 1 kHz, there is the
following formula: N(L) = 2(L− 40)/10 with N in sone and L in dB.

Zwicker and Fastl (1999) have developed a range of algorithms for calculation
parameters of music and particular sounds. For psychoacoustical analysis, the
parameters loudness, sharpness, roughness, fluctuation and sensory pleasantness
are common parameters; the formulas are described in (Zwicker & Fastl, 1999).
One example of software that can be used for the calculation of the parameters
loudness, sharpness, roughness and fluctuation is dbSONIC (2003a). With this
software, several additional parameters, such as prominence (PR) and tone-to-
noise ratio (TNR) can be calculated. These parameters of psychoacoustics are
introduced in the Section 2.6.1.
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Figure 2.12: Auditory thresholds of the human ear demonstrating the relationship
between sound pressure level and hearing thresholds. The relationship is used for cal-
culating psychoacoustical parameters, such as loudness and sharpness (adapted from
Fletcher & Munson, 1933).

2.5.3 Masking of Tones

When a tone is played, there is an excitation on the basilar membrane. The result
is that tones that are in the same frequency group cannot be perceived when
they are below a certain loudness. This effect is referred to as “masking”. Singers
learn to emphasize a particular band of frequencies. This so-called “formant” is
an increase in loudness of the voice in frequencies around 3 kHz. Singers can thus
separate the sound of their voice, for instance, from an orchestra (see Figure 2.13)
(Eska, 1997).

2.6 Parameterization of Music

The music has to be parametrized for the systematical analysis of musical proper-
ties. This can be done either on the basis of musical structure or psychoacoustics.
The structural investigation is usually done by experts while the calculation of
psychoacoustical parameters can be carried out more objectively through com-
puter algorithms.

An early approach was done by Kate Hevner (1937). She was able to calculate
weights for musical factors that play a role in the emotional perception of the
music. The weights are shown in Table 2.2.
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Figure 2.13: Singer’s formant. a) Increasing the harmonics at frequencies around
3 kHz (linear scale). b) SPL from an orchestra compared with those of a singer’s voice
(logarithmic scale). The singer’s voice becomes prominent and is not masked by the
orchestra in the formant’s range (around 3 kHz) (adapted from Mathelitsch & Friedrich,
1995; cited by Eska, 1997, p. 182).
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Mode
minor-
major)

Tempo
(slow-
fast)

Pitch
(low-
high)

Rhythm
(firm-

flowing)

Harmony
(simple-
complex)

Melody
(ascend-
descend)

Dignified/solemn -4 -14 -10 -18 -3 -4

Sad/heavy -20 -12 -19 -3 -7 x

Dreamy/sentimental -12 -16 6 9 -4 x

Serene/gentle 3 -20 8 2 -10 -3

Graceful/sparkling 21 6 16 8 -12 3

Happy/bright 24 20 6 10 -16 x

Exciting/elated x 21 -9 -2 14 7

Vigorous/majestic x 6 -13 -10 8 8

Table 2.2: Hevner’s results from emotional ratings (adapted from Hevner, 1937, p.
626). The numbers reflect relative weights; negative numbers mean left end of the scale,
positive the right end; x means no influence.

Gabrielsson and Lindström (2001) gave an all-encompassing review on the
factors that play a role in the emotional perception of music. The most important
parameters that were found in experimental studies are listed in Table 2.3. One
can easily see that there is no one-to-one relation between psychoacoustical and
structural parameters of the music; rather, parameters are linked to different
emotions. The same emotions can be elicited or are perceived, respectively, by
different musical parameters.

2.6.1 Psychoacoustical parameters

The calculation of loudness (Zwicker & Fastl, 1999, pp. 204-238) and sharpness
(Zwicker & Fastl, 1999, pp. 240-246) is standardized by the ISO 532 B. Loudness
can be understood as weighted decibels (dB(A)) of a signal, such as a sound;
the weighting transforms amplitude information in order to account for some of
the nonlinearities in the human perception of loudness of different frequencies
(see Figure 2.12). In sharpness, the higher frequencies are more weighted, which
means that a sound whose spectrum contains high frequencies of high amplitude
is considered as sharp.

Roughness (Zwicker & Fastl, 1999, pp. 257-264) and fluctuation (Zwicker &
Fastl, 1999, pp. 247-256) measure the surface characteristics of sounds (the mod-
ulation strength). Roughness quantifies the subjective perception of rapid (15-
300 Hz) amplitude modulations of a sound; slower (up to 20 Hz) amplitude mod-
ulation of a sound are measured with the fluctuation strength.

Tone-to-noise ratio (TNR) is calculated according to the E DIN 45681-2002,
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Factor Levels Emotional expression

Amplitude
envelope

Round Disgust, sadness, fear, boredom, potency (Scherer & Oshin-
sky, 1977), tenderness, fear, sadness (Juslin, 1997)

Sharp Pleasantness, happiness, surprise, activity (Scherer & Oshin-
sky, 1977), anger (Juslin, 1997)

Articulation Staccato Fear, anger (Juslin, 1997)

Legato Tenderness, sadness (Juslin, 1997)

Harmony Simple /
consonant

Relaxation, tenderness (Lindström, 1997)

Complex /
dissonant

Anger, Tension (Lindström, 1997), tension, fear (Krumhansl,
1996; Krumhansl, 1997)

Loudness Loud Anger (Juslin, 1997)

Soft Fear, tenderness, sadness (Juslin, 1997)

Variation in
loudness

Large Fear (Scherer & Oshinsky, 1977)

Small Happiness, pleasantness, activity (Scherer & Oshinsky,
1977)

Rapid
changes

Fear (Krumhansl, 1997)

Melodic
range

Wide Fear (Krumhansl, 1997), joy (Balkwill & Thompson, 1999)

Narrow Sadness (Balkwill & Thompson, 1999)

Mode Major Happiness (Scherer & Oshinsky, 1977; Krumhansl, 1997)

Minor Sadness (Krumhansl, 1997), disgust, anger (Scherer & Os-
hinsky, 1977)

Pitch level High Surprise, potency, anger, fear, activity (Scherer & Oshinsky,
1977)

Low Boredom, pleasantness, sadness (Scherer & Oshinsky, 1977)

Tempo Fast Activity, surprise, happiness, pleasantness, potency, fear,
anger (Scherer & Oshinsky, 1977), happiness, anger (Juslin,
1997), happiness (Krumhansl, 1997)

Slow Sadness, boredom, disgust (Scherer & Oshinsky, 1977), sad-
ness, tenderness (Juslin, 1997), sadness (Krumhansl, 1997)

Timbre Few
harmonics

Pleasantness, boredom, happiness, sadness (Scherer & Os-
hinsky, 1977)

Many
harmonics

Potency, anger, disgust, fear, activity, surprise (Scherer &
Oshinsky, 1977)

Soft Tenderness, sadness (Juslin, 1997)

Sharp Anger (Juslin, 1997)

Table 2.3: Structure of music and its relation to emotion perception (adapted from
Gabrielsson & Lindström, 2001).
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and values for prominence according to the ANSI S1.13-1995. TNR is commonly
used to measure the tonality of stationary sounds, while prominence is an indica-
tor of a sound’s harmonicity. The TNR is quite low when many musical events
occur simultaneously or in short intervals, such as the playing of many different
tones by many dissimilar instruments. The TNR is thus a simple but intuitive
measurement for the density of events.

A calculation algorithm for the spectral centroid C was proposed by Tzanetakis,
Essl, and Cook (2001). The formula for centroid is

C =
∑N

1 fM [f ]∑N
1 M [f ]

where M [f ] is the magnitude of the FFT at frequency bin f and N the number
of frequency bins. There is a high correlation (r = .94) between the perceived
brightness of a sound and its respective centroid (Krimphoff, McAdams, & Wins-
berg, 1994). A Matlab-script for the computation of spectral centroid that was
co-developed by the author can be downloaded at http://www.mathworks.com/
matlabcentral/files/11345/centroid.m.

Sensory pleasantness (SP ) was described by Zwicker with the following formula
(Zwicker & Fastl, 1999, pp. 245):

SP =
P

P0
e−.7R/R0e−1.08S/S0(1.24− e−2.43T/T0)e−(.023N/N0)

2

with roughness R, sharpness S, TNR T and loudness N. In Zwicker & Fastl’s
formula, T was used as tonality. Due to difficulties in the calculation of tonality
as defined by Aures (Aures, 1985a; Aures, 1985b), TNR was used instead. Addi-
tional information about these algorithms can be found in the software manual
of dbSONIC (2003b).

Schubert (2004b) demonstrated that continuously perceived emotions can be
modeled with a mixture of continuously measured acoustical factors (e.g. spectral
centroid or loudness) and structural factors (e.g. tempo, melodic contour, and
texture). McEvilly (1999) even hypothesized that there is an optimal tempo for
each musical passage for which the probability for experiencing chills while listen-
ing to music is maximal. He, however, only encouraged for research concerning
that topic that has still not been done.

2.6.2 Structural analysis

Grewe, Nagel, Kopiez, and Altenmüller (2006b) showed that chill reactions are
determined by individual variables, such as familiarity with the particular piece,
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musical style and personal preference. However, there is also evidence for the
influence of structural factors. Musical features, such as the onset of a solo voice,
or a change in volume and melody, are related to chills. This finding is supported
by Sloboda’s (1991) earlier results, which showed that certain musical structures
can induce SEMs. He found the following 10 structural parameters to be related
to SEMs: Harmony, descending cycle of fifths to tonic, melodic appogiaturas,
melodic or harmonic sequence, enharmonic change, harmonic or melodic accel-
eration to cadence, delay of final cadence, new or unprepared harmony, sudden
dynamic or textural change, repeated syncopation, and the occurrence of a promi-
nent event earlier than expected. These examples are all based of the violation
of expectancy, which Meyer (1956) already had postulated. However, at the time
he had no supporting empirical evidence.
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3 Aims and Hypotheses

The studies that are described in this thesis focused on music that is accompanied
by chill experiences. The author had the following goals in mind for investigating
musical structure, psychoacoustics, the familiarity of the music to the participants
as well as the participants’ experiences with music:

1. Emotional self-report: Emotions change and unfold over entire musical
pieces. Therefore, I wanted to find out which emotions are reported when
chills are experienced. Additionally, it was to be investigated, whether
different participants report similar emotions in response to the same music.

2. Psychophysiology: Strong emotions sometimes have physical correlates. In
the case of chills, the most promising indicators were to be determined. The
author was also interested in investigating how good the correlation between
emotional self-report and psychophysiology is. SCR and HR were expected
to be the best indicators for chills; other peripheral psychophysiological
parameters such as heart rate variability, electromyograms, breathing rate
and skin temperature could also show interesting variations in response to
music listening.

3. Personal factors: Different participants prefer different musical styles and
experience chills with different musical passages. The author aimed to
explore this observation using psychological and socio-economic question-
naires.

4. Psychoacoustics and structure of the music: Some music is able to elicit
chills while other types can cause aggression; it should be possible to explain
this by measurable parameters in the psychoacoustics of the music and in
the musical structure.

5. Knowledge and expertise: When emotions are encoded in the music, par-
ticipants might need a certain knowledge to decode them again. The aim
was to estimate the role of experience, knowledge and expertise in the emo-
tional perception of music. Furthermore, I wanted to address the question
whether a participant not affected by the music could rate the emotional
expression and the potential of music to elicit chills.
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6. Gender effects: Females report more chill experiences than males (Pank-
sepp, 1995). I wanted to determine whether this finding can be replicated
as well as whether it can be transferred to other aspects of the emotional
perception of music.

The following hypotheses were generated from the aims listed above:

1. Emotional self-report:

a) Valence is more positive and arousal is higher in musical pieces in
which chills occur, particularly in the time window surrounding chill
reports.

b) The report of chills, valence and arousal are congruent amongst differ-
ent participants.

2. Psychophysiology:

a) SCR and HR are the most important indicators of chill experiences.
EMG of distinct facial muscles increases along the valence dimension;
heart rate variability changes when chills are reported.

b) The psychophysiological parameters can be used as the sole indicators
for chills; the emotional self-report is not needed, even for extreme
valence / arousal.

3. Personal factors and gender:

a) One can distinguish between participants that experience more or
fewer chills. The distinction can be based on personal and socio-
economic factors such as education and background.

b) Females experience more chills than males.

c) Music is perceived differently by females than by males.

4. Psychoacoustics:

a) Specific psychoacoustical features distinguish music in which chills
(frequently) occur from music which is not regularly accompanied by
chills.

b) Changes in psychoacoustical features are related to the emotional im-
pact of the music.

5. Knowledge and expertise:

a) Participants with extensive knowledge of and experience with music
more frequently experience SEMs tha n those participants that are not
interested in music.
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b) Participants are able to rate the emotional expression and the poten-
tial of the music to elicit chills independently of their own emotional
affection.

c) Participants are aware of the musical parameters used by composers
and performers to evoke emotions and to elicit chills in the listeners.
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4 Methodology

The experience of emotion in music (and films) unfolds over time (see also Section
2.3.4). This has led to increasing interest in the continuous measurement of self-
reported emotions. The technological developments since the late 1980s have
made it possible to record the responses of participants’ in real-time, synchronized
to the stimuli.

One part of this thesis was to set up a laboratory in which emotions can
be measured psychologically via continuous self-reporting, and combined with
psychophysiological measurements. This was done using the software “EMuJoy”,
which allows participants to express their emotions online as they are listening to
music. Software for simultaneous recording of music, psychophysiology and self-
reports was programmed. All software can be found on the DVD in the Appendix
in Section D.

Additionally, the following four topics had to be addressed: (a) the dimension-
ality of the emotion space, (b) technical questions on data recording, (c) human-
computer interface construction for emotional self-report, and (d) the software
solution “EMuJoy”.

4.1 Dimensionality of the Emotion Space

Madsen (1991) and Schubert (1996) were the first researchers who used a com-
puter software for the measurement of continuous self-reporting of emotions in
a two dimensional emotion space (2DES). They therefore used Russell’s (1980)
model of two basic emotional dimensions (see also Section 2.3.3). Madsen used
the Continuous Response Digital Interface (CRDI), Schubert developed the soft-
ware Emotionspace Lab. The validity and the reliability of arousal and valence as
dimensions for self-reporting of emotions were proven, as Russel had done before,
with linguistic expressions; Schubert also added musical pieces where participants
had to estimate the expressed emotions in the music. He found that validity and
reliability of estimated emotions exist in music as well as in terms or adjectives
(Schubert, 1996).

However, a distinction must be made between felt and perceived emotions.
Gabrielsson (2001–2002) discussed the relationship between these types of emo-
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tions. He described several possible relationships between the perception and
the induction of emotion in listeners and concluded that positive, negative or
no relationships can exist between perception and feeling while listening to mu-
sical pieces. Further investigation is needed in this important field of emotion
research. In the studies that are presented here the focus was primarily laid on
the evaluation of felt emotions while listening to music. One strength of the pro-
posed method is the validation of listeners’ self-reports about the emotions felt,
achieved by measuring psychophysiological parameters, such as SCR and HR.

In addition to the continuous recording of self-reported emotions, recent stud-
ies (e.g. Rickard, 2004) have shown that the synchronized recording of peak
experiences of music, such as chills, on a separate ‘chill track’ adds important
information when recording emotions in real-time.

Considering the above-mentioned studies, a two-dimensional emotion space
with the dimensions ’valence’ and ‘arousal’ is used. The author proposes to use
valence as well as arousal on bipolar scales. Valence is rated on a scale from
negative to positive and arousal from calming to arousing. Neither pleasure-
displeasure nor sad-happy for valence is used in order to avoid a bias resulting
from preconceived terms.

4.2 Data Recording

4.2.1 Sample Rate

Digital data sampling takes place at distinct, equidistant time points. Even
if the spectrum of sampled data is band limited, the data acquisition can still
be considered as continuous measurement. Nyquist’s sample theorem states that
twice the frequency that is to be recorded has to be sampled. One therefore has to
leave out the frequencies that are higher than half of the sample rate. If there are
higher frequencies in the recorded signal, the signal has to be filtered with a low
pass filter. If the filtering is omitted and the measurement is reconstructed, this
results in low frequencies not contained in the original signal (alias frequencies).

Schubert (2002), for example, used a sample rate of one sample per second for
his continuous measurement, but because the movements of a computer mouse
are not necessarily smooth, the produced signals are not band-limited. Therefore,
if it is not possible to pre-filter the sampled data, the sample rate should be higher
for the data acquisition time. As a sampling rate, 1 sample/50ms is proposed,
which results in frequencies in the data of up to 10Hz. Once the data are recorded,
they can be filtered digitally and then sampled down. Otherwise the data can
only be (linearly) interpolated and not simply reconstructed with an identified
accuracy.
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Using a high sample frequency has numerous advantages. For example, it is
important to synchronize the stimulus with the sampled data. The high sample
rate also enables the researcher to record self-reported data together with the
envelope of the signal of a music stimulus within one file. This results in just one
time axis and makes it possible to replay the recorded data, e.g. for the ocular
inspection of events.

One could argue that the unfolding of emotions over time takes place within a
range of 3-5 seconds or even slower, meaning that a worthless “pseudo-accuracy”
would be found here. First of all, slow realization and unfolding of emotions does
not necessarily lead to slow self-reporting. The participant is able to move from
one edge of the emotion space to another within a relatively short time. This
means only one change in affective state would last a certain amount of time. The
path from one point to the other would be lost using slow sample frequencies. In
particular, spikes in self-reports could not be obtained.

4.3 Interface Construction for Emotional
Responses

The following section enumerates various proposals for the construction of a user
interface for continuous measurement of self-reported data (see Figure 4.2). The
user interface is a further development of the Emotionspace Lab. It uses a pointer
on the screen like the original Emotionspace Lab, which depicts the position
within the emotion space. The pointer can be controlled with a joystick or a
computer mouse. In contrast to the Emotionspace Lab, the whole screen can
be used for the emotion space; there is no need for equal scaled axes for both
dimensions. Reported chills are displayed by the change in color of the pointer
after pressing one of the mouse buttons or any other human-computer interface.
The pointer has the shape of a worm with a tail and a face, which makes the
handling very intuitive and uncomplicated. By looking at the face, the participant
gets an intuitive feedback of his or her self-report within the emotion space. To
illustrate the dynamics of the movement, a tail traverses the trajectory of the
last points in the emotion space. The IAPS also uses facial icons for the SAM
as shown in Figure 2.3. Schubert (2004a) used generated faces to support self-
reporting of emotions as an alternative to his 2DES.
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4.4 The Software Solution ‘EMuJoy’

EMuJoy stands for ‘Emotion measurement while listening to Music using a Joy-
stick’. It enhances Schubert’s Emotionspace Lab in three ways: firstly, it enables
participants to give self-reports for different media in real-time with a computer
mouse, a joystick or any other human-computer interface (HCI). While in Schu-
bert’s software only a mouse could be used, here any HCI can be applied. A
joystick for instance would have the advantage of a return spring to the middle
of the space.

Secondly, the software has numerous useful features for the researcher. It can
be completely controlled over the internet and any audio-visual stimuli can be
presented to the participants without personal contact between researcher and
participant. Even the data acquisition can take place over the internet. Thirdly,
it is a platform-independent solution that is also open to modification, such as
the insertion of further multimodal stimuli.

4.4.1 Handling and Remote Control

The stimuli for the participant do not have to be selected before the experiment
starts, so stimuli can be chosen, for example, to adapt to changing moods of
the participant. The software provides network access so that the stimuli can be
selected and started remotely online. The architecture of the network communi-
cation is illustrated in Figure 4.1.

The main application runs on the participants’ computer where the stimuli are
presented. The researcher controls the application via remote control software
which enables selection, start and stop, etc. online. The communication between
the programs is based on TCP. The researcher can choose any media that are
available in the network (in the local area network as well as in the internet).
The separate parts of the program are usually started on different computers;
however, it is also possible to use only one computer. Communication then takes
place via ‘localhost’ (loopback).

A second aspect of the network communication is the use of bystanders. Such
clients can run on several hosts. They receive the participants’ actions and can
record them onto harddrive or simply view them, for instance for educational
purposes. These clients receive data via UDP, which has the advantage that the
packet can be transmitted in real-time. This technique is also used for internet
broadcasting.
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Figure 4.1: Scheme of network communication. All parts of the software and their
interconnections are displayed.

4.4.2 Analogue Output

Like the Emotionspace Lab, the EMuJoy software can record the acquired data
to disc. The great advantage, however, is the analogue output, which requires a
D/A-converter card. There is then a simple Application Programming Interface
(API) with which a library can easily be programmed for any card to provide the
appropriate output. The analogue output can also be transmitted via the parallel
port, limiting the resolution of the output. The author has already implemented
a driver for the Data Translation 2821 card (see http://www.datx.com/). With
this output, there is no difficulty synchronizing the stimuli with the self-reported
data. Thus all information can be recorded together within one system.

The output includes values for both axes and an additional trigger track. This
track contains, for example, data for experienced chills, start and stop of media,
etc.

4.4.3 Multimedia and Appearance of the Software

A great advantage of the proposed interface is its openness to the use of mul-
timodal stimuli. In addition to musical stimuli, images or films can also be
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displayed in the background of the emotion space. This means that visual as
well as acoustical stimuli can be investigated. This is an interesting aspect for
inter-modal research. Numerous options enable the adaptation of the interface
surface to meet personal needs. The display order of pictures can be prepared
with text files, while groups of pictures can be presented with or without pauses
for set amounts of time. For instance, oddball paradigms can easily be used.
Even software modifications affecting the display time or changing the modality
of the presented stimuli, i.e. a change from the auditory to the visual domain,
then both together, etc. can be made.

The user has the option of modifying the labels in the space. For example,
all the colors can be personalized and the face and the tail can be switched
off. The software is freeware. There will hopefully be additions from several
researchers adapting the software to their needs and contributing new features.
The application is not restricted to use in non-profit organizations. Numerous
applications are particularly likely in the area of advertisement or in the music
industry. The software has already been registered in SourceForge, the link to
the project is http://sourceforge.net/projects/emujoy.

The software enabled participants to express their emotions towards any mul-
timedial stimuli such as images, film and certainly music even via internet. It
was used for all continuous emotional measurements throughout the thesis. Fig-
ure 4.2 shows a screenshot of the software. Participants can move the “worm”
on the screen with a mouse or a joystick. The handling is simplified and made
intuitively by a face of the worm. Its eyes open and close on the arousal dimen-
sion, the edges of the mouth rise and sink along the valence dimension. These
emotional self-report data can be recorded in real-time. The formulas for the
changing ‘facial expression’ are displayed in Equation 4.1 for the mouth and in
Equation 4.2 for the eyes.

x ε [0 : 4]; y =

 3(2v − 1), x = 0 ∧ x = 4;
2v − 1, x = 1 ∧ x = 3;
0, other.

v(alence) ε [−1, 1]

(4.1)

x2 +
y2

(a−1
2 + 1)2

= 1; a(rousal) ε [−1, 1] (4.2)
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Figure 4.2: Screenshot of the
EMuJoy-software. The facial
expression is related to the ab-
solute position of the “worm”
with the emotion space.

4.5 Measuring Psychophysiologal Correlates of
Emotions

For the acquisition of the psychophysiological data, a software was created based
on DT Measure Foundry (2006), with which the physiological data as well as the
psychological self-report and the music was recorded. Additionally, hardware was
planned in collaboration with the “Institut für Explorative Datenanalyse (IED)”
which then built the devices.

As in measuring the continuous self-report, an analogous output was desirable
for the easy combining of different data streams in real-time. Most state-of-
the-art hardware lacks analogous output and uses proprietary data formats that
cannot be further processed easily without using the proper software.

While in most studies psychophysiology is investigated on distinct time points,
for instance as response to a certain stimulus (Lang et al., 1993; Witvliet & Vrana,
1995; Rickard, 2004), the author was interested in the ongoing change in psycho-
physiological parameters as response to the changing emotions expressed by the
music. Therefore all data were sampled continuously and could later be investi-
gated as time series data. Beside self-report, time-series data of psychophysiology
could be crosscorrelated with changing psychoacoustics.

4.6 Clustering with Self-Organizing Maps

Self-organizing maps (SOM), developed by Teuvo Kohonen (2001), were used
for clustering psychoacoustical data. These belong to certain types of neural
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networks which are particularly inspired by the topology preserving property of
the human brain. Such networks organize themselves without corrections from
a ‘supervisor’. This is in contrast to networks, such as feed forward networks
(for instance Ritter, Martinetz, & Schulten, 1994), which cannot learn without
teacher. SOMs reduce the dimensions of data, producing a map of usually 1 or 2
dimensions on which the similarities of the data are plotted by grouping similar
data items together. This result is much easier for humans to understand and to
analyze.

The best matching unit (BMU) is calculated for each input. This is the neuron
that is then activated by the input. Each neuron has its own activation pattern,
which is modified to closer match the input pattern. Neurons in the neighborhood
of the BMU are also slightly modified in the same way.

There are many different applications in which SOMs are used. Kohonen, Oja,
Simula, Visa, and Kangas (1996) give an overview of such tasks. Kohonen has
also developed many visualization techniques. One popular way works as follows:
1. Data points that belong to certain clusters are labeled. 2. For each data
point, the BMU is calculated. The activation for cluster k is memorized for
the BMU and the BMU itself and the neighborhood is modified. 3. After the
presentation of all data, each neuron has been activated n times for data from
cluster k. Each neuron gets a label and is assigned a particular color for the
cluster with the highest number of hits. The number of activations is encoded by
the size of the coloring. This technique allows one to see whether the clusters can
be distinguished, i.e. whether musical excerpts from the same group are similar.
An application for this clustering can be found in Experiment I in Figure 5.23 (p.
65).

4.7 Data Analysis

Most of the data analysis was carried out with Matlab (Version 7.0.1). For sta-
tistical analysis, the ‘Statistical toolbox’ from Matlab was used. The scripts
for the calculation of the point biserial correlation (http://www.mathworks.
com/matlabcentral/files/11222/pointbiserial.m) and Cronbach’s Alpha
(http://www.mathworks.com/matlabcentral/files/10872/cronbach.m) can
be downloaded from the Matlab homepage. The ‘Signal processing toolbox’
from Matlab was used for processing time series data. The calculation of
psychoacoustical parameters was carried out with dbSONIC (Version 4.1.3)
(2003a), the code for the calculation of spectral centroid can be downloaded
at http://www.mathworks.com/matlabcentral/files/11345/centroid.m.
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5 Experiments

In this chapter, two subsequent experiments are presented. The first experiment
was an exploratory approach to the physiological and psychological correlates
of chills and the relation between physiology and psychology. Participants were
asked to bring their own favorite music with them, particular that in which they
previously experienced chills. The aim was to investigate the psychophysiology
of the participants when chills occur.

Excerpts of musical pieces both those in which chills were expected and those
in which chills were not expected were taken from the first experiment and used
as stimuli for the second experiment. The second study investigated the psychoa-
coustical parameters of music which is accompanied by chills and the ability of
participants to rate the emotional expression and the potential of music to elicit
chills. The coherence of emotional responses amongst different participants were
to be analyzed and psychoacoustical correlates to be identified. Furthermore, so-
cial and educational influences on the emotional experience of music were taken
into account.

The chapter starts with an evaluation of the usability of the ‘EMuJoy’-software
and a comparison of data gathered with that software and data that were collected
with questionnaires.

5.1 Usability of the EMuJoy-Software

The participants’ self-reports should be compared with ratings from other studies
before the data were analyzed. Also, it was to be investigated, whether partici-
pants report similar emotions. These two goals were accomplished by having
participants report the emotions they felt during the presentation of images from
the IAPS (Lang, Bradley, & Cuthbert, 1995). Additionally, results from previ-
ous studies that involved listening to musical excerpts are presented. Finally,
different methods for the visualization of the continuous self-reports are shown.
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5.1.1 Material and Procedure

The IAPS is a collection of approximately 800 affective pictures (Lang et al., 1995)
that were used in several studies for emotion induction. 10 of these pictures were
selected to represent the edges of the emotion space. Additionally, 7 musical
excerpts were selected for Experiment I, 4 of which covered the edges of the
emotion space. The content and the numbers of the chosen pictures are displayed
in Table 5.1. Four examples of the IAPS are shown in Figure 5.1.1. They are
arranged according to their rating in Lang et al. (2001).

low valence neutral high valence

high arousal cut throat (3071),
scene of violence
(3530)

rafting-sport (8370),
erotic female (4220)

neutral spoon (7004),
basket (7010)

low arousal graveyard (9220),
scene in a hospital
(2210)

tiny rabbit (1610),
child (9070)

Table 5.1: Content of pictures from the IAPS with their expected rough mean ratings
within the emotion space. IAPS numbers are indicated in brackets.

Figure 5.1: Examples from the IAPS (Lang et al., 1995). Four pictures are arranged
according to their rating from Lang et al. (2001). See also Table 5.1!

The results of the emotional self-reports while listening to “Making love out
of nothing at all” (Air Supply, 1997), an example of pop music, and “Skull full
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of maggots” (Cannibal Corpse, 2002), an example of death metal music, are
presented. The former was previously used in a study by Panksepp (1995) and
was shown to arouse strong emotional reactions. The latter was rated as high on
the dimension of arousal and low on the dimension of valence.

While either music was played or pictures were displayed, participants reported
the emotions they felt in real-time. These self-reports were recorded and com-
pared amongst all participants. 38 participants (mean age: 38; SD: 16; range:
11-72 years, 29 females and 9 males, 33 right-handed people and 5 left-handed
people) participated in the experiment. Sections 5.2.1 and 5.2.2 give detailed
information about participants and the experimental procedure.

5.1.2 Results and Discussion

Rating IAPS Samples

The rating over time is displayed from a bird’s eye view. Figure 5.2 shows the
self-report of valence and arousal for the affective pictures. ’Columns’ of 30 s
appear, i.e. there is similar shading in a vertical direction. These results indicate
that the self-reporting was similar amongst participants.

Table 5.2 shows the relationship between Lang’s (2001) and the acquired data.
The median for each picture is shown, calculated from the median of self-reporting
over the time of 30 s. It is remarkable that the data are so similar despite different
instructions and dissimilar underlying scales. While Lang asked the participants
to report all at once about the emotion expressed, the participants in this study
reported continuously about the emotions they felt. Lang’s arousal data are all
slightly higher than those of this study. This can be explained by the fact that
Lang used a unipolar scale ranging from 1 to 9 while in this study a bipolar
scale was used ranging from -10 to 10. For a comparison, Lang’s ordinal scaled
data were projected onto an interval scale, i.e. for valence and arousal from [1..9]
on [-10 10]. For that purpose, empirical means and standard deviations were
calculated from data collected with the EMuJoy software.

For the purpose of comparing the acquired data to those collected by Lang, the
medians of the data, for 30 s for each picture, had to be compared with data that
were sampled at distinct time points (one data point per picture). Since Lang
assumed normal distribution of data, I followed his method of displaying data
parametrically; for example, I display means with standard deviations. However,
I also assumed that, due to the limited sample size, the test for normal distri-
bution would not be significant. Yet, if Lang is right, the EMuJoy data should
converge towards normal distribution as the population size increases. For rea-
sons of comparability between the results given by IAPS and EMuJoy data, the
same distribution as in Lang’s data is assumed.
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Figure 5.2: Self-reported valence (left) and arousal (right) of participants while view-
ing pictures from IAPS. Data are drawn from bird’s eye view. Each row denotes an
individual (numbered from 1 to 39.) On the time axis (horizontal), the unfolding of
emotions over time is visualized. Every 30 s, the IAPS pictures change, producing sim-
ilar reactions inter-individually (resulting in columnar pattern of the graphs). Degrees
of valence and arousal are encoded in grayscales from black for -10 to white for +10, as
shown in the color bars.
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No IAPS
No

Val
(IAPS)

Aro
(IAPS)

Val
(IAPS)
adapted

Aro
(IAPS)
adapted

Val
(EMu-
Joy)

Aro
(EMu-
Joy)

1 8370 7.77 6.73 6.93 4.33 3.56 6.39
2 9220 2.06 4.00 -7.35 -2.50 -5.02 -1.13
3 3071 1.88 6.86 -7.80 4.65 -9.15 5.54
4 7010 4.94 1.76 -0.15 -8.10 0.03 -0.90
5 9070 5.01 3.63 0.02 -3.43 0.82 -1.35
6 3530 1.80 6.82 -8.00 4.55 -8.04 6.86
7 1610 7.69 3.98 6.73 -2.55 6.55 -2.55
8 2205 1.95 4.53 -7.63 -1.18 -5.06 0.00
9 4220 6.60 5.18 4.00 0.45 5.64 2.51

10 7004 5.04 2.00 0.10 -7.50 0.06 -0.17

Table 5.2: Results of self-reports while viewing pictures from the IAPS. Displayed are
the medians over all participants of the medians of 30 s. First column contains positions
in presentation order, followed by the number in the IAPS, Valence and Arousal from the
IAPS. The last two columns contain the raw data collected with the EMuJoy software,
the two in between the adaptation from Lang’s emotion space by projecting his data into
the space used by the software. The conversion takes place as described in Equations
5.1-5.4.

Equations 5.1-5.4 show the formulas for both the projection and the conversion
of the empirical standard deviations. Mean as well as SD have to be translated
and scaled. The new mean is denoted by χ, SD is ς, and empirical values are
overlined. The comparison within the EMuJoy emotion space, ranging from -10
to 10, in both valence and in arousal, is displayed in Figure 5.3. there is a close
similarity of locations for self-reports.

Rating Musical Pieces

The results of all participants were not as homogeneous in the auditory domain as
in the visual domain. Figure 5.4 shows the results of self-reporting while listening
to the two musical pieces “Making love out of nothing at all” (Air Supply, 1997)
and “Skull full of maggots” (Cannibal Corpse, 2002). Overall valence and arousal
is similar amongst all participants in both musical pieces. In contrast to the
pictures, blocks only become visible in Figure 5.4d. In the other three panels, the
blocks cannot be separated. This means that the absolute value of self-reporting
in small time windows is more heterogeneous between participants with music
than with strong affective pictures. In Figure 5.4d, self-reported data show blocks
of similar reactions in the arousal dimension; columns can be identified around
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Projection: χ

χ :=
x− 1

8
20− 10 =

5x− 25
2

(5.1)

Empirical Mean: χ

χ :=
5χ− 25

2
(5.2)

Empirical standard deviation for x: s

s :=

√√√√ 1
n− 1

n∑
i=1

(x− xi)2 (5.3)

Empirical standard deviation for χ: ς

ς :=

√√√√ 1
n− 1

n∑
i=1

(χ− χi)2 =

√√√√ 1
n− 1

n∑
i=1

(
5x− 25

2
− 5xi − 25

2
)2 =

√
5
2
s (5.4)
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Figure 5.3: Comparison of the IAPS data and those acquired with EMuJoy-software.
Means with SD are displayed. Corresponding data from same pictures are connected
with arrows. Note that pictures 4 and 10 are not very close. These are the neutral
images (a basket and a spoon). The difference may be due to the different scaling of
arousal.
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70, 100 and 140 s. These borders are related to changes in loudness; or more
precisely, elevated loudness is related to high arousal. In the other musical piece,
no similarities can be found and there is no relation to loudness or any other
obvious features of the piece. At the current state of investigation, one can assume
that it is possible to find musical pieces with high inter-participant consistent self-
reports as well as with high participant-dependent reports. However, the study
was limited to 38 participants. Collecting data from much larger populations,
for example via an internet survey, might demonstrate similarities in all kinds of
musical styles, and distinct pieces could appear amongst groups with the same
musical interests, age and socialization. I presume that music may exist which
induces general emotional reactions, as can be observed in other modalities.

An additional explanation of the heterogeneity in the auditory domain, in con-
trast to the findings by Lang et al. (2001), can be found in Schubert (1999).
The authors allude to effects such as afterglow and different delays of emotional
response towards musical stimuli. A very important factor might be the different
sensitivity for the relatively ’weak’ stimuli provided by musical pieces in compar-
ison with the extremely emotional violent or salacious pictures from the IAPS.

5.1.3 Visualization of Unfolding Emotions

Three approaches were used for the visualization of the self-report data. The
easiest and most obvious way of displaying such time-series data would be to plot
the averaged data as shown in Figure 5.5. However, the use of a third dimension
enables the user to retrace the trajectories of the emotions the 38 participants
had indicated. At approximately 90 s, a significant break in the emotional impact
of the music of ID 3 can be seen (see Figure 5.4d),

Consistency of Self-reporting

Ratings in the continuous self-reporting were not always coherent, despite distinct
events, such as beginnings of new sections. The means of valence and arousal are
shown for the film music “Main Titles” (Portman, 2000) in Figure 5.5. One can
easily see a change in self-reporting around 90 s.

Finding such changes in self-reports can be facilitated by looking at the moving
variances in the self-reports. This is shown in 12-second windows, all taken from
the same musical piece, in Figure 5.6.

Animations

An impressive account of the unfolding of emotions over time becomes visible
when animated data is used using films as a synopsis of the sampled self-report
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Figure 5.4: Self-report data of participants who were listening to two musical pieces
displayed from bird’s eye view (same mode of visualization as in Figure 5.2). In the two
upper panels, emotional self-reports from hearing the death metal music piece“Skull full
of maggots” by Cannibal Corpse are displayed. In contrast to Figure 5.2 and the lower
right panel, no columns can be identified, whereas the horizontal patterns demonstrate
high individual constancies. In the lower panels self-reports from hearing the pop-music
piece ’Making Love out of nothing at all’ by Air Supply are depicted. As can be seen
on the lower right panel, there is an inter-individual consistent change in self-reported
arousal in around 70, 100 and 140 s. However, an overall tendency towards aversion (a)
and high arousal (b) is ascertainable amongst all participants in response to the death
metal music piece.
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Figure 5.5: Mean of all participants’ rating of arousal (left) and valence (right). Only
very strong changes are visible.

data from all participants. In all animations, there is a preference towards one of
the quarters of the emotion space. However, when there are breaks in the music,
such as the beginning of a new part, the entrance of voices, a change of key,
etc., an overall tendency towards movement can be seen in all data points. The
colors of the worms, used to represent individual participants, are meaningless.
A worm’s head changes its shape from a circle to a rosette when the participant
reports a chill. The animations are available on DVD in the Appendix D; a
screenshot from the visualization is shown in Figure 5.7, the birds’ eyes’ view on
the data was presented in Figure 5.4 (page 46). In the PDF-version, the video
starts by clicking on Figure 5.7.

There are several advantages compared to study only averaged data and there
is an additional aesthetic value. Changes in emotions experienced in the same di-
rection but on different levels, i.e. starting at different levels of valence or arousal,
are more easily recognized. Furthermore, diverging trajectories, whose averages
cancel each other out, can still be observed. The third approach for visualizing
changing emotions has already been shown for images from the IAPS (see Figure
5.2) and for musical pieces (see Figure 5.4).
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Figure 5.6: Changes become emphasized by calculating moving variances. This is
done here for 12-second windows.

Figure 5.7: Emotional self-reports over time are visualized within animations.
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5.2 Experiment I

The goal of the first experiment was to find out which participants when experi-
ence chills, the music with which this occurs and the psychoacoustical parameters
that play a role. With respect to the listeners, I was interested in the ongoing psy-
chological and psychophysiological processes during the music listening. These
were investigated by concentrating on the peripheral indicators of psychophysiol-
ogy rather than brain imaging.

Patterns in physiological changes and temporal dynamics in these patterns
were to be defined. There is a delay between musical event and the emotional
correlate in the self-report (Schubert, 2004b). However, an investigation needed
to be made as to whether there is also a delay between physical indicators of
SEMs and the emotional self-report.

The focus of the experiments was laid on chill events and their correlation to
psychophysiological changes, such as HR and its variance, SCR, and EMG, as
shown by data gathered as the participants listened to full length musical pieces
in a laboratory setting.

Physiological parameters for full length musical pieces that elicited chills were
compared to those that did not elicit chills. Physiological time series at chill
onsets are averaged in order to find patterns in psychophysiological parameters.
Additionally, the relation of chills to self-reports were investigated in valence
and arousal. This raised the question as to whether psychophysiology without
self-reports from participants is always appropriate for predicting chills.

Participants were asked to listen to music that they had brought with them,
which was expected to lead to an experience of chills. Other musical pieces were
pre-selected and played to all participants. They reported the emotions they
felt during the listening with the computer software EMuJoy (see Section 4.4).
Physiological parameters for identifying correlates with strong emotions during
the listening were recorded during this experiment.

5.2.1 Material and Methods

Participants

38 participants (mean age 38, SD = 16, range 11-72 years, 9 males, 29 females)
participated in this experiment. Due to the exploratory character of the study,
groups were not matched for gender, age or musical training. 33 participants were
right-handed and 5 left-handed. There were 5 professional musicians, 20 amateur
musicians who currently play or once played an instrument, and 13 participants
who had never played an instrument. Participants were recruited from a public
presentation about the research project and had a heterogeneous educational
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and musical background. The participants did not receive any reimbursement
for participation. All participants knew the background of the study and were
informed of the experimental design.

Stimulus Material and Presentation

The participants listened to 7 pre-selected musical pieces, 2 of which had vocal
elements. In addition, each participant was asked to bring 6-9 of his/her favorite
musical pieces which routinely elicit chills. The 7 pre-selected musical pieces are
listed in Table B; a list of the participants’ favorite musical pieces can be found
in Table B.1. Most of the music was instrumental film music or classical music.

The participants continuously indicated their emotional experiences (valence,
arousal and chills) in real-time with a computer mouse using the EMuJoy-software
(see Section 4.4) while the music was played. Music was presented via headphones
(Beyer DT 770 M; Beyerdynamic GmbH & Co. KG, Heilbronn, Germany), and a
USB-audio device was used for playback (M-AUDIO Audiophile USB; M-AUDIO,
Irwindale, USA). Loudness was adjusted by the participants to a comfortable
level as loud as he/she usually hears it at home. Participants indicated chill-
experiences by pressing a mouse button.

Data Acquisition

The chill-responses, the emotional self-reports, the physiological data and the
music were recorded simultaneously with researcher-developed software based on
a software development kit (DT Measure Foundry, 2006). An A/D converter
card (DT 301; Data Translation, Marlboro, Massachusetts, USA) was used for
the digitalization of the analogous data. Valence and arousal were measured on
continuous scales of -10 to 10. However, the participants saw only the axes for
valence and arousal.

In a pilot study, participants were asked to press the mouse button randomly
while listening to music. The aim was to test whether the pressing of the mouse
button is involuntary connected with activations of the ANS. Neither changes in
SCR nor in HR/SDNN were observed.

Physiology

The following psychophysiological measures were recorded: HR, SCR, SCL and
EMG of two facial muscles (M. zygomaticus and M. corrugator). A ground
electrode was applied to the back of the dominant hand to minimize noise and
particular mains hum.

50



CHAPTER 5. EXPERIMENTS

Heart rate and heart rate variability: Heart rate was recorded with a
heart belt commonly used for jogging (POLAR T31; Polar Electro Inc, Lake
Success, USA). Data were recorded by using the analogous output from a receiver
module (NRM receiver module; Polar Electro Inc, Lake Success, USA). The
output consisted of a trail of pulses which that were converted into a time series
of inter-beat-intervals (IBI). Missing or irregular beats (such as extra systoles)
were deleted manually from the pulse trail.

Time series of IBI were interpolated using cubic interpolation in order to com-
pute HR. The analyzed parameters of IBI in the time domain were mean IBI
(MIBI), standard deviation of normal-normal (SDNN), root mean squared suc-
cessive differences (RMSSD) and the variation coefficient. The computation of
HRV was done according to the “Standards of measurement, physiological in-
terpretation and clinical use” (Task Force of the European Society of Cardiology
and the North American Society of Pacing and Electrophysiology, 1996) (see also
Section 2.4.2).

Skin conductance: Skin conductance was measured as SCL and SCR (see
also Section 2.4.1) at the second phalanx of the middle finger and the ring finger
of the non-dominant hand. The fingers were cleaned with alcohol before ARBO
Ag/AgCl-electrodes with a diameter of 15mm were applied. The measurements
were made with a system based on Boucsein (2001) with a device from the Institut
für Explorative Datenanalyse GmbH (IED), Hamburg, Germany.

Electromyograms: For measuring the tone of the facial muscles, corrugator
and zygomaticus, ARBO Ag/AgCl-electrodes were applied to the skin surface,
one for each muscle and two reference electrodes above an adjacent bone, on the
Os zygomaticus for the M. zygomaticus and on the Glabella of the Os frontale
for the M. corrugator (see also Section 2.4.3). The signals were amplified 100
times with a biosignal amplifier from IED.

Psychology (Continuous Self-Monitoring)

The Java-Software “EMuJoy” (see Section 4.4) was used for continuous self-
reporting within the 2-dimensional emotion space. Participants controlled the
software using a computer mouse. The mouse button was pressed to indicate
chill experiences (see also Section 2.3 and 4.4). The dimensions used were va-
lence (negative-positive) on the horizontal axis and arousal (high-low) indicated
by the German terms (beruhigend-aufregend). The self-reported data were con-
tinuously sent to the digitizer as analogous data using a D/A-converter. Then,
the data were recorded simultaneously with both the physiological data and the
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music. In addition to the continuous data, familiarity and pleasure were rated
for each musical piece.

Data Preprocessing

After measurements were made, data were stored in a proprietary format of DT
Measure Foundry (Version 4.0.7) (2006), transcoded into a standard PCM format
like WAV, which was used for storing music data, and then imported into Matlab
(Version 7.0.1). For time series analysis, physiological data were sampled down
to 80 Hz after low pass-filtering using the signal processing toolbox from Matlab.
The down-sampling was carried out with the decimate command, which uses a
Chebyshev Type I lowpass-filter with a normalized cut off frequency of 64 Hz
and 0.05 B of pass band ripple. For psychological data, filtering was omitted in
order to avoid modifying narrow edges of the self-report data. As fluctuations
in human self-reporting were not expected to be faster than 40 Hz, there was no
danger of alias frequencies.

The psychological and psychophysiological data were analyzed in four ways. In
order to look for relation to chill experiences, medians over time of valence and
arousal were calculated for the continuous self-reports of all musical pieces. The
second analysis focused on chills and the relationship to physiology. Therefore,
windows of 10 s were used for the medians, beginning 2 s before the onset of
chills and ending 8 s after the onset. To display the patterns in the physiological
time-series, the means of the data in 20-second windows were calculated as third
analysis, with the chill onset being at the center (at t = 0). A Kruskal-Wallis test
was carried out to clarify whether or not SCR and HR differ in the time period
around chill experiences. The post-hoc analysis was Bonferroni corrected for
identifying the time-points of significance. As the fourth and last analysis, HRV
parameters were compared for musical pieces both with and without chills. For
each participant, the HRV time-domain parameters SDNN, MIBI and RMSSD
of all musical pieces were calculated for the first 300 heart beats; this resulted
in an analysis of about 5 minutes of data. Then, the medians for all pieces with
chills and all pieces without chills were calculated. This provided two sets of IBI
for all participants who had reported chills. A paired statistical analysis (paired
Wilcoxon signed rank test) of change in HRV-parameters between musical pieces
with and without chills thus became possible.

In four musical pieces, which were brought by the participants, chills at a rate
of 27, 29, 50 and 79 times for the respective pieces were reported. This extreme
high occurrence of chills was considered to be a measurement artifact and was
excluded from analysis.
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5.2.2 Procedure

Initially, participants had to fill in questionnaires regarding their age, sex, musical
background and occupation. The temperature in the room was recorded and the
room was darkened slightly. The questionnaire can be found in Appendix C.1.

The experiment began with an explanation of the study, the software and the
hardware. The participants’ favorite musical pieces were saved onto the computer
for replay during the experiment. The electrodes and the heart belt were then
applied to the participant. The participants were able to ask questions and
completed an informed consent form before the experiment began.

The researcher sat behind a folding screen in the same room as the participants,
so was out of sight. The presentation of the stimuli was started remotely by the
researcher. The participants were allowed to ask questions during the experi-
ment. A test tone was played to enable the participants to choose a comfortable
volume setting before the stimuli were presented; this setting was recorded. The
experiment began with 30 s recordings for the baseline.

The participants indicated the experience of a chill by pressing a mouse button
for the duration of the sensation. All participants were aware of the chill sensation
and had experienced it before. Additionally, they expressed their experienced
arousal and valence. The complete experiment lasted about 1.5 hours.

The participants were able to adjust the volume setting in between musical
pieces. They informed the researcher when they changed the level of loudness
and the new volume setting was recorded. Physiological measurements were
recorded while the music was playing.

After each musical piece, the participants filled in a questionnaire about their
experience, familiarity, liking, etc. of the music. The questionnaire can be found
in Appendix C.1.

5.2.3 Results

This section starts with general observations concerning the frequency of chills
and the relationship to the emotional impact of the music. Then, the physiological
changes connected to chills are displayed; as a final step, the patterns in these
physiological reactions are presented.

Frequency of Self-reported Chills

Chills were reported quite rarely, even in the participants’ favorite pieces. 415
musical pieces were played during the whole experiment, of which 136 only were
accompanied by chills (32.8%). There were 686 self-reported chills in all musi-
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cal pieces (the musical pieces were naturally of different lengths). 7 of the 38
participants (≈ 18%) experienced no chills at all.

Emotional Self-report

The number of pieces with various median ratings is displayed in Figure 5.8.
As most pieces were the participants’ favorites, a bias towards high valence and
balanced arousal can be observed. Figure 5.9 shows the ratio of chill to non-chill
pieces. There is an almost linear increase in the number of pieces accompanied
by chills from -6 upwards for both arousal and valence. There is also an increase
in the opposite direction towards -10. When applying a Man-Whitney-U test,
familiarity, pleasure and valence are different for pieces of music with chills than
for those without chills (p < .05). No statistical differences could be found for
arousal (p > .05).
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Figure 5.8: Number of musical pieces with and without chills related to classed medi-
ans of self-reported valence (left) and arousal (right)

The median value of psychological self-reports around chill onsets was calcu-
lated in 20-second windows. The result is shown in Figure 5.10; there is a striking
tendency towards high arousal and high valence. Pie diagrams are shown in Fig-
ure 5.11 for the comparison of median values of self-reports of all pieces, then in
pieces with chills, and lastly in the windows around self-reported chills. One can
see a strong bias towards high valence and arousal in the windows around chill
reports, while arousal and valence are more balanced over the complete set of
pieces. Even across the entire set of musical pieces in which chills were reported,
arousal is balanced while valence tends towards positivity.

Figure 5.12 shows a histogram indicating the familiarity and pleasure. Most
chills were reported in pleasurable and familiar musical pieces. These two pa-
rameters, however, are not independent; Gaver and Mandler (1987) stated that
familiarity enhances the liking of music. The correlation is rS = .70 (p < .001).
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Figure 5.9: Percentage of musical pieces with chills in the complete set of played pieces
(medians).

Physiological Correlates of Self-Reported Chills

Participants listening to the same musical pieces did not experience chills at the
same points in time. It was not possible to find a simple pattern of musical fea-
tures as a reliable trigger. However, chills were reported by up to four participants
simultaneously for some musical excerpts.

A typical example of psychophysiological HR and SCR data was shown for
one participant listening to emotion-inducing music in Figure 2.9. There are
occasional increases in SCR and HR with reported chill experiences (rectangles),
marked with (b). However, closer observation reveals dissociations between self-
report of chills and HR and SCR-data (a, c). Furthermore, in the example, the
psychophysiological data is also dissociated, i.e. increase in HR occurs without
an increase in SCR and vice versa (among the coinciding increases, there are
dissociated increases in the physiological (a) as well as in the self-reported data
(c)). In order to systematically analyze the interrelationship of these time series,
time windows of 10 s surrounding chill experiences were taken. They started 2 s
before and ending 8 s after the onset of chills. If there were multiple chills in
one piece, these windows were merged. SDNN was not investigated because no
meaningful results come from the calculation of variances of only 7-15 heartbeats
within 10 s.

The data from one piece for one participant thus consisted of two subsets: the
time around the chills and the remaining time. When chills were reported, SCR
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Figure 5.10: Medians of self-reported valence and arousal within 20-second windows
surrounding self-reported chill onsets.

increased significantly 79.8% of the time. HR increased for 70.6% and decreased
for 25.2% of the cases (Wilcoxon rank sum test; p < .01). There were no specific
“reaction types”, neither in the sense that participants had a certain pattern of
accelerated or decelerated HR, nor with regard to an increase in SCR, there were
no distinct participants where HR increased each time chills occurred, likekwise,
there where no participants in whom HR consistently decreased. Though, chill
responses were rare events, they coincided significantly, however, with changes in
HR and SCR.

The SDNN was significantly higher in musical pieces in which chills were re-
ported (p < .05; Wilcoxon sign rank test, two-tailed) than in those without
self-reported chills. In contrast to variability, mean increase in HR for the entire
set of musical pieces did not become significant at 5% level. RMSSD and MIBI
are not altered (p > .10). The change in SDNN is not due to an increase in
MIBI, as can be seen in Table 5.3. There was no significant correlation between
MIBI and SDNN. The SDNN in musical pieces without chills is contrasted SDNN
in pieces where chills were reported for all participants who indicated chills in
Figure 5.13.

An artifact was, however, observed, namely that in the course of the experiment
the heart rate lowers subsequently in all participants as displayed in Figure 5.14.
This might be due to the fact, that the participants calmed down during the
experiment. This has to be considered in future experiments.

Alterations were found neither in relation to chills nor to valence or arousal

56



CHAPTER 5. EXPERIMENTS

−10−8−6
−4

−2

0
2

4

6

8
10

All pieces
−10−8−6−4

−2

0

2

4

6

8
10

Pieces with chills
−10−8−6

−4
−2

0

2

4
6

8

10

Window around chills

−10−8−6−4
−2

0

2

4

6

8

10
−10−8−4−2

0

2

4

6
8

10

−10−8−6
−4

−2

0

2

4
6

8

10

Figure 5.11: Pie diagrams comparing the distribution of medians of self-reports. From
left to right: all musical pieces (with and without chills); all musical pieces in which
chills are reported; time windows of 20 s surrounding the onsets of the chills.

regarding the EMG of M. zygomaticus and M. corrugator, (Wilcoxon rank sum
test, p < .05).

Physiological Patterns as Responses to Chills

There was no simple relationship between self-reported chills and physiological
changes, there were changes in HR and SCR without any reported chills, and
chills were reported without any changes in the physiology of the participant.
However, there is a pattern-like prototype in the physiological time series of HR
and SCR when chills occur. The means of HR and SCR are drawn with 95%-
confidence intervals in Figure 5.15. SCR and HR increased significantly in the
vicinity of the maximums (p < .01) compared to outside the windows of time
surrounding the chills. The maximum of SCR is at t = 3.1 s, HR reaches its
maximum at t = 1.1 s. This increase, however, becomes significant for SCR at
t = 1.5 s and for HR at about t = 0 s (Kruskal-Wallis test, p < .01, Bonferroni
corrected). The delay between HR and SCR might be explained by the different
nerve conductance speed of A- and C-fibres that innervate the heart or the sweat
glands in the hand.
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Figure 5.12: Ratings in familiarity and pleasure for all musical pieces.

Cross Correlation of SCR and HR

The existence of changes in SCR and HR coinciding with chills has already been
shown. In order to verify whether the delay between the two parameters is consis-
tent when moving from total averaged data to individual data, crosscorrelations
of SCR and HR were calculated for all participants. This analysis was continued
by taking the mean from all of the crosscorrelations between the two respective
measures; the result is shown in Figure 5.16. The delay between SCR and HR is
indeed inter-individually consistent as well as intra-individually, and amounts to
about 2 s. There appears to be a second local maximum around t = −3.5 s. The

Spearman r SDNN RMSSD MIBI
Chill No Chill Chill No Chill Chill No Chill

SDNN Chill .86** .78** .69** .12 .14
No Chill .86** .87** .84** .10 .16

RMSSD Chill .78** .87** .91** .27 .32
No Chill .69** .84** .91** .33 .44*

MIBI Chill .12 .10 .27 .33 .94**
No Chill .14 .16 .32 .44** .94**

* Correlation is significant at the 0.05 level (2-tailed)

** Correlation is significant at the 0.01 level (2-tailed)

Table 5.3: Correlations of HRV time-domain parameters (n = 25)
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ously during the entire experiment.
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59



5.2. EXPERIMENT I

repetition of local maximums can be observed roughly every 4-6 s. This can be
explained by the frequency of the respiratory sinus arrhythmia (0.15 to 0.4 Hz).

Figure 5.16: Intra participant cross-
correlation of HR and SCR. The lag of
2 s exists in the mean of all participants.

Correlation of Psychology and Physiology

SCR and HR were expected to increase when chills were self-reported. Data from
each musical piece was therefore divided into two subsets for each participant:
the time surrounding the chills and the remaining time. A Wilcoxon Sign rank
test was computed to clarify whether or not SCR and HR differ in the time
period surrounding chill experiences. The results are shown in Figure 5.17. SCR
increased significantly 79.8% of the time when chills were reported. HR increased
in 70.6% and decreased in 25.2% (p < .01) of the cases. There were neither
specific “reaction types”, in the sense that participants had a certain pattern of
accelerated or decelerated HR, nor with regard to an increase in SCR, i.e. there
were no distinct participants in which HR increased each time chills occurred or
others in whom HR consistently decreased.

Figure 5.17: Number of significant in-
creases in physiological parameters when
chills are reported. Displayed are chills
summed over all participants. Participants’
data are represented in the analysis accord-
ing to the number of experienced chills.
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p<0.01As Figure 2.9 shows, chill reports are sometimes given without physiological

changes. However, there are also changes in physiology without a corresponding
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self-report of chills. Figure 5.19 and 5.20 show the correlations between physiol-
ogy and self-reports of chills using a biserial correlation between SCR/HR and
chill responses. The rows represent the musical pieces, the columns the par-
ticipants. Each rectangle codes the biserial correlation coefficient between the
physiological parameter and the chill responses. Light gray rectangles indicate
no significant correlations; black rectangles no data.

SCR and chill responses correlated significantly in 69 of 119 cases (58%), HR
and chills in 79 of 119 cases (66%) with 43 positive and 36 negative correla-
tions. Psychological and physiological data are therefore significantly correlated;
however, the correlation coefficients are quite low. The lower percentile, me-
dian and upper percentile of correlations between SCR and chills for all musical
pieces in which chills were reported was r = (0.18, 0.38, 0.61) for HR percentiles,
r = (0.15, 0.35, 0.54) for positive and r = (−0.38,−0.23,−0.06) for negative cor-
relations.

A similar method was used for strong changes in self-reports. An example is
shown in Figure 5.18. Significant correlations can only be found for SCR (Figure
5.21).

Figure 5.18: An example of physiological time series and moving variance of arousal
(bottom). The upper row shows the SCR, the middle HR. No general relations can be
found between expressed arousal and psychophysiology.
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Figure 5.19: Biserial correlation of SCR and chills. Each column represents one
participant, each row one presented musical piece. The musical pieces are ordered as
they were heard. The rectangles can have four different meanings. Black indicates
no data, i.e. the participants listened to fewer musical pieces then their peers. Dark
gray indicates no chill experience. Light gray rectangles represent musical pieces in
which chills were indicated, but had no significant correlation with SCR. The colored
rectangles encode the correlation coefficient of SCR and chill in the respective pieces.
There is a significant correlation in most musical pieces in which chills were reported.
The correlation, however, is weak in most cases.

Figure 5.20: Biserial correlation of HR and chills. The meanings of the colors are
explained in 5.19. Negative correlations are also taken into account for HR; these are
colored from blue over green to white.

Figure 5.21: Biserial correlation of strong changes in variance and SCR.
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Psychoacoustics

All the musical pieces used in the experiment were averaged over time and
summed over the lower 20 Barks. Musical pieces in which chills were reported
(group C) showed a characteristic increase in loudness and roughness and a re-
duced TNR compared to those excerpts without chills (group NC; Kruskal-Wallis
test for all three parameters, p < .01). Figure 5.22 shows the boxplots of the data.
Table 5.4 shows the different groups of musical pieces and their denomination.
Group PRE also contains musical segments during which participants reported
chill experiences. In this case, however, no difference was found when this group
was compared to groups NC and NN (p > .05).

Source C PRE NC NN
Participants’
favorite music
with reported
chills

Reported chill 10 s
before and after a
chill event (190
excerpts)

Random
excerpts
(195
excerpts)

Participants’
favorite music
without
reported
chills

Random
excerpts
(195
excerpts)

Pre-selected
music pieces
with chills

Reported chill
10 s before and
after a chill event
(69 excerpts)

Table 5.4: Musical features of 4 different groups of music stimuli (C, PRE, NC, NN)
that were used for psychoacoustical analysis.

A clustering was carried out using self-organizing maps (SOM, see also Section
4.6) (Kohonen, 1999). The use of only three psychoacoustical parameters already
allowed a distinction between musical pieces which on hearing elicit chills from
those that do not. Figure 5.23 shows the result of this technique.

Time series of psychoacoustical changes were investigated. In addition to the
increased mean in loudness in group C (participants’ favorite pieces with which
chills were experienced), an increase of loudness was observed at the onset of the
self-reported chills (see Figure 5.24). Therefore, trend-removed loudness curves
were averaged over each time point (time resolution was 5Hz). The averaged data
were sampled down to 5 data points for the segment length of 20 s for statistical
analysis, i.e. each point covered a time-range of 4 s. A Kruskal-Wallis-Test was
significant for the time-range around t = 0 s for groups C and PRE (p < .001).
A post-hoc Scheffé test proved that data in C and PRE significantly increase at
t = 0 s (p < .001). The course of changing loudness reached its maximum at
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Figure 5.22: Comparison of the time-averaged
loudness-, roughness-, and TNR-data of the musical
pieces from the four groups C (participants’ favorites
with chills), PRE (pre-selected with chills), NC and
NN. Parameters in C differ significantly from the
other groups.

about t = 1.5 s after the self-report of chills (t = 0 s).
This increase in loudness was not equally distributed over all frequencies. There

was a more prominent increase between 8 and 18 Barks (920-4400 Hz). Figure
5.25 shows the time sequence plots for the parameter loudness for the stimulus
groups C, PRE, NC and NN. An arrow indicates the salient increase in group C
(favorite music with reported chills). To emphasize the increased loudness after
a chill onset, the difference diagram of the loudness data of groups C and NC was
calculated (see Figure 5.26). As both groups are taken from the same musical
pieces, they should have similar distributions of specific loudness, even if C is
somewhat louder on average than NC. The increase in C, however, cannot be
found in NC, making the increase in the range of 8 to 18 Barks very clear.

This increase cannot be found for musical pieces in which no chills were re-
ported as can be seen in Figure 5.27.

5.2.4 Discussion

Four major results have been presented in this experiment: firstly, the relation
between emotional self-reports and chills; secondly, the validity of psychophysi-
ology in predicting chills; thirdly, a pattern of psychophysiological correlates of
chills, and finally an increase in loudness in certain frequencies when chills are
experienced.
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Figure 5.23: Clustering with 3 psychoacoustical pa-
rameters. Clusters that distinguish chill-music (C)
from non-chill music (NC and NN) already are visi-
ble. The color encodes the group (C, PRE, NC, and
NN), the size of the neuron encodes the hits of the re-
spective neuron. Neurons with the largest area were
thus the most activated.

Figure 5.24: Time-series of the course of the trend-removed mean of loudness. The
mean is plotted with standard error of the mean (thin lines). A significant increase can
be seen at about 1.5 s after chill onset in the data of C and PRE.
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Figure 5.25: Spectral analysis of the loudness courses for the four groups. The increase
is prominent in the groups C and PRE within the range of 8 to 18 Barks (arrow for
group C).

Figure 5.26: Difference of the spectral analysis for C and NC in order to emphasize
the increase in the range of 8 to 18 Barks.
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Figure 5.27: Increase in the critical band is limited to musical pieces in group C.
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Frequency of Chills

Chill responses in self-reports were observed as rather infrequent events in this
study. Panksepp (1995) found a mean of 4.4 chills per minute for 14 participants
in response to the pop song “Making love out of nothing at all” (Air Supply,
1997). In this experiment, however, only three participants experienced chills at
all in response to this song. The frequency of these experienced chills was 1.1
chills per minute. Panksepp’s participants differed from those, who participated
in this study, in the case as they knew and liked this type of popular music; this
song in particular was #2 on the top ten US charts for two weeks in 1983. Such
familiarity tends to enhance the appreciation of music (Gaver & Mandler, 1987).
Furthermore, Panksepp carried out a group experiment, i.e. the participants had
the possibility to interact. Although there are no data available, it seems in-
tuitively plausible that group dynamics may influence response behavior. This
potential artifact was excluded in my experimental setting. Finally, even when
my participants listened to the pieces brought specifically to evoke chills, the fre-
quency of chill responses was much lower than in the above mentioned study. By
acquiring psychophysiological data (which was not the aim of Panksepp’s experi-
ment), the validity of the participants’ self-reports can also be established. The
70% rate of congruency between reported chills and a significant increase in SCR
supports the need for psycho-physiological data to validate self-reported chills.
However, it cannot be ruled out the possibility that chills could occur without
psychophysiological correlate, i.e. as ‘mental chills’. The distinction therefore had
to be made between chills as emotional events, occuring with the triad of corre-
lates, namely psychological awareness, behavior (goose pimples and piloerection)
and the particular physiological reactions in HR and SCR, and chills that are
only experienced psychologically, i.e. without psychophysiological correlates.

Psychological Responses

I was mainly interested in the type of relationship between physiology and psy-
chology with respect to chills. It could be shown that chills and sympathetic ac-
tivation (increase in HR and SCR) often coincide, but that physiological changes
cannot be used as reliable predictors for psychological experiences.

The dimension used for chills was dichotomous. When participants had slight
feelings that could be construed as chills, they had to decide whether or not it was
a ‘real’ chill. Consequently, the participants had to determine their individual
thresholds for reporting chills. This fact might also explain the weak correlations
between SCR, HR and self-report, both parameters increase consistently when
chills are reported. The participants could report the intensity of chills by either
varying the force with which they pressed the mouse button or with a slider.
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However, this approach was not followed up in order not to ask too much of
the participants who already had to report their emotions of the music on the
continuous parameters valence and arousal. Thus, I felt it better to have the chill
as a dichotomous event.

Physiological Responses

No EMG reactions were observed; presumably, the effects of the music were not
strong enough to trigger facial expressions, such as frowning or laughing, which
would have registered on the machine measuring the EMG over the M. zygomati-
cus and M. corrugator. In other studies, the activation of the M. corrugator was
observed particularly in the context of startle reflexes (Bradley & Lang, 2000;
Witvliet & Vrana, 1995). In this thesis, however, the focus was on pleasurable
feelings.

The temporal dynamics of three different resolutions were investigated in re-
gards to SCR, HR and HRV: whole pieces for HRV analysis, windows of 10 s for
coinciding chills and SCR/HR changes and windows of 20 s for showing patterns
of physiological changes.

Homogeneity of Physiological Responses

There were no participant-specific patterns of acceleration or deceleration of HR,
or variability of SCR found. A typical pattern could be identified for physiolog-
ical responses that accompanied chills. In contrast to other electrophysiological
measurements, such as event related EEG, in which grand averages are calculated
with the assumption that the data will be distributed normally and the empirical
mean will be found by averaging the data, we have encountered two problems:
firstly, we do not know which distribution underlies the acquired data. It is ratio-
nal, however, to act on the assumption of a normal distribution because of the
plurality of effects that influence delay, amplitude and duration. Therefore, non-
parametric methods were chosen for the statistical tests of the results. Secondly,
we have no exact temporal determined event, such as a distinct tone or a visual
presentation. The point of time at the onset of the participant’s self-report of
the chill is used as an event and related to the physiological response.

The situation concerning HR is even more complex than in the domain of
SCR, due to the sinus arrhythmia of the heart. This process makes it difficult
to compare different time series; the frequency of the sinus arrhythmia is not
separated from what one can expect to observe as the influence of the music on
the listener. This effect has to be taken into consideration in future experiments.

We have, however, obtained some evidence for the psychophysiological patterns
which occur when chill are experienced. There is a remarkable increase in SCR
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as well as in HR, which reflects sympathetic activity. The increase reaches a
maximum some time after the chill onset, but is already significant at the chill
onset for the HR and after about 1 s for SCR. There could be a certain threshold
for experiencing chills, a sympathetic activation above a certain level that arises
as a response to the musical stimulus, without which chills cannot be experienced.
This theory could explain why the increase started before the chills were reported.

Heterogeneity of Physiological Responses

In particular, two types of relationships between self-reported and psychophysiolo-
gical data were taken into account: firstly, an unambiguous relationship between
both parameters that assumed chills and changes in physiology to be functionally
dependent. Alternatively, a type of concurrence could be possible, in which chills
and other additional factors lead to changes in physiology, but in which chills are
also predictably accompanied by physiological reactions. Though the correlations
are significant, they are quite weak. Thus, the correlation is not the appropriate
tool to show the relationship between the different phenomena which accompany
chills because it does not account for the various other imaginable factors which
may elicit activations of the ANS. This second type of relationship corresponds
well with the data; however, no correlation could be observed in about a third of
the cases. This is a further argument in favor of the existence of different types
of chill reactions, as mentioned before, in particular that of a ‘mental chill’.

Decrease of Heart Rate in Relation to Chills

In 25.2% of chill experiences, self-reported chills coincided with a decrease in HR.
Previous studies demonstrated that a common feature of musical structure which
elicited chills was a change in texture, such as a solo voice entry, or a change in
instrumentation (Sloboda, 1991). An orientation reaction (OR) is often triggered
by such events, as they draw the listener’s attention to the stimulus. One effect
of the OR on the autonomous nervous system is the deceleration of HR (Graham
& Clifton, 1966). There is a controversial discussion concerning the impact of the
OR on autonomous functions: If Graham and Clifton are correct, a chill in the
presence of an OR could be an overlap of increasing and decreasing HR, where
the deceleration is balanced out in some cases. However, according to Barry and
Maltzman (1985), this theory is still under discussion and they encourage for
further research. As far as I know, this dispute remains unresolved.
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Autonomous Activities

The autonomous nervous system appears to be strongly influenced by emotion-
inducing music. SCR, HR and HRV are affected in relation to the experience of
chills when listening to music. The most common element in the discussion of
SCR, HR, and music is the arousal theory, which states that increases in SCR and
HR accompany sympathetic activations triggered by the music (Rickard, 2004).
From this perspective, arousal should be correlated to SCR and HR. Surprisingly,
arousal does not systematically increase even when averaged over entire musical
pieces in which chills occurred. There was, however, a tendency towards high
arousal in time windows surrounding chill onsets (Figure 5.10).

Apart from the arousal theory, sympathetic activity generally seems to be
augmented with the occurrence of chills. This theory is supported by three
findings: firstly, HR and SCR increase significantly in time segments surrounding
chill onsets; secondly, there is a correlation, even though it is weak, between
chill reactions and HR/SCR. The third finding is that SDNN changes for whole
musical pieces in which chills occur while HR is not affected. Thus there is a
link between HRV and prefrontal cortical activity across physiological, affective,
and cognitive domains (Thayer & Siegle, 2002). There could be an enhanced
sensibility or reactivity of the participants where the SDNN in increased. Further
studies including ECG are needed to clarify this result. Respiration might also
influenced SCR and HRV. Future experiments should monitor this as well.

Different Modes of Chills

The coincidence in only about two thirds of all cases of chills with an increase of
physiological indicators of sympathetic activity can be explained in three ways.
Firstly, chills could have been erroneously reported, as they had no response in
psychophysiology. Secondly, a kind of threshold-mechanism plays a role in chill
experiences in the sense that different participants report chills on different levels
of sympathetic activation; this is supported by the finding that the increase in
HR and SCR precedes the chill report. Thirdly, it is possible that chills may
sometimes have been perceived as a mental phenomenon only, for example as
result of a memory. It is plausible that different neuronal circuits are involved in
such cases, than in those where chills are accompanied by physical reactions. In
the latter case, the neuronal correlates are described by Blood and Zatorre (2001).
The mental experience of chills can also be seen as “aesthetic emotion” (Scherer,
2004; Scherer & Zentner, 2001). In that study, Scherer distinguished between
“utilitarian emotions” and “aesthetic emotions”; the latter can lack physiological
correlates. Some researchers have discussed whether music can elicit emotions
(the “emotivist”-position) or simply express emotions encoded within the music
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by the composer (the “cognitivist”-position). A review of this discussion can be
found at Gabrielsson (2001–2002). Krumhansl (1997) and Rickard (2004) present
their findings in support of the emotivist-position. The findings of this study
allow the coexistence of both views for different types of emotions accompanying
music. I have thus found indicators for different types of chill phenomena. In
future studies, these hypotheses should be addressed systematically.

Psychoacoustics

When chills are experienced, there is an increase in loudness in a specific range
of 8-18 Barks. This range exactly matches the range of highest sensitivity of the
human ear (see Figure 2.12). This is the range singers try to emphasize (see
Section 2.5.3). However, the musical excerpts that were used in most cases did
not have any singing. The frequency range that singers try to project is, however,
emphasized in musical pieces in which chills are experienced. In further studies
this range should be systematically altered in loudness in order to quantify its
role. The question whether the number of chills decrease when the loudness is
lowered in the formant-range should be addressed.

Data in group C showed an increase in loudness and roughness and a reduced
TNR compared to those excerpts without chills. Data in group PRE did not
show a similar result. This is most likely due to the fact that chills occurred in
only 4 of the 7 pre-selected musical pieces. The data of group PRE therefore
have much less variance compared to the groups C, NC and NN, as these latter
groups contain samples taken from different musical pieces.
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5.3 Experiment II

The rational of the second experiment was multipartite, firstly, to analyze the
role of psychoacoustical factors in the induction of chills; secondly, to investigate
the intuitive or “naive” recognition and explanations for chill features in non-
expert musicians; thirdly, to estimate the chill-potential of each musical excerpt
by non-expert musicians; fourthly, to determine the role of social and educational
variables in the experience of chills; fifthly, to investigate the relationship between
the psychological rating of the arousal and liking of musical segments and the
respective psychoacoustical parameters. Finally, this study should contribute to
a more comprehensive model of experienced emotions in music.

A selection of 174 excerpts, taken from the first experiment, was used. Choir
singers were asked to rate the chill-potential of these segments. Additionally,
listeners were asked to report their emotions during the excerpts and to give
information about their social and educational background. Two regression anal-
yses were calculated: firstly, an analysis of the emotional impact of the excerpt
in relation to psychoacoustics, and secondly, the effect of social and educational
data, as well as gender, on the frequency of experienced chills.

5.3.1 Method and Material

Participants

Members of two non-professional choirs (n = 54) participated in the experiment
(38 females, 16 males). Mean age was M = 53 years (SD = 16), age range was
16-75 years. Singers had a mean experience in choir singing of M = 25 years
(SD = 17). Number of males and females was not matched and reflects the
typical distribution of gender in choirs. Descriptive statistics about social and
educational background of the participants can be found in the appendix A.1.
The psychoacoustical analysis was carried out as described in Experiment I.

Stimuli

174 excerpts from the groups C, NC and NN were randomly selected for fur-
ther data analysis; 76 from C, 49 from NC and 49 from NN. 24 of the excerpts
contained singing (see Table 5.4).

Procedure

The 174 excerpts were played in random order using standard HiFi equipment
at a comfortable sound pressure level. After the presentation of each sample,
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participants had 10 s to fill out a questionnaire, thus, a new musical piece started
every 30 s. In these brief questionnaires (see Appendix C.1), the participants
were asked to rate 5 features of the excerpt: (a) the potential of the music to
elicit chills, (b) the familiarity with the sample, (c) the liking, (d) the experienced
arousal and (e) whether or not they experienced a chill themselves. Participants
could only report whether they had experienced a chill or not. An experience of
more than one chill in the 20 s was not noted.

The ratings were given on a five-point scale ranging from 0 = low to 4 =
high. Before the experiment started, the standardized instructions were read to
the participants by the researcher. After listening to all 174 musical samples,
participants had to report which features they used to rate thechill-potential of
the segments. The following 9 scales were used for this purpose: (1) overall
loudness, (2) melody, (3) entry of a solo voice, (4) singing voice, (5) tempo,
(6)harmony, (7) density of events, (8) climax, and (9) course of loudness. These
9 scales ranged from 0 = low importance to 6 = high importance. The parameters
for the rating were derived from Grewe, Nagel, Kopiez, and Altenmüller (2006a).

In addition to the questions about these acoustical features, participants were
asked for information about their age, gender, profession, level of education, in-
struments played, voice type, and accumulated years of membership in choirs.
On seven-point scales (0 = low, 6 = high), they reported personal factors such as
instrumental skills, musical expertise, note-reading ability, musical interest and
knowledge of musical background.

Data Acquisition and Analysis

The musical excerpts were parameterized using dbSONIC (2003a). The param-
eters loudness (N), sharpness (S), roughness (R), fluctuation (F) and sensory
pleasantness (SP) were investigated for psychoacoustical analysis. This was done
using the formulas described in Zwicker and Fastl (1999). The calculation of the
parameters N, S, R and F was done using the software dbSONIC (2003a). Ad-
ditionally, prominence (PR) and tone-to-noise ratio (TNR) was calculated with
this software. Matlab (Version 7.0.1) was used for calculation of SP and the cen-
troid values. The parameters are introduced in Section 2.6.1. These parameters
were chosen for two reasons: firstly, they assemble Zwicker’s SP-formula and thus
might have to do with the enjoyment of listening to music, and secondly: these
are all psychoacoustical parameters for which algorithms are available.
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5.3.2 Results

Distribution of Chills

A total of 1,458 chills were reported over all musical segments and participants.
Females reported more chills than males (Wilcoxon test, p < .01). 1,174 of 1,458
chills were reported by female participants (38 females, 16 males); i.e., females
experienced a mean of 0.178 chills per piece, whereas males reported only an
average of 0.102 chills per piece. In other words, females reported a total of
32.1 chills compared to 15.2 chills for males (per participant), which supports
the hypothesis that there is a difference between females and males (U-Test, one-
tailed, p < .05).

The maximum number of reported chills per piece was 23, with a median of 8
(lower and higher percentiles were 5 and 8). Figure 5.28 shows a histogram of the
frequency of reported chills per musical excerpt. One can easily see that chills
were reported in almost all segments. 7-9 participants (15%) experienced a chill in
most segments. The distribution looks similar to a Poisson distribution; however,
a Kolmogorow-Smirnov-Test for that distribution is not significant (p > .05).
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Figure 5.28: Histogram of the frequency of chills with respect to number of musical
segments. Chills were observed in most musical segments.

Personal Factors and Gender Effects

There was a significant correlation between the amount of time spent as a member
of a choir and the number of experienced chills (rs = .39; p < .01), however, there
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was no significant correlation with age (p > .05).
The final step in analyzing personal data involved the calculation of a stepwise

regression. The predictor variables were gender and note-reading skills, the depen-
dent variable was the total amount of chills experienced by each person through
all excerpts. The multiple regression analysis (method: stepwise) resulted in a
R2 = .31 (p < .05) explaining 31% of variance. Because of possible gender dif-
ferences, we analysed the chills of males and females separately. This regression
analysis led to different models for men and women. While skills in reading of
notation explained 38% of variance for females (R2 = .38; p < .01), 49% of vari-
ance could be explained by low music interest for males (R2 = .49; p < .05); in
other words, the chill frequency in men decreased surprisingly with music inter-
est. Table A.2 shows the regression coefficients, Table A.3 the correlation of the
parameters of interest.

Males and females gave significantly different ratings in the evaluation of the
stimuli for arousal, liking, familiarity and chill-potential; females tended to rate
everything slightly higher than males. Figure 5.29 shows a boxplot for a com-
parison of ratings between males and females. Enjoyment has the same median
for males and females, however, the Kruskal-Wallis-Test is significant even for
this variable (p < .05), because the mean rank (which the test compares) is
significantly higher for females than for males.
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Figure 5.29: Comparison of the ratings of females and males. The ratings for chill
potential, familiarity, liking and arousal of females are higher for all four variables.
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Rating the Chill-Potential

Most people are aware that music has the ability to elicit emotions. Therefore,
in this part of the data analysis, it was considered whether the chill-potential of
musical pieces can be rated intuitively. For this purpose, the standard deviations
(SD) of the rating “chill-potential”, “familiarity”, “liking” and “arousal” for each
musical excerpt were calculated as measures of the coherence of participants’
ratings. The SDs were calculated over all participants, independent of personal
factors such as gender or age. The goal of this calculation was to measure the
mean square distance of the particular participant’s rating from a mean rating. If
the rating of the participants was randomly distributed (scale ranging from 0 to
4), one would expect a uniform distribution with M = 2 and SD =

√
2. Figure

5.30 demonstrates that the standard deviation for all four parameters is below
chance (

√
2). This result is confirmed by an inter-rater reliability test: Cronbach’s

α = .85, .95, .94 and .95 for the four parameters “chill-potential”, “familiarity”,
“liking” and “arousal”. One can therefore assume that participants are intuitively
able to generate implicit rules for rating the potential of music to elicit chills. By
way of contrast, the mean SD for experiencing chills is .29 (α = .70). One can
thus conclude that music, as far as chills induction is concerned, does not act as
a stimulus trigger, i.e. in the form of a simple stimulus-response mechanism.

0.6 0.8 1 1.2 1.4 1.6 1.8

chill potential
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standard deviation
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Figure 5.30: The ratings of the participants were coherent for the parameters liking
and arousal (confirmed by Cronbach’s αs > .9.)

The correlation coefficients between the parameters “chill-potential”, “familiar-
ity”, “liking” and “arousal” are shown in Table A.4(a). There is a correlation of
rs = .49 (p < .01, two-tailed) between liking and chill-potential. However, the
highest correlation is found between liking and familiarity (rs = .53; p < .01) .

Participants were expected to give a high rating for the chill-potential for the
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segments in which chills occurred. When all samples were analyzed together
(with no distinction between individuals), segments with chills were rated with
the following chill-potentials: 31 ratings with no chill-potential (0), 99 with chill-
potential of 1, 156 of 2, 416 of 3 and 754 of 4.

The means for all segments of arousal, liking, familiarity and chill-potential
were calculated and the chills counted for a second correlation analysis. The
correlation matrix is shown in Table A.4(b). The comparison of Tables A.5(a) and
(b) demonstrates that there is a dependency between the correlation coefficient
and the distinct musical excerpts. If there were no dependency, the corresponding
coefficients pairs would be equal.

Psychoacoustical Correlates of Participants’ Ratings

The music with which the most chills were experienced by the choir members
did not show the same temporal pattern in loudness as the segments from group
C (excerpts from participants’ favorite musical pieces which were expected to
induce chills). This is due to the fact that here chill onsets were not at exactly
t = 0 s (such as in group C), but instead have chills distributed throughout the
whole 20 s period of the excerpt. However, there are noteworthy correlations
between several psychoacoustical factors and the ratings of arousal, valence and
chill-potential.

In order to conduct a regression analysis of the participants’ piecewise rat-
ings, the means of all psychoacoustical parameters from all participants were
calculated for each excerpt for the dependent variables “arousal”, “liking” and
“chill-potential”. The chill responses of all participants were summed up for each
segment. Arousal, loudness and TNR give rise to an R2 = .59 (p < .01), va-
lence with predictors of TNR, prominence, maximum of centroid, fluctuation and
roughness give rise to an R2 = .22 (p < .01). Ratings of the chill-potential can
be explained by fluctuation, loudness, roughness, mean of centroid and sharpness
with R2 = .28 (p < .01). Table A.4 shows the result of the multiple regression
analysis for these three psychological parameters.

Sensory Pleasantness

The relationship between the calculated SP and selected psychological ratings
of the excerpts was further analyzed. This analysis was based on Zwicker’s for-
mula (Zwicker & Fastl, 1999) and resulted in a remarkable relation between lik-
ing/arousal and SP. The mean of liking and arousal were correlated with SP. As
Figure 5.31 shows, the correlation between liking and SP was rs = .30 (p < .001)
and for arousal and SP rs = −.67 (p < .001). The correlations between the
rating of chill-potential and the sum of chills did not show a relationship with
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SP. Figure 5.31 shows the scatterplots for the means of liking (Figure 5.31a) and
arousal (Figure 5.31b).
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Figure 5.31: Scatterplots of the mean of liking (a), arousal (b) and sensory pleasant-
ness.

Participants’ Implicit Knowledge of Chills and Psychoacoustics

Different features, depending on the musical expertise and education of the parti-
cipants, were used to rate the chill-potential of the music. More highly educated
participants, particularly those participants with musical skills, used features such
as density of musical events (rs = .33; p < .01), while less educated participants
preferred features such as tempo (rs = −.36; p < .01). Loudness, particularly
changes in volume, did not play an important role in participants’ ratings. Ta-
ble 5.5 shows an overview of the parameters that were important in the rating
task. Harmony and melody were rated as most important (mean harmony: 4.7,
mean melody: 4.4) amongst all participants, solo voice/singing as least important.
However, it is important to remember that most of the excerpts did not contain
any vocals. The weighting of factors for the chill-potential was not related to the
amount of chills a participant experienced (p = .05).

5.3.3 Discussion

As the music pieces were played in only three different orders, the possibility of
position effect has to be discussed. A Kruskal-Wallis was calculated to compare
the three groups for arousal, experienced chills, chill-potential, familiarity, and
liking. The following number of musical pieces were rated differently (on 5%-
level): (16, 16, 30, 4, 16); on 1%-level: (3, 3, 9, 1, 6). The size of effect was
calculated for each musical piece by (µj −µk)/σjk with mean µ and SD σ for the
groups j and k for all pairs. Firstly, the mean over all pieces and then the mean
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Table 5.5: Features for the rating
of the chill-potential of musical pieces,
ranked according to importance.

Feature n M SD

Harmony 51 4.65 1.46
Melody 51 4.39 1.49
Climax 51 3.78 1.98
Course of loudness 51 3.71 1.50
Overall loudness 51 3.55 1.41
Density of events 50 3.48 1.75
Tempo 51 3.47 1.65
Entry of a solo voice 51 2.59 1.85
Singing voice 51 2.43 1.80

over all groups comparisons was calculated. The result was for the five variables:
(0.19, 0.13, 0.23, 0.11, 0.09). That means, that position has in worst case a small
effect (see Bortz, 1999, p. 115f). As there were 174 Kruskal-Wall tests on the
5%-level for each variable, the results should be Bonferroni corrected. Therefore
the level of significance is adapted to 5%/174 ≈ 2.8710−4 which leads to only one
significant difference for one piece in the middle of the presentation order for the
arousal. One can thus mainly rule out a possible position effect.

The Role of Psychoacoustics

There are musical features which play an important role with respect to emotions.
However, there is no way to be sure that participants accounted for the experi-
enced emotions rather than rating the emotions that the composer intended to
express, especially since these emotions are usually marked by dynamics. Gabri-
elsson (2001–2002) discussed the distinction between perceived and felt emotions.
Previously, it was unclear as to whether these two types of emotions can be dis-
tinguished from one another. However, there is certainly an interaction between
both these ways of experiencing emotions; both appear to be affected by psy-
choacoustical factors, particularly by loudness. Schubert (2004b) found different
regression coefficients that explained the variance of valence and arousal depen-
dent on the distinct musical piece. This study showed that there are concordant
psychoacoustical features amongst different musical pieces and styles. These char-
acteristics have an impact on the liking, arousal and the chill-potential of music,
particularly loudness and fluctuation. The relevance of TNR was shown through
the comparison of different groups (C, NC, NN and PRE) of musical data from
Experiment I (see Figure 5.22, p. 64). In this case, the participants’ favorite mu-
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sical pieces with which chills were experienced had a decreased TNR. The TNR,
however, is difficult to interpret with regard to non-stationary stimuli, such as
music. One can presume that the deviation from simplicity, such as many changes
in harmony and melody, is preferred to stationarity or immobility, such as held
chords or arpeggios on the same or closely related chord.

These psychoacoustical parameters form the basis for Zwicker’s model of SP.
It could be shown that SP has a high negative correlation with arousal and a
slightly positive correlation with valence. Hence one can conclude that SP is
indeed positively correlated with musical enjoyment. However, the correlation is
only small, rs = .30. More surprising is the high negative correlation of arousal
and SP (rs = −.67). Unpleasant sounds can perhaps startle us and may thus
require orientation reactions which could in turn explain the increase in arousal.

I hypothesized that enjoyment, arousal and chill-potential can be explained by
psychoacoustical parameters. This is fully confirmed for arousal; nearly 70% of
the variance in arousal ratings can be explained by simple psychoacoustical pa-
rameters. For valence and chill-potential, however, less than 30% of the variance
can be explained. One can conclude that perception of arousal is easier than
perception of chill-potential or enjoyment. In other words, psychoacoustics are
essential for the perception of arousal, while enjoyment is influenced by other
factors, such as musical preference, the performance, mood and several other
factors (Gabrielsson, 2001; Juslin, 2000; Scherer, 1991; Sloboda & Juslin, 2001).
However, these psychoacoustical parameters are a substantial part of the implicit
knowledge of the parameters of music that are primarily responsible for evoking
chills.

This musical influence usually unfolds over time; however, participants can
give accurate reports of perceived emotions using the dimensions of valence and
arousal, even in short excerpts of 20 s length. The impact of psychoacoustics
appears to be quite similar amongst different participants. The psychoacoustical
parameters influence not only the emotional expression of the music, but also help
participants rate the chill-potential of music; they constitute a part of the factors
that can ultimately lead to chill experiences. The hypothesis of accordance in
rating of enjoyment, arousal and chill-potential amongst different participants is
thus confirmed.

Loudness is the most important factor in strong experiences of music; it is also
the determinant in affecting arousal. The course of loudness showed the shape of
a crescendo before and decrescendo after the chills in the first experiment. The
course of loudness with regard to chill onsets could not be investigated in the
second experiment due to the lack of real-time responses from the participants.
However, the number of chills was positively correlated with arousal in this exper-
iment. As there was only a pause of 10 s between excerpts, the series of excerpts

81



5.3. EXPERIMENT II

may have been perceived as course of loudness across the boundaries of the differ-
ent excerpts. Thus, the change in loudness between stimuli and not the loudness
of the entire 20 s excerpt may have led to the chill experience. However, this does
not diminish the importance of the loudness as a psychoacoustic parameter.

Implicit Knowledge

Participants have an intuitive knowledge of the factors that may play a role
in eliciting chills. This knowledge was expected to be conceptualized by the
participants during the experiment.

Surprisingly, loudness is not rated as an very important factor for the potential
of a chill experience. Harmony and melody, however, are considered more impor-
tant; this is in accordance with Sloboda (1991) and the findings of our group
(see also Grewe et al., 2006a; Grewe et al., 2006b), which showed that harmony
and melody play an important role in the emotional perception of music. These
parameters, however, were not further analyzed in this study. Regarding low
importance rating given to a singing voice, one has to bear in mind that most
musical pieces used in the experiment did not contain singing (only 24 contained
a voice).

The hypothesis that implicit knowledge matches psychoacoustical features is
confirmed through both the rating of the emotional impact of music and the
high correlation of mean chill-potential with number of experienced chills with
rs = .80 (p < .01). However, many parameters that both play a role in the
emotional perception of music and contribute to implicit knowledge were not
investigated in this study. All these parameters, psychoacoustical, structural, and
performance parameters included, enable participants to rate the chill-potential
of musical excerpts as short as 20 s. The hypothesis that participants are able
to rate the emotional expression and the potential of the music to elicit chills
independently of their own emotional affection is thereby also confirmed.

Distribution of Chills

The second experiment showed a marked contrast from the first, in which chills
were observed as rare events in a laboratory setting (see Section 5.2.3). In this
second experiment, female participants showed a mean of 32.1 chills and males
a mean of 15.2 chills across all 174 musical pieces. This difference in ratings
between males and females accords with Panksepp’s (1995) findings. However,
the number of male participants was limited in this experiment (16 participants).

Entire musical pieces were played in Experiment I as apposed to the short
excerpts used in this experiment. The entire musical pieces from Experiment I
were also rated via the internet (Egermann, Nagel, Kopiez, & Altenmüller, 2006).
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In the internet study, as in the laboratory experiment, chills were indicated quite
rarely; no chills were reported at all in most musical pieces in the internet study.
Additionally, the participants in Experiment II were tested as a group in their
practice room, which could have caused them to feel more comfortable and re-
laxed than their peers in the prior experiment. The participants were asked not
to interact with each other, neither with facial or bodily gestures nor through
speech. An experiment conducted by Panksepp (1995) required students to par-
ticipate as a group in a classroom. They were then exposed to musical pieces
during which chills were recorded. A similar high incidence of chills was found.
One can therefore presume that the listening circumstances, particularly the so-
cial situation, play an essential role for the perception of music. In particular, it
seems that a feeling of community influences the music experience and thus the
number of experienced chills.

This is similar to the finding that people who watch comic films on their own
usually do not laugh as much as they do when watching with others. An overview
of psychoacoustical and social aspects of laughter is given by Bachorowski and
Owren (2004). Effects of social interaction with similarities to laughter seem
to play a role in music perception, even when social interaction is not desired.
The situation of non-communication is not unusual, particularly when listening
to music. Specifically in the concert hall, people are required not to show any
emotions while the music is being performed. Developing inhibitions regarding
the public expression if emotions while enjoying music in a social context is
therefore an essential part of consuming music in Western European societies.
Ernst Kurth (1931) assumed that the suppression of bodily movements, which are
substituted by the experience of“inner movements”, even enhances the enjoyment
of the music.

The frequency of experienced chills for males was correlated negatively with
interest in music. This can be taken as a sign that general interest in music
is not mandatory, or even helpful, for the enjoyment of music. The number of
experienced chills was positively correlated with note reading skills for females.
All things considered, one can only do phenomenology on this finding; the hy-
pothesis that males experience fewer chills than females was confirmed, whereas
there were no consistent results suggesting a difference for males and females for
the relationship between musical expertise/education and the amount of experi-
enced chills. This finding could indicate that females have a higher emotional
sensibility than males. On the other hand, it is within the realms of possibility
that females simply tend to generally give higher ratings than males. This is
supported by the fact that females gave higher ratings for the question, such as
“arousal”, “familiarity”, and “chill potential”.
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Education and Musical Expertise

Regarding educational level and musical expertise, no systematic effects could be
observed. Further studies are required in order to reach a conclusive interpreta-
tion of the role of these factors in the perception and comprehension of music
and musically expressed emotions.
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6 Conclusion

This chapter discusses all the hypotheses stated in Chapter 3.

6.1 Emotional Self-Report

The first experiment showed that valence and arousal increased in time windows
surrounding chills. However, there was no increase observable in arousal and
only a small amount in valence in entire musical pieces that were accompanied
by chills. The continuous self-reports showed congruency only with prominent
parts of the musical pieces, i.e. when something changes, such as the entrance of
a new voice or new part. This finding was replicated in Experiment II. Though
this second experiment did not have any continuous self-reports, the ratings were
congruent in all dimensions.

The congruence and incongruence in participants’ ratings were visualized with-
in animations. One could easily see that though participants express different
absolute values of valence and arousal, they move in the same directions with dis-
tinctive events. The software used for the continuous self-report, EMuJoy, was
an appropriate tool to investigate self-reported emotions. Distinctive events, how-
ever, are necessary when participants are expected to experience and to indicate
similar emotions.

6.2 Psychophysiology

I looked for physiological coincidences and significant alterations in parameters
such as skin conductance (SC), heart rate (HR) and heart rate variability as
well as in electromyograms (EMG). All these parameters had been used in the
research of musical induced emotions before (Krumhansl, 1997).

The well known parameters SCR and HR, expanded by the parameter SDNN,
are the most important indicators of chill experiences. An EMG of facial muscles
shows no alterations along the valence dimension; heart rate variability is changed
when chills are reported.
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The relationship between psychology and physiology was also quantified. I
could show that chill reports correlate with SCR and HR; however, these cor-
relations are quite weak. I concluded that psychophysiology cannot be used as
a single indicator for chills; rather it must be coupled with the psychological
self-report.

6.2.1 Mental Chills

I was able to show patterns in the physiological correlates of chills and found
that there are some cases where chills and psychophysiology are not correlated.
This occurs approximately in one of three cases. Three possible explanations
were suggested: (1) the chills could be due to a participant error or noise; (2)
some kind of threshold might exist; and most interestingly (3) the chill may be
a mental experience and have nothing to do with physical manifestations. The
lattermost explanation is the most interesting, and is further discussed below.

The experience of chills may sometimes occur as bee a result of a memory
and thus lack physical correlates; chills could therefore be a purely “aesthetic
emotion” (Scherer & Zentner, 2001; Scherer, 2004, see also Section 2.4). It is
imaginable that different neuronal circuits are involved in such case as when
chills are accompanied by physical reactions. In this latter case, the neuronal
correlates are described by Blood and Zatorre (2001).

Scherer distinguishes between “utilitarian emotions” and “aesthetic emotions”.
There is a long discussion regarding he ability of music to elicit emotions (the
“emotivist”-position) or whether the music simply expresses emotions that are
already encoded within the music by the composer (the “cognitivist”-position).
A review about this discussion can be found at Gabrielsson (2001–2002), see also
Section 2.2. Krumhansl (1997) and Rickard (2004) support the emotivist-position.
Our finding, however, integrates both views and allows for the coexistence of
different types of emotions accompanying music. I have hence found indicators
for different types of the chill phenomena. In future studies, this idea of different
mode or types of chills should be addressed systematically.

In summary, it seems that neither physiological data nor psychological self-
reports can be used alone as single indicators for chills but must be combined
in order to generate reliable predictors for chills of the classical type, i.e. an
emotion that consists of three components of emotions: cognitive, physiological
and behavioral (see also Section 2.1).
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6.2.2 Delays

A delay was found between self-reported chill experiences and reaching the max-
imum in HR and SCR. A similar finding was presented by Schubert (2004b).
The latter showed a delay between musical structural events and self-reported
emotions. One can now make a link between musical structural events and psy-
chophysiology with the methodology presented here.

6.3 Chills

Chills were observed rarely when the participants listened to the musical pieces
alone. In contrast, a striking increase in the number of reported chills was ob-
served, when the participants listened to the music together in a group. Panksepp
(1995) also reported high chill frequencies in a study in which students listened to
music together and indicated chills by raising a hand. One can thus hypothesize
that the feeling of community plays an important role in both emotional percep-
tion end the experience of chills as mediated by emotionally powerful music.

The arousal shown in entire musical pieces was balanced while valence showed
a tendency towards high valence. However, both parameters clearly increased
almost to maximum in time windows surrounding the self-report of a chill expe-
rience.

Chills were distributed throughout the musical pieces, i.e. in general a distinct
time point at which many chills occurred could not be identified. The maximum
amount of coinciding chills were experienced by 4 out of 38 participants. This
was true even in the second experiment, in which chills were reported for almost
all musical pieces; i.e. nearly every excerpt could elicit a chill in at least one
participant. However, there were more than 11 excerpts in which more than 20
participants indicated a chill experience. One can hence conclude that specific
features and combinations of features increase the probability of experiencing
chills. The coherence in the rating of the chill-potential supports this argument:
Participants are able to rate a musical pieces’ ability to elicit chills even when
they themselves do not experience a chill.

6.4 Personal Factors and Gender

The observation of a higher number of chills in females than in males is in accor-
dance with Panksepp’s (1995) results. We also saw systematically higher ratings
in all categories by females; they rated liking, familiarity, chill potential and
arousal more highly than males. Thus it is only possible to speculate whether fe-

87



6.5. PSYCHOACOUSTICS

males are more sensitive to musically expressed and induced emotions or whether
they simply tend to give higher ratings. The latter suggestion is supported by the
higher rating of familiarity. There is no evidence that females are more familiar
with more musical pieces than males.

No relation between socio-economic status and the emotional perception of
music was found. However, familiarity and liking of the music, not the level
of education was important for the emotional experience. Interestingly, also no
correlation with age was found. There is a relationship, however, between the
years spent in a choir and the number of chills experienced by the participants.

6.5 Psychoacoustics

There is evidence that psychoacoustical parameters, such as loudness (Schubert,
2004b), or structural parameters (Sloboda, 1991), such as the harmonic “descend-
ing circle of fifths”, melodic appoggiaturas and melodic or harmonic sequences,
are related to emotional responses to music. These may also be related to the
physiological correlates. The role of unexpected harmonic changes and sudden
dynamic and temporal changes are emphasized with respect to SEMs in Sloboda
(1991).

While Schubert looked at continuous musical features on a very limited set of
musical pieces (Schubert, 2004b), in this study, a large set of 174 20 s excerpts was
used, and psychoacoustical parameters averaged over these 20 s were calculated. I
additionally used a time-series investigation for those excerpts in which a chill was
reported in the first experiment and were able to show that there is an increase
in loudness at chill onset in the range of 8 to 18 Barks. The maximal increase in
loudness corresponded to the range of lowest hearing threshold.

Psychoacoustical Correlates of Chills

Psychoacoustical features play an important role alongside structural features of
music in the perception of emotions. These factors mainly explain the variance in
arousal towards music. Liking and chill-potential in particular are not sufficiently
explained by the psychoacoustical factors that were investigated. There is a need
for a sophisticated and standardized way to parameterize elements such as melody,
harmony and tempo in future investigations.

The parameters which the participants have identified as predictors for the
emotional impact of the music should be varied systematically in subsequent
experiments. Increasing and decreasing the loudness of chill pieces in the range of
8 to 18 Barks could also influence the number of chills experienced by participants;
my prediction is that an increase in loudness will result in an increase in perceived
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arousal etc. Based on the same principles, the parameters which have been shown
to play a role in the emotional perception of the music should be analyzed in
detail. Such studies are necessary for a more thorough understanding of the role
of psychoacoustical parameters.

6.6 Knowledge and Expertise

The hypothesis that implicit knowledge matches psychoacoustical features is con-
firmed by the high correlation of mean chill-potential with number of experienced
chills with rs = .80 (p < .01). However, many parameters that could play a role
in the emotional perception of music and contribute to implicit knowledge, such
as harmonicity, subjective experiences and structural properties of the musical
pieces, were not investigated in this study.

All the investigated parameters, including the psychoacoustical, structural and
performance parameters, enable participants to rate the chill-potential of musi-
cal excerpts as short as 20 seconds. The hypothesis that participants are able
to rate the emotional expression and the potential of the music to elicit chills
independently of their own emotional affection and that participants are aware
of the musical parameters used by composers and performers to evoke emotions
and to elicit chills in the listeners are thereby also confirmed.
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7 Outlook

7.1 Psychophysiology

In order to confirm the findings of the first experiment, a replication should
be done with a more homogeneous group of listeners, i.e. matched for age and
gender. This initial exploratory approach, however, has generated several new
insights into the origins of chills and their psychophysiological correlates.

As there was a discrepancy in the frequency of chills in comparison to Panksepp
(1995), it would be good to repeat the experiments with groups of students. Fur-
thermore, psychophysiological parameters could be measured simultaneously in a
group of participants to investigate the hypothesis that the feeling of community
affects the emotional experience of listening.

Schubert (2004) showed a time delay between musical structural events and
self-reported emotions. One can now forge a link between such musical events
and psychophysiology with the methodology presented in this thesis. The accu-
racy of the calculation of the delay between chill onset and increase in HR and
SCR should, however, be improved in the future, for instance by using more
participants and within participant repetitions.

7.2 EMuJoy

The methods for measuring continuous self-reporting were further developed with
the EMuJoy software, illustrating the need for a standard technique of investigat-
ing emotional self-reports generated from multi-modal stimuli. The open source
status of the software furthers this cause by ensuring that there are no limits on
further developments and adaptations of the program. This will hopefully encour-
age additions from researchers adapting the software to their needs. Furthermore,
the application is not restricted to be used in non-profit organizations. Numerous
possible fields of application are particularly likely in the areas of advertisement
or music industry.
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7.3 Psychoacoustics

The parameters which the participants have identified as predictors for the emo-
tional impact of the music should be systematically varied in subsequent exper-
iments. Increasing and decreasing the loudness between 8 to 18 Barks in chill
pieces could influence the number of chills experienced by participants; based
on these findings, one could predict that increasing loudness will result in an
increase of perceived arousal. Also, the parameters which have been shown to
play a role in the emotional perception of the music should be analyzed in de-
tail. Such studies are necessary for a more thorough understanding of the role of
psychoacoustical parameters in emotions.

7.4 Postface

Musical and psychoacoustical factors, particularly loudness and density of events,
play a role in the experience of strong emotions of music. Though a general one-
to-one relation of structural events in music to encoding and decoding emotions
in music was not found, several factors were identified. It was also shown that
listeners are aware of these factors.

In summary, no evidence that people experience music independently of culture
or personality was found. This caused me to reject the hypothesis that music
works universally. Though universally-functioning music might exist, the exam-
ples used in the experiments did not seem to be representative of such pieces.
Given the large set of pieces used in the studies, one can conclude that such
universal music is a rare exception rather than a standard.

I believe that music encodes rather than induces emotions, despite cases in
which an apparent “emotion” is caused by a startle, uncomfortably loud music,
etc. This belief is supported by the finding that familiar music is experienced as
more emotional than unfamiliar pieces. Furthermore, no evidence was found that
music acts in stimulus-response manner (in contrast to simple sounds, for example,
those that startle). Lastly, several personal factors were found to influence the
experience of chills. These included gender and length of choir membership.
Furthermore, psychological factors not presented here were identified and can be
found in Grewe et al. (2006b). These include the findings that sensation seeking,
high reward dependence, musical preferences and listening situations also play
an important role in the emotional experience of music.

The thesis started with a quotation from Victor Hugo: “Music expresses that
which cannot be said and on which it is impossible to be silent.” Through this
exploratory study, many new insights into the wonderful and mysterious experi-
ence of music listening were discovered. However, much still remains unsaid, or,
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according to Hugo, is perhaps impossible to articulate. Yet we should not stop
trying to explain these phenomena; rather, we should continue to investigate the
experience of music and emotions. The increasing number of recent publications
germane to music and its cognitive and developmental effects support Hugo’s
quotation. This is especially true of music and neuroimaging studies investigat-
ing emotional and other effects of music (see for example Peretz & Zatorre, 2005
or Limb, 2006), as such research brings together many methods to attempt to
express the ineffable nature of music.
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A Tables

A.1 Descriptive Subject Data

Frequency Percent Valid
Percent

Cumulative
Percent

Gender
Female 38 70.4 70.4 70.4
Male 16 29.6 29.6 100.0

Educational level
No 1 1.9 2.3 2.3
Hauptschulabschluss (Grade
9 completed)

5 9.3 11.6 14.0

Realschulabschluss (Grade
10 completed)

16 29.6 37.2 51.2

Abitur (highschool
completed,
university-entrance diploma)

7 13.0 16.3 67.4

Hochschulabschluss
(University degree)

14 25.9 32.6 100.0

Total 43 79.6 100.0
Missing 11 20.4

Note reading skills
0 2 3.7 3.8 19.1
1 6 11.1 11.5 31.9
2 3 5.6 5.8 57.4
3 20 37.0 38.5 83.0
4 8 14.8 15.4 93.6
5 9 16.7 17.3 95.7
6 4 7.4 7.7 100.0
Total 52 96.3 100.0
Missing 2 3.7

Music interest
2 2 3.7 3.8 3.8
3 5 9.3 9.6 13.5
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4 9 16.7 17.3 30.8
5 10 18.5 19.2 50.0
6 26 48.1 50.0 100.0
Total 52 96.3 100.0
Missing 2 3.7

Background knowledge
0 3 5.6 5.9 5.9
1 3 5.6 5.9 11.8
2 12 22.2 23.5 35.3
3 14 25.9 27.5 62.7
4 13 24.1 25.5 88.2
5 5 9.3 9.8 98.0
6 1 1.9 2.0 100.0
Total 51 94.4 100.0
Missing 3 5.6

Table A.1: Distributions of the most important subjective factors with regard to the
collected personal data in Experiment II.
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A.2 Statistics

Coefficients R2 statistics
Model B SE β Sig. R2 R2 adj

Males and females
1 (Constant) 1.63 11.94 .89 .22 .18

Note-reading ability 8.40 3.28 .46 .02
2 (Constant) 8.36 11.34 .47 .37 .31

Note-reading ability 8.44 3.01 .47 .01
Gender -25.51 10.90 -.39 .03

Females
1 (Constant) 0.35 12.45 .98 .38 .34

Note-reading ability 10.89 3.38 .62 .00

Males
1 (Constant) 62.28 20.38 .03 .57 .49

Interest in music -11.68 4.51 -.76 .05

Table A.2: Stepwise regression analysis of the number of experienced chills

Spearman correlation Gender
(1)

Note-reading
ability

Interest in
music

Choir
membership

Summed chills -.31(*) .18 .17 .39**
Note-reading ability .05 .47** .04
Interest in music -.12 .10
Choir membership -.09

(1) point biserial correlation

* Correlation is significant at the 0.05 level (2-tailed)

** Correlation is significant at the 0.01 level (2-tailed)

Table A.3: Correlations between musical competence and summed chills per partici-
pant.
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Coefficients R2 statistics
Model B SE ß Sig. R2 R2 adj

Dependent Variable: Chill-potential
1 (Constant) 1.93 0.06 .00 .09 .09

Fluctuation -0.01 0.00 -.31 .00
2 (Constant) 1.74 0.07 .00 .20 .19

Fluctuation -0.01 0.00 -.42 .00
Loudness 0.01 0.00 .34 .00

3 (Constant) 1.75 0.06 .00 .25 .23
Fluctuation 0.00 0.00 -.26 .00
Loudness 0.02 0.00 .46 .00
Roughness -0.01 0.00 -.32 .00

4 (Constant) 1.92 0.08 .00 .29 .27
Fluctuation 0.00 0.00 -.22 .01
Loudness 0.02 0.00 .54 .00
Roughness -0.01 0.00 -.30 .00
Mean centroid 0.00 0.00 -.23 .00

5 (Constant) 1.56 0.19 .00 .30 .28
Fluctuation 0.00 0.00 -.20 .02
Loudness 0.02 0.00 .46 .00
Roughness -0.01 0.00 -.28 .00
Mean centroid -0.01 0.00 -.42 .00
Sharpness 0.06 0.03 .26 .04

Dependent Variable: Arousal
1 (Constant) 0.85 0.07 .00 .51 .51

Loudness 0.05 0.00 .71 .00
2 (Constant) 1.32 0.10 .00 .59 .58

Loudness 0.04 0.00 .56 .00
TNR -0.02 0.00 -.32 .00

3 (Constant) 1.49 0.12 .00 .60 .59
Loudness 0.04 0.00 .58 .00
TNR -0.03 0.00 -.38 .00
Fluctuation 0.00 0.00 -.14 .02

Dependent Variable: Liking
1 (Constant) 1.78 0.07 .00 .10 .10

TNR 0.02 0.00 .32 .00
2 (Constant) 2.02 0.11 .00 .14 .13

TNR 0.03 0.01 .47 .00
Prominence -0.05 0.02 -.25 .00

3 (Constant) 2.25 0.14 .00 .17 .16
TNR 0.03 0.01 .43 .00
Prominence -0.05 0.02 -.25 .00
Max Centroid 0.00 0.00 -.18 .01
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4 (Constant) 2.07 0.15 .00 .21 .19
TNR 0.03 0.01 .54 .00
Prominence -0.06 0.02 -.27 .00
Max Centroid 0.00 0.00 -.26 .00
Fluctuation 0.01 0.00 .24 .01

5 (Constant) 2.34 0.19 .00 .24 .22
TNR 0.03 0.01 .43 .00
Prominence -0.07 0.02 -.31 .00
Max Centroid 0.00 0.00 -.23 .00
Fluctuation 0.01 0.00 .33 .00
Roughness -0.01 0.01 -.28 .01

Table A.4: Stepwise multiple regression analysis of the dependent variables arousal,
liking, and chill-potential with respect to psychoacoustical features of the musical pieces.

(a) Correlations between participants’ emotional ratings (participant-wise).

S pearman correlation Chill-potential Familiarity Liking Arousal
Chill-potential rs .28** .50** .37**

N 9348 9117 9341 9131
Familiarity rs .54** .18**

N 9134 9125 8931
Liking rs .22**

N 9357 9140
Arousal rs

N 9152
** Correlation is significant at the .01 level (2-tailed).

(b) Correlation between inter-participant means for all excerpts for N = 174 musical pieces.

Spearman correlation Familiarity Liking Arousal Sum of Chills
Chill-potential rs .50** .58** .33** .80**
Familiarity rs .76** .12 .38**
Liking rs -.15 .42**
Arousal rs .37**
** Correlation is significant at the .01 level (2-tailed).

Table A.5: Comparison of the participants-wise correlations between participants’
emotional ratings and the calculation of inter-participants’ means over all N = 174
musical pieces. As the two matrices are different, the correlations between the four
variables are not independent from the distinct musical piece.
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B Musical pieces
A table containing the favorite musical pieces that the participants brought with them
is presented. Table B.1 is not complete, as many participants were not aware of all
data of their favorite music. Some of them brought their music on copied audio CDs
or as MP3 without all informations regarding the respective recordings. There is no
difference indicated on the table between artist and composer for pop music.

Table B lists the musical pieces that all subjects listened with their characteristic
musical features.

The pieces with which the maximal number of chills were experienced are listed in
Table B.3.

Some labels are abbreviated as follows:

Cap: Capriccio (DELTA MUSIC)

DG: Deutsche Grammophon

Drey: Dreyfus (Soulfood Music)

HO: HO

RRS: Rca Red S. (Sony BMG)
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Composer Artist Title Movement Album Label/Source

Agazzi, Paolo - La alondra - El dia que murió el
silencio

-

Agazzi, Paolo - Luto en al corazón - El dia que murió el
silencio

-

Albinoni, Tomaso Karajan Adagio in sol minore - - -

Ales, Brian - The World Of Intuition 1 - Candy Colour
Questions

-

Apocalyptica - Coma - - -

Apocalyptica - Master of puppets - Apocalyptica Plays
Metallica

Mercury
(Universal)

Apocalyptica - Nothing else matters - Apocalyptica Plays
Metallica

Mercury
(Universal)

Arne, T. A. The Royal
Philharmonic
Orchestra

Rule, Britannia! - Pomp And
Circumstance (A
British Festival)

Philips(Universal)

Aromamusik - Serenata a la Primavera - Melod́ıas Armonizantes -

Bach, J. S. - Aria - - UN024

Bach, J. S. - Double concerto in D minor - - -

Bach, J. S. - Partita Nr. 2 in D minor Ciaccona - DG

Bach, J. S. - Piano concerto in F minor - - -

Bach, J. S. David & Igor
Oistrakh

Violin Concerto BWV 1042 Allegro assai Violinkonzerte /
BWV1042 / 4

Berlin Cla (edel)

Bach, J. S. Glenn Gould Contrapunctus 7, a 4, per
Augmentationem et
Diminutionem

Kunst der Fuge - -

Bach, J. S. Hilary Hahn Concerto for violin, strings,
continuo in d minor, BWV
1043

Vivace Bach: Violinkonzerte
BWV 1041-1043, 1060

DG (Universal)

Bach, J. S. Mae, Vanessa Toccata and Fuge d-minor - Violin Player EMI Record

Bach, J. S. Yehudi
Menuhin

Brandenburg Concerto Nr.
2 in F, BWV.1047

Allegro Brandenburg concertos
Nr. 1 - 6

-



Bach, J. S. Yehudi
Menuhin

Brandenburg concertos Nr.
1 - 6

Allegro assai - -

Bach, J. S. Yehudi
Menuhin

Brandenburg concertos Nr.
1 - 6

Andante - -

Baker, Chet - Why shouldn’t you cry - Chet Baker The Legacy -

Baldassare, Pietro - Sonata in F Allegro 1. Satz - privat

Barber, Samual Hillary Hahn Concerto for Violin and
Orchestra - III.

Presto in moto - -

Bernstein,
Leonard

- Greensleeves - - -

Bizet, Georges Anne-Sophie
Mutter und die
Wiener
Philharmoniker

Carmen-Fantasie Lento assai - -

Brahms, Johannes - Double Concerto in A
minor, Op 102

Vivace non troppo Brahms-Jubiläumsed. Arte Nova (Sony
BMG)

Brahms, Johannes - Klavierkonzert Nr. 1 Maestoso Klavierkonzert Nr. 1
(Ltd. Edt.)

DG (Universal)

Brahms, Johannes - Quintet in B minor Op. 115 Allegro - -

Brahms, Johannes Herbert von
Karajan

Konz. Violine und Cello
a-moll Op. 102

- - -

Brubeck, Dave &
Desmond

- Alice In Wonderland - 1975 - The Duets -

Bruckner, Anton Wand Symphony Nr. 3 Allegro Bruckner: Sinfonien
1-9

RRS

Camilo, Michel &
Tomatito

- Spain - Spain Again Japan (Megaphon
Importservice)

Chopin, Frédéric - Grand Valse brilliante (Op.
18 in E flat major)

- - -

Chopin, Frédéric - Piano Concerto Nr. 1 Romanze
Larghetto

- -

Chopin, Frédéric Fou Tsong Nocturne in C minor - Chopin Nocturnes -

Corelli, Arcangelo - Concerto grosso Op. 6 Nr.
8

Pastorale - -



Cremer, Gidon - Histoire du Tango Café 1930 Hommage á Piazzolla -

Crump, Bob - The opener - Vom Rag zum Beat -

Davis, Don - Main Title - - -

Davis, Miles - Blue in Green - Kind of Blue -

de Aranjuez,
Rodrigo Concierto

- Granados Spanish Dance
Nr. 6

- - -

de Morales,
Cristobal

- Garota de Ipanema - - -

de Morales,
Cristobal

Jan Garbarek
& The Hilliard
Ensemble

Officium Parce mihi domine - -

Dire Straits - Brothers in Arms - Brothers in Arms Vertigo
(Universal)

Dougan, Rob - Instrumental - - -

Dulfer - For The Love Of You Once You Get
Started

For the Love of You Ariola (Sony
BMG)

El Alamo - Fadango - - -

Elgar, Edward The London
Chamber
Orchestra

Allegro Piacevole - - -

Fiser - Sonate 1975 - - -

Franck, Ceasar Danby Choral Nr. 3 - - Virgin

Franck, Ceasar Georges
Athanasiades

Choral Nr. 3 a-moll - - -

Galway, James - Field Nocturne Nr. 5 - Artists Of The Century
- James Galway

RRS

Galway, James - Handel Arrival of the
Queen of Sheba

- Pachelbel Canon And
Other Baroque
Favorites

RRS

Gershwin, George - S´wonderful - - Cord Aria

Gilbert Bécaud - Nathalie - Best of-Die Grossen
Chansons

EMI

Gipsy Kings - Faena - - DG



Gipsy Kings - Inspiration - - -

Goldenthal, Elliot - Self-Portrait With Hair
Down

- Frida [Soundtrack] DG (Universal)

Goldenthal, Elliot - La Cavalera - Frida [Soundtrack] DG (Universal)

Gonzales, Rubin - Pueblo Nuevo - Buena Vista Social
Club

-

Grieg, Edvard - Cello Concerto in E Minor Movement 1 - -

Grieg, Edvard - Enigma Variations - Cello
Concerto - Serenade for
Strings

I. Adagio -
Moderato -
Attacca

- -

Grieg, Edvard - Nimrod Adagio - - -

Grieg, Edvard - Peer Gynt Suite Nr. 1 Op.
46

Morgenstimmung Peer Gynt Suites 1 & 2 Scl (Sony BMG)

Grieg, Edvard - Pomp and circumstances - Zauber der Klassik -
die Perlen großer
Meister

-

Grönemeyer,
Herbert

- Morgenrot Trance Mix - Morgenrot (Remix) Electrola (EMI)

Haden, Charlie &
Pat Metheny

- Beyond The Missouri Sky - Beyond the Missouri
Sky

Verve (Universal)

Händel, G. F. Pitarnic Feuerwerksmusik - - -

Haydn, Joseph Haimovitz Concerto Nr. 1 in C - II -
Adagio

- Cello Konzerte-Cello
Concertos

Transart (H’ART)

HiFidelity - Subterranean Soundtracks - Lounge Volume One -

Holst, Gustav London
Philharmonic
Orchestra

Jupiter, the Bringer of
Jollity

- The Planets Telarc (in-akustik)

Holst, Gustav Los Angeles &
London
Philharmonic
Orchestra

I Mars, the bringer of War - The Planets Telarc (in-akustik)



Holst, Gustav Los Angeles &
London
Philharmonic
Orchestra

VII Neptune, the Mystic - The Planets Telarc (in-akustik)

Holst, Gustav Paganinni The Planets Op. 32 + Intro
to Variations

Jupiter, the
Bringer of Jollity

Holst-the Planets Delta (DELTA
MUSIC)

Inti Illimani - Imaginacion Calambito
Temucanon

- -

Ives, Charles Kronos Quartet They Are There! - - -

Jarre, Jean-Michel - Chronologie Part 2 Chronologie Drey

Jarre, Jean-Michel - Zoolook Nr. 1 Zoolook Drey

Jethro Tull - Dharma For One - -

Keimzeit - Primeln und Elefanten - Primeln und Elefanten Hansa K&P (Sony
BMG)

Kilar, Wojciech - Opening Titles - - -

Kremer, Gidon - Oblivion - Hommage a Piazzolla Nonesuch Warner

Liebert, Ottmar - 2 the Night - Nouveau Flamenco HO)

Liebert, Ottmar - Barcelona Nights - Nouveau Flamenco HO

Liebert, Ottmar - Heart Still - Beating (4
Berlin)

- Nouveau Flamenco HO

Liebert, Ottmar - Passing Storm - Nouveau Flamenco HO

Liszt, Franz Zimerman Klavierkonzert Nr.1 Allegro maestoso - -

Lô, Ismaël - Tadieu Bone - Tadieu Bone Sonodisc
(Bellaphon)

Lord, John - Sarabande - Sarabande Purple Rec
(Soulfood Music)

Mahler, Gustav Solti/London
Symph Orch

Symphony 2 Urlicht: “Oh
Röschen rot”

Sinfonie 2
“Auferstehung”

DG (Universal)

Marbe - Arc en criel - - -

Martinu, Bohuslav - Variationen über ein
slowakisches Thema

- Werke für Violoncello
und Klavier Vol. 2

Naxos

Massive Attack - Angel - Angel Pid



Mendelssohn-
Bartholdy,
Felix

Fingals Cave The Hebrides Overture, Op.
26

- - Philips Classic

Miles, Robert - Children (dream version) - Children Arista

Monte, Marisa Barulhinho
Bom

Beija Eu - Ao Vivo Megaphon
Importservice

Monte, Marisa Barulhinho
Bom

Give Me Love - Ao Vivo Megaphon
Importservice

Monte, Marisa Tom Jobim
Canta Vinicius
ao Vivo

Ainda Lembro - - -

Mozart, W. A. - Die Zauberflöte Ouvertüre Die Zauberflöte EMI Classi

Mozart, W. A. Abado Requiem Lacrimosa Requiem / Karajan
Gedächtnis Konzert

DG (Universal)

Mozart, W. A. Abado Requiem Tuba mirum Requiem / Karajan
Gedächtnis Konzert

DG (Universal)

Mozart, W. A. Anne-Sophie
Mutter

Concerto for Violin and
Orchestra in D-major Op.
61

Larghetto Great Violin Concertos DG 413 818-2

Mozart, W. A. Brendel Klavierkonzert Nr.21 Andante Klavierkonzerte 15, 21,
23

Philips (Universal)

Mozart, W. A. Horowitz Adagio K. 540 - -

Orbit, William Ferry Corsten
Remix

- Barber´s Adagio
for strings

- Polystar

Orff, Carl - Carmina Burana Bolero Tempus est
iocundum (a,c)

Carmina Burana RRS

Pachelbel, Johann Karajan Canaon e gigue Canon sostenuto - DG

Pachelbel, Johann Trevor Pinnock Canon Et Gigue - Klassik Zum Fest DG (Universal)

Pangaea Virungha - Down the Drain - - -

Papetti, Fausto - Sorry Seems To Be The
Hardest Word

- Isnt´t It Saxy -

Phil Collins - Easy Lover - Phil Collins... Hits Wea (Warner)

Pieces of Africa - Kutambarara - - -



Prokofiev, Sergei Ruggiero Ricci Violin Concerto Nr. 2 in G
minor, Op. 63

- - -

Pullen, Don - Afro Blue (Explore the
roots and rhythms of jazz)

- - -

Quilapayun - Cantata - Santa Maria de
Iquique

Interludio
instrumental

- Warner

Rachmaninov,
Sergej

Andre Previn -
London
Symphony
Orchestra

Piano Concerto Nr. 2 in C
minor

I Moderato Klavierkonzert 2 /
Vocalise u.a.

DG (Universal)

Rainer - Nod To N2O - - -

Ravel, Maurice - Pavane pour une infante
défunte for harp & cello

- Eloquence - Ravel DG (Universal)

Ravel, Maurice - Bolero - The Originals -
Debussy / Mussorgsky
/ Ravel

DG (Universal)

Rednex - Cotton Eye Joe - Sex & Violins Zomba (Sony
BMG)

Ronan Keating - First Time - Turn It On -

Ronan Keating - She Believes - Turn It On -

Rozsa, Miklos - Attack! - - -

Rozsa, Miklos - Ramming Speed - - -

Rozsa, Miklos - The Galley, Parts 1-4 - - -

Rubinstein,
Nikolai

Szering.
Fournier

Piano Tri in B, Op. 8 Allegro con brio - -

Santana - Supernatural - El Farol -

Satie, Eric - Gymnopédie 1 for solo harp - - -

Satie, Eric Loussier Trio Gymnopedie Nr. 1 Var. 1 - - -

Schubert, Franz - Deutsche Messe Zum Sanctus
heilig

Highlights Sacred
Music

Cap

Schubert, Franz - Impromptu D 899 Nr. 3
Gb-dur

- - -



Schubert, Franz Amadeus
Quartett

Der Tod und das Mädchen Andante - DG

Schubert, Franz Borodin
Quartet with
Misha Milman

String Quintet in C major,
D 956

Allegro ma non
troppo

Streichquintett D 965 Teldec (Warner)

Schubert, Franz Claudio Arrau 3 Klavierstücke, D.946.
Impromptu Nr. 1

- - -

Schubert, Franz Wand Symphony Nr. 5 Allegro vivace Sinfonien 1-9 RRS

Schubert, Franz Wilhelm
Kempff

Impromptus D 899 & D 935 Schubert
Impromptu D 935
Nr. 2 As-dur

Meisterwerke Vol. 12 DG (Universal)

Schumann, Robert - Op. 54 in a minor, Concerto
for Piano and Orchestra

I. Allegro
affettuoso

Klavierkonzert 4 Teldec Cla
(Warner)

Scott, Tony - Is Not All One - Music for Zen
Meditation

-

Shore, Howard - Concerning Hobbits - Themes from the Lord
of the Rings Trilogy

Music Collection

Shore, Howard - Forth Eorlingas - Themes from the Lord
of the Rings Trilogy

Music Collection

Shore, Howard - The Cell - Themes from the Lord
of the Rings Trilogy

Music Collection

Sibelius, Jean - Concerto Op. 47 Violinkonzerte Op.
61 / Op. 47

- Sbt

Sibelius, Jean Philharmonia
Orchestra
Finlandia

Finlandia, Op. 26 - -

Silvestri, Alan - Forrest Gump Suite - Forrest Gump-The
Soundtrack

Sbc (Sony BMG)

Smetana, Bedr̂ich Berlin
Philharmonic

Má Vlast - Mein Vaterland -
Vltava - Die Moldau

- Sinfonie nr. 9-Die
Moldau

DG (Universal)

Strauss, Johann - Tritsch - Tratsch - (Galop)
Polka Op. 214

- Strauss - His Most
Popular Melodies

-

Strauss, Richard
& Gustav Mahler

- Sinfonie Nr.10 Adagio - -



Strauss, Richard Gruberova,
Editha

Breit’ über mein Haupt - Lieder Teldec (Warner)

Stu Phillips - Battlestar Galactica Main
Theme

- Star Wars - Close
Encounters of the
Third Kind [...]

Naxos

Sur - Regreso Al Amor - - -

Tavener, John &
Benjamin Britten

- The Protecting Veil The protecting
veil

Protecting Veil Rpo (H’ART)

Tavener, John &
Benjamin Britten

- The Protecting Veil The Incarnation Protecting Veil Rpo (H’ART)

The Beatles - Let It Be - Let It Be Safari (EMI)

Tiersen, Yann Amelie from
Montmartre

Le moulin - Die fabelhafte Welt der
Amelie

Labels (EMI)

Titz Latin Flavours
Four

Magic - - -

Townshend, Pete - I Am An Animal - Empty Glass Revisited (SPV)

Tschaikovsky,
Peter

- Piano Trio a moll Pezzo elegiaco - -

Tschaikowski,
Peter

- Klavierkonzert Nr. 1 Allegro non
troppo e molto
maestoso.

Traummelodien Vol.
1-10

Lc (DELTA
MUSIC)

van Beethoven,
Ludwig

- Für Elise - Poco moto - Für Elise (Die
schönsten
Klavierstücke)

-

van Beethoven,
Ludwig

- Sonate Nr. 14 c-Moll Op.
27 Mondschein

Adagio Mondschein-Sonate Decca (Universal)

van Beethoven,
Ludwig

- Symphonies Nr. 7 Allegretto Sinfonien 1-9
(Gesamtaufnahme)

DG (Universal)

van Beethoven,
Ludwig

Alicia de
Laroccha

Piano Concerto Nr. 4 andante con moto - -

van Beethoven,
Ludwig

Brendel Klaviersonate Op.31 Nr. 2 Allegretto - -

van Beethoven,
Ludwig

Claudio Arrau Piano Concerto Nr. 5 in E
flat, Op. 73

Übergang II - III Konzerte und
Klaviersonaten

Philips (Universal)



van Beethoven,
Ludwig

John Eliot
Gardiner
Orchestre

Revolutionnaire et
Romantique - Sym Nr. 7 in
A maj

Allegretto - Archiv

Vasarnap,
Szomoru

- Gloomy Sunday - Ein Lied von Liebe &
Tod

Wea (Warner)

Verdi, Giuseppe &
Abbado

Don Carlos
Highlights

Elle ne maime pas - Opernchöre DG (Universal)

Verdi, Giuseppe - Nabucco Overtuere Nabucco Fonitcetra
(Warner)

Verdi, Giuseppe - Triumphal March - 40 Berühmte Märsche Decca (Universal)

Vierne& Louis - Organ Symphony Nr. 5 a
minor Op. 47

Final - -

Vivaldi, Antonio Hamburg
Chamber
Orchestra

The Four Seasons - Summer Presto Music For The Millions
- Vol. 61: Vivaldi

Sonia (DA Music)

Vivaldi, Antonio Musici di San
Marco
conducted by
Alberto Lizzio I
Solisti di
Zagreb

The Four Seasons - Spring Allegro Vivaldi Selection Going for
(Intergroove)

Vivaldi, Antonio Nigel Kennedy The four seasons Primavera The Vivaldi-Album EMI Classi

Wagner, Richard - Lohengrin - - -

Warbeck, Stephen - Shakespeare in Love The Beginning of
the Partnership

Shakespeare In Love
[Soundtrack]

Scl (Sony BMG)

Williams, John - Auschwitz - Birkenau - - -

Williams,
Vaughan

- Te Deum in G A Portrait Of
Vaughan Williams

- Nimbus (Naxos)

Ysage, Eugène - Les Furies - -

Yzaye - Les Furies - -

Zimmer, Hans &
Badelt

- Barbossa Is Hungry - Pirates of the
Caribbean

-

Zimmer, Hans &
Badelt

- He’s A Pirate - Pirates Of The
Caribbean

-



Zimmer, Hans &
Badelt

- The Medallion Calls - Pirates Of The
Caribbean

-

Zimmer, Hans - Pearl Harbor And Then I
Kissed Him

- -

Zimmer, Hans - Pearl Harbor December 7th - -

Zofka Latin Flavours
Four

L‘Automobile - - -

- - Dulce el amor Alegrias - -

- - Le Bal - Romeo et Juliet -

- - Love Story - Film & TV Themes
Vol. 4

-

- Celine Dion &
Luciano
Pavarotti

I hate you then I love you - For The Children Of
Liberia - Pavarotti &
Friends

-

- Huong Thanh Dragonfly Bakida - -

- Mae, Vanessa Contradanza - Violin Player EMI Record
(EMI)

Table B.1: Participants’ favorite musical pieces that they brought to the experiment.



APPENDIX B. MUSICAL PIECES

No. ID Musical piece Musical Features
1 59 “Tuba mirum” (Mozart,

1989)
All solo voices from bass to soprano,
enter one after the other without
overlapping in this piece of classical
vocal music. This allows the effect
of different voice registers to be stud-
ied.

2 48 “Toccata BWV540”
(Bach, 1997)

This piece for organ was chosen as
an example of (solo-) instrumental
classical music. Different themes are
repeated and developed in a highly
orderly manner in this piece of mu-
sic,

3 60 “Making love out of
nothing at all” (Air
Supply, 1997)

An example of pop music. This
piece of music was formerly used in
a study by Panksepp (1995) and was
shown to arouse strong emotional re-
actions.

4 3 “Main Titles” (Portman,
2000)

An example of film music.

5 2 “Coma” (Apocalyptica,
2001)

Played by the Cello-Rockband Apoc-
alyptica, “Coma” is a piece that uses
“classical” instruments for rock mu-
sic.

6 4 “Skull full of maggots”
(Cannibal Corpse,
2002)

This piece is an example of “death
metal” music. Though the song
can sound like chaotic shouting and
screaming, it has a clear and simple
structure.

7 5 “Soul Bossa Nova”
(Quincy Jones, 1997)

The “Bossa Nova”was chosen to rep-
resent dance music.

Table B.2: The musical stimuli and features thereof that were presented to all partici-
pants.
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Track Composer Artist Title
1 Jean Sibelius - Finlandia, Op.26
2 Johann

Pachelbel
Trevor Pinnock Canon & Gigue in D

major
3 Cristobal de

Morales
Jan Garbarek & The
Hilliard Ensemble

Officium. Parce mihi
domine.

4 Edvard Grieg - Peer Gynt Suite No.1
op.46 -
Morgenstimmung

5 Klaus Badelt The Medallion Calls
6 Klaus Badelt

& Hans
Zimmer

- Barbossa Is Hungry

7 Georg
Friedrich
Händel

Pitamic Music for the Royal
Fireworks -Overture

8 Unknown - Serenata a la
Primavera

9 Wolfgang A.
Mozart

Brendel Klavierkonzert Nr.21
Andante

10 Richard
Wagner

- Lohengrin

11 Gilbert Bécaud - Nathalie
12 Ismaël Lô - Tadieu Bone
13 Keimzeit - Primeln und Elefanten
14 Antonio

Vivaldi
Hamburg Chamber
Orchestra

The Four Seasons -
Summer

15 Johann
Pachelbel

Herbert von Karajan Canon & Gigue in D
major

Table B.3: Entire musical pieces with which more than 11 chills per piece were expe-
rienced (from Experiment II).
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C Questionnaires

The questionnaires used in the two experiments are presented here (scaled to half-size).

C.1 Experiment I

The questionnaire filled out by each participant after the experiment is replicated on
page 116. Psychological questionnaires were also filled out. These latter results can be
found in Grewe et al. (2006a) and Grewe et al. (2006b).

Questionnaires regarding the familiarity/liking of the musical excerpts were answered
after each musical piece. They are shown on page 119.

C.2 Experiment II

The stimuli in the second experiment consisted of 20 s excerpts that were presented at
30 s intervals. Participants had these 30 s to fill out a row in the questionnaire shown
on page 120. The questions “did you experience a chill” and “what do you think the
chill-potential of this piece is?” were to be answered in the time between two succeeding
musical pieces.

The questionnaire on page 121 was handed out after the presentation of the last mu-
sical excerpt (no 174). It was used to gather information regarding the socio-economic
state of, and musical features used by the participants to give their ratings. Participants
had not seen this questionnaire before.
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ID:  
 
1. Wie wichtig ist Musik in Ihrem Leben?  
 
 1 2 3 4 5 6 7 Nicht wichtig Sehr wichtig 
 
 
2. In welchen Situationen hören Sie am liebsten Musik (Mehrfachnennungen möglich)? 

 
  Mit anderen Menschen (Disco, Partys, etc.) 
  
  Allein zuhause 
  
  Unterwegs  (Walkman, Autoradio etc.) 
  
 Live im Konzert 
  
  Nebenbei (Hintergrundbeschallung) 
 

 
3. In wie weit entspricht unser Versuch der Situation, in welcher Sie normalerweise Musik    
    hören?  
 

1 2 3 4 5 6 7 Überhaupt nicht  Sehr ähnlich  
 
4. Erleben Sie in natürlichen Hörsituationen stärkere/ schwächere/ andere emotionale      
    Reaktionen?  
 1 2 43 5 6 7Schwächer Stärker  
 
 

Ganz andere Reaktionen:  
 
 
5. Welche(n) Musikstil(e) bevorzugen Sie (Mehrfachnennungen möglich)? 
 
 Pop 
  
 Rock 
  
 Klassik 
  
 Jazz 
  
 Elektronische Musik 
  
  
 

6. Schätzen Sie bitte ein, wie sehr Sie sich mit der von Ihnen bevorzugten Musik      
    identifizieren.  
 
 1 2 3 4 5 6 7Überhaupt nicht Sehr stark  
 
 
 
7. Wie sehr interessieren Sie andere Musikrichtungen? 
 

2 3 4 5 6 71 Überhaupt nicht Sehr stark 
 
 
 
8. Gibt es Musikrichtungen, die Sie überhaupt nicht mögen?  
 
 
 
 
9. Schätzen Sie bitte ein, wie stark Sie Ihre Einstellung zu Musikstilen emotional beeinflußt. 
 

1 2 3 4 5 6 7 Überhaupt nicht Sehr stark  
 
 
10. Schätzen sie bitte ein, wie gut Sie sich in den genannten Musikrichtungen auskennen. 
 
 2 3 4 5 6 71Rock Überhaupt nicht Sehr gut 
 
 

1 2 3 4 5 6 7Pop Überhaupt nicht Sehr gut 
 
 1 2 3 4 5 6 7Überhaupt nicht Sehr gut Klassik 
 
 1 2 3 4 5 6 7Jazz Überhaupt nicht Sehr gut 
 
 
 1 2 3 4 5 6 7Überhaupt nicht Sehr gut  
 
 
 
 
 
 
 
 
 



11. Schätzen Sie bitte ein, wie stark die bei Ihnen ausgelöste emotionale Wirkung davon ab- 
     hängt, wie gut Sie das Stück kennen. 
 1 2 3 4 5 6 7Überhaupt nicht Sehr stark  
 
 
12. Über welches der gehörten Stücke besitzen Sie Hintergrundinformationen? Von besonde- 
    rem Interesse ist Ihr Wissen über besondere Stellen in den Stücken, wie z.B. außergewöhn-    
    liche Harmoniewechsel, Akkorde, Rhytmuswechsel, stilistische Mittel etc. 
 
Nr. Name des 

Stücks 
Notizen in Stichpunkten 

   

   

   

   

   

   

 
 
13. Kennen Sie Interpretationen zu den gehörten Stücken? Was haben Sie über die Stücke        
     gelesen? 
 
Nr. Name des 

Stücks 
Notizen in Stichpunkten 

   

   

   

   

   

   

 
 
 
14. Schätzen Sie bitte ein, wie stark Ihr Wissen über ein Stück Ihr emotionales Erleben  
    beeinflusst.  
 1 2 3 4 5 6 7Überhaupt nicht Sehr stark  
 

15. Ist eines oder sind mehrere der Stücke mit emotional bedeutenden Ereignissen in Ihrem       
    Leben verknüpft? 
 
Nr. Name des 

Stücks 
Notizen in Stichpunkten 

   

   

   

   

   

   

 
16. Schätzen Sie bitte ein, wie stark diese Verknüpfung mit Ereignissen Ihr emotionales  
     Erleben beeinflusst.   
 
 1 2 3 4 5 6 7Überhaupt nicht Sehr stark  
 
 
17. Hatten Sie in den vergangenen Wochen eine Erkrankung (Erkältung, Grippe, etc.)  
 
 
 
 
18. Gab es in den letzten Wochen besondere Vorkommnisse, die bei Ihnen außergewöhnlich      
     starke Emotionen ausgelöst haben?  
 
 Ja 
   positiv 
  
   negativ 
  
 Nein 
 
19. Bitte erläutern Sie kurz dieses Ereignis. 
 
 
 
 
 
 
 
20. Schätzen Sie bitte ein, wie stark diese Ereignisse Ihr emotionales Erleben beeinflussen.  
 
 1 2 3 4 5 6 7Überhaupt nicht Sehr stark 



21. Beschreiben Sie bitte Ihr bisher stärkstes Musikerlebnis. Welches Musikstück hat dieses  
     Erlebnis ausgelöst? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
22. Gibt es Geräusche oder Situationen (z.B. Filme) bei denen Sie eine Gänsehaut  
    bekommen? 
 
 
 
 
 
 
 
 
 
 
 
23. Wie würden Sie sich selbst auf einer „Gänsehaut-Skala“ einordnen? 
 
 
 
 
 
 
24. Gab es während der Versuchsdurchführung irgendwelche Schwierigkeiten oder Einflüsse,  
    die Sie abgelenkt haben (unbequem gesessen; Probleme mit der Steuerung; unangenehme  
    Lautstärke; sonstige Störungen) ? 
 
 
 
 
 
 

Ich bekomme bei der 
kleinsten Gelegenheit 
eine Gänsehaut 

Ich bekomme fast nie 
eine Gänsehaut

7653 421

 
 
 
 
 
 

25. Haben Sie den Versuch oder die Fragebögen als unangenehm oder zu intim empfunden?  
 
 Ja 
  
 Nein 
 
 
26. Haben Sie emotionale Reaktionen unterdrückt?  
 
 Ja 
  
 Nein 
 
 
27. Hat Ihnen der Versuch Spaß gemacht?  
 
 Ja 
  
 Nein 
 
 
28. Haben Sie noch weitere Anmerkungen? 



  Proband ID:                  
 
       Stück ID: 

 
Nummer in Abfolge: 
  

 
1. Ist Ihnen das Stück bekannt? 
 
 
 
 

1 2 3 4 5 6 7Gar nicht Sehr gut 

2. Wie hat Ihnen das Stück insgesamt gefallen? 
 
 
 
 
 

1 2 3 4 5 6 7 Sehr gut Gar nicht 

3. Wie würden Sie die durchschnittliche Stärke der Wirkung des Stücks auf Sie einschätzen? 
 
 
 
 

1 2 3 4 5 6 7Keine Wirkung Sehr starke Wirkung

4. Wie würden Sie die Stärke der Wirkung der am intensivsten erlebten Stelle des Stückes 
einschätzen? 

 
 
 
 
 

1 2 3 4 5 6 7Keine Wirkung Sehr starke Wirkung

5. Wie würden Sie die Stärke der Wirkung des Schlusses des Stücks einschätzen? 
 
 
 
 

1 2 3 4 5 6 7 Keine Wirkung Sehr starke Wirkung

6. Als wie angenehm haben Sie das gesamte Stück empfunden? 
 
 
 
 
 

1 2 43 5 6 7Unangenehm Angenehm 

7. Falls es einen Abschnitt im Stück gibt, den Sie als besonders angenehm empfunden haben, 
könnten Sie die Merkmale diese Abschnitts beschreiben (Instrumente, 
Lautstärkeänderungen u.ä.)? 

 
 
 
 
 
 
 

8. Welche Reaktionen hat das Stück bei Ihnen ausgelöst? 
 
 

 Gar keine  Gänsehaut  
   an folg. Körperstelle 
    
 Schauer über den Rücken  (Bedürfnis nach) Körperbewegungen
   an folg. Körperstelle 
    
 Tränen  Zittern 
    
 Lachen  Erröten 
    
 Schwitzen  Sexuelle Erregung 
    
 Herzklopfen  Gähnen 
    
 Kloß im Hals  Gefühl im Bauch 

  
 
 
9. Ist das Stück mit (einer) Erinnerung(en) verknüpft, durch die Emotionen ausgelöst 

wurden? 
 

 Ja  positiv  negativ 
 

 Nein 
 
 
10. Was wissen Sie über das Stück? Kenne Sie eine Interpretation zu dem Stück? Habe Sie 

außergewöhnliche Harmoniewechsel, Akkorde, Rhytmuswechsel, stilistische Mittel etc. 
bewußt wahrgenommen? 

 
 
 
 

 

 

 

11. Notizen zum Versuchsablauf (Störungen, Bemerkungen) 

 
 

 



Nummer:   Name:   Datum: 
 
Sie werden nun ca. 175 Musikausschnitte von je 20 Sekunden Dauer hören. Einige dieser Beispiele lösten bei 
anderen Hörern eine Gänsehaut aus, andere nicht. 
Bitte geben Sie direkt nach jedem Stück an, wie gut Ihrer Meinung nach der Ausschnitt geeignet ist, eine 
Gänsehaut bzw. einen Schauer über den Rücken auszulösen! Erklären Sie bitte auch, wie die Musik auf Sie 
gewirkt hat und wie bekannt sie Ihnen ist! 
 
Nr Chill-

eignung 
(0-4) 

Kennen 
(0-4) 

Gefallen 
(0-4) 

Aufregung 
(0-4) 

Chill? 
(x) 

1    
2    
3    
4    
5    
6    
7    
8    
9    

10    
11    
12    
13    
14    
15    
16    
17    
18    
19    
20    
21    
22    
23    
24    
25    
26    
27    
28    
29    
30    
31    
32    
33    
34    
35    
36    
37    
38    
39    
40    
41    
42    
43    
44    
45    
46    
47    
48    
49    
50    

Nr Chill-
eignung

(0-4) 

Kennen 
(0-4) 

Gefallen 
(0-4) 

Aufregung 
(0-4) 

Chill? 
(x) 

51   
52   
53   
54   
55   
56   
57   
58   
59   
60   
61   
62   
63   
64   
65   
66   
67   
68   
69   
70   
71   
72   
73   
74   
75   
76   
77   
78   
79   
80   
81   
82   
83   
84   
85   
86   
87   
88   
89   
90   
91   
92   
93   
94   
95   
96   
97   
98   
99   

100   

Nr.  «Nummer»  
 
 
Seite 2 
 
 

 
Nr Chill-

eignung 
(0-4) 

Kennen 
(0-4) 

Gefallen 
(0-4) 

Aufregung 
(0-4) 

Chill? 
(x) 

101    
102    
103    
104    
105    
106    
107    
108    
109    
110    
111    
112    
113    
114    
115    
116    
117    
118    
119    
120    
121    
122    
123    
124    
125    
126    
127    
128    
129    
130    
131    
132    
133    
134    
135    
136    
137    
138    
139    
140    
141    
142    
143    
144    
145    
146    
147    
148    
149    
150    

Nr Chill-
eignung

(0-4) 

Kennen 
(0-4) 

Gefallen 
(0-4) 

Aufregung 
(0-4) 

Chill? 
(x) 

151   
152   
153   
154   
155   
156   
157   
158   
159   
160   
161   
162   
163   
164   
165   
166   
167   
168   
169   
170   
171   
172   
173   
174   
175   

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  



Nr.  
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Welche Merkmale der Musik haben Sie benutzt, um zu Ihrer Entscheidung zu gelangen? 

 

Lautstärke gesamt  (0-6) ___________ 

Melodie (0-6) ___________ 

Einsatz einer Solostimme (0-6) ___________ 

Gesang (0-6) ___________ 

Tempo (0-6) ___________ 

Harmonien (0-6) ___________ 

Musikalische Ereignisdichte (0-6) ___________ 

Höhepunkt (0-6) ___________ 

Lautstärkeverlauf   (0-6) ___________ 

 

Sonstiges: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Nr.  
 
Seite 4 
 
Bitte beantworten Sie noch einige Fragen zu Ihrer Person! (Ankreuzen bzw. ausfüllen) 
 
 
Alter: ______ 

Geschlecht (m/w):  m        w 

Beruf: _______________________________________________________ 

Schulabschluss:      Hauptschule   Realschule   Abitur   Hochschule 

Instrument(e): _________________________________________________ 

Bitte ankreuzen: wenig = 0 bis 6 = viel 

Spielerisches Können (0-6):      0   1   2   3   4   5    6        

Musikalität (0-6):   0   1   2   3   4   5    6        

Notenlesen (0-6):      0   1   2   3   4   5    6        

Musikinteresse (0-6):     0   1   2   3   4   5    6        

Hintergrundwissen Musik (0-6):   0   1   2   3   4   5    6        

Chorstimme:                      Sopran          Alt          Tenor          Bass 

Chorerfahrung in Jahren: ______ 

 

 





D Animations and Software
The DVD which can be found after the last page of this thesis contains firstly the
EMuJoy-software that was used in Experiment I and that is now under further devel-
opment at SourceForge.net (http://sourceforge.net/projects/emujoy). The JAVA
runtime environment is necessary for running the software. Instructions for the down-
load can be found at http://www.java.com/en/download/manual.jsp.

Secondly, the animations of self-reported emotions in all participants are presented on
the disc. The filmclips are saved in high-resolution with 960x700 pixels in AVI (MPEG3
audio, Indeo R©video 5) and in low-resolution with 480x350 pixels in Quicktime-format
(MOV, MPEG4 audio + video). Additionally the pre-selected musical pieces and those
pieces with which the most chills were experienced can be found on this disc in MP3-
format.

Thirdly, this thesis is saved as PDF on the DVD.
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Glossary

Appogiatura Initial ornament or grace note that introduces a harmony or a
melody.

Arousal From“to rouse”: rose or stimulate to action or to physiological readiness
for activity.

Bark scale Scale for pitches, based on human pitch perception.

Blood transition time Time that a blood wave needs to progress from one point
to another, for instance from the breast to one of the fingers.

Cardiac Concerning the heart.

Chill Goose pimples or shivers down the spine experienced as a pleasurable re-
sponse to musical stimuli.

Emotion space Two- or three-dimensional space, spanned by valence, arousal,
and sometimes dominance.

EMuJoy Software for continuous emotional self-report.

FFT The fast fourier transformation is an efficient algorithm for decomposing
sound or other signals into sinusoidal parts. One can thus see from which
frequencies with which amplitude a sound consists of.

Fifth The fifth tone within a tonality.

Fluctuation Subjective perception of slow (up to 20Hz) amplitude modulation
of a sound.

Heart rate variability (HRV) A measure of the variation in the heart rate. It
is usually calculated by either analyzing the time series of beat-to-beat
intervals from ECG or arterial pressure tracings.

International affective picture system (IAPS) Emotions can easily be induced
by pictures. The IAPS is a collection of affective pictures that were pub-
lished by Lang et al. (1995). The goal was to provide a set of normative
emotional stimuli for experimental investigations of emotion and attention.
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Psychoacoustics The study of human perception of sounds or the psychology of
acoustical perception.

Psychophysiology The link between psychology and physiology.

Roughness Subjective perception of rapid (15-300 Hz) amplitude modulations of
a sound.

Self-organizing maps (SOM) A subtype of artificial neural networks that is
trained to produce low dimensional representation of training samples while
preserving the topological properties of the input space using unsupervised
learning. This makes SOM especially good for visualizing high-dimensional
data.

Self-report Report about own state. Self-report can be given on distinct time
points or continuously.

Skin conductance Conductance of the skin of a human hand gives information
about sympathetic activity and physiological arousal. It is determined by
sweat gland activity. The glands in the hands are innervated by the sym-
pathetic nervous system.

TCP The Transmission Control Protocol is one of the core protocols of the In-
ternet protocol suite and used for the transmission of data packets via the
internet.

Valence The degree of attractiveness an individual, activity, or thing possesses
as a behavioral goal.
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Abbreviations

In order to aid the readability of the thesis, the abbreviations used frequently are
given here:

2DES: Two Dimensional Emotion Space
ANS: Autonomous Nervous System
BMU: Best Matching Unit
EEG: Electro Encephalography
EMG: Electromyogram
FFT: Fast Fourier Transformation
fMRI: Functional Magnetic Resonance Imaging
IAPS: International Affective Picture System
IBI: Inter-Beat Interval
HCI: Human Computer Interface
HR: Heart Rate
HRV: Heart Rate Variability
M: Mean
MIBI: Mean Inter-Beat Interval
MMIP: Musical Mood Induction Procedure
OR: Orientation Reaction
rms: Root-Mean-Square
SAM: Self Assessment Manikin
SC: Skin Conductance
SCL: Skin Conductance Level
SCR: Skin Conductance Response
SD: Standard Deviation
SDNN: Standard Deviation of Normal-Normal intervals
SOM: Self-Organizing Maps
TCP: Transmission Control Protocol
Vpn: Versuchsperson (Participant)
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