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To Neha

"There is a creeper - I think, it is called the morning glory - which has that
extraordinary pale blue color that only flowers have, or a deep purple with a touch of
mauve, or a peculiar white. Only living flowers have those colors. They come, they
bloom in the morning - the trumpet-shaped flowers - and then within a few hours they
die. You must have seen those flowers. In their death they are almost as beautiful as
when they are alive. They bloom for a few hours and cease to be, and in their death they
do not lose the quality of a flower."

- Jiddu Krishnamurti, 1965
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The central focus of the thesis is to investigate timbre perception in a polyphonic
context using an interdisciplinary approach that aims at combining the
behavioural, acoustic and neural domains. The current work first deals with the
gap concerning the connection between monophonic timbre and emotions
followed by a thorough investigation of polyphonic timbre perception. The
investigation concerning the link between monophonic timbre and emotion-
detection revealed that two main dimensions, representing perceived Valence and
Energy Arousal sufficiently captured the monophonic timbre affect space. The
consistent patterns displayed by the acoustic features suggested that there exist
universal perceptual mechanisms in play during affect assessments.

With respect to determining the dimensionality of the perceptual polyphonic
timbre space, two main dimensions were established, one representing perceived
activity and the other representing perceived brightness. Subsequently,
spectrotemporal modulations, represented by the new set of acoustic features
introduced, the Sub-Band Fluxes, were found to significantly correlate with
perceptual ratings. The cross-cultural investigation performed for the sake of
generalization of the perceptual dimensions revealed that the dimensionality of the
polyphonic timbre space increased from two, representing Activity and Brightness
again, to three based on prior exposure via enculturation and musical training. The
third dimension, however, did not show any clear pattern although it was found to
represent perceived fullness in the case of musicians. The acoustic features
displayed similar correlation patterns with the perceptual dimensions across
participant groups suggesting common perceptual mechanisms at play.

The neural underpinnings of timbre processing were uncovered through a
functional magnetic resonance imaging (fMRI) study conducted in a naturalistic
setting by using realistic stimuli. Results revealed, in addition to sensory areas, the
involvement of cognitive areas of the cerebellum, and default-mode network
cerebrocortical areas in timbre processing. Overall, the results lend support to the
notion that the perceptual mechanisms involved in the processing of polyphonic
timbre dimensions are fairly universal albeit with minor differences and that they
highly respond to spectrotemporal modulations or change. Finally, the
methodological contributions of this dissertation have potential implications in the
field of cognitive neuroscience of music.

Keywords: monophonic timbre, polyphonic timbre, acoustic features, perceptual
dimensions, fMRI, non-parametric statistical significance estimation
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1 INTRODUCTION

Music is known to be an important facet of all human cultures (Merriam, 1964).
From an evolutionary context, two opposing views of music have been
proposed. Pinker (1997) contends that music fails to have evolutionary
significance and could be considered merely as “auditory cheesecake” and has
no survival value. Huron (2001) outlines several perspectives concerning the
role of music making and listening and contends that despite any convincing
evidence of the evolutionary origins of music, its ubiquity since ancient times
renders it a vital element of human existence and would be unjustified to rule
out a possible evolutionary origin. In addition, several studies have proposed
that music making and listening are fundamentally inherent processes in
humans (Miller, 2000). For instance, Zentner and Eerola (2010) found that
moving to music is an inherent trait displayed by humans beginning as early as
infancy. Trehub (2000) outlines several studies on infants' perception of musical
elements that purport the notion of music processing as an innate automatic
process. More importantly, recent evidence from the neural perspective
presents the vital role of music in evoking pleasurable feelings as those of
euphoria and craving which occur as a result of the activation of the reward
circuitry of the brain (Salimpoor et al., 2011). Although it can be argued that
pleasure may not the most fundamental need of human life, needless to say it
remains an important desirable human experience. Furthermore, music has
been considered as a means for investigating other cognitive functions of the
human brain and hence human behaviour (Brown, Merker & Wallin, 2001,
Origins of music).

Music is composite of several perceivable elements of varying levels of
abstraction, such as loudness, timbre, pitch, and rhythm. These elements can be
classified based on their abstraction levels as being low-level or high-level.
Low-level elements are those that are perceived in a bottom-up fashion without
a need for domain-specific knowledge. For instance, loudness, pitch and timbre
processing automatically recruit sensory mechanisms, and are performed
rapidly in very short-time spans. On the other hand, rhythm encapsulates
context-dependent aspects of music and recruits perceptual processes that are
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top-down in nature, and require a longer time-span. A fundamental question
often posed is concerning the universality in music structure and its perception,
in other words to what extent it is innate and hard-wired or is shaped by the
environment, and is regarded as an instance thereof of the nature versus
nurture problem. Despite the diversity in music across cultures, do the
perceptual processes share fundamental biological sensory processing
mechanisms? Moreover, the perceptive and cognitive mechanisms of a person
can be affected by prior exposure in the form of enculturation or musical
expertise. Evidence from infant studies indicates the presence of universals in
the processing of some music principles (see Trehub, 2000 for an overview),
such as categorization of successive events based on similarity in pitch, timbre
or loudness, interval categorization based on consonance or dissonance, melody
contour equivalence regardless of pitch transposition, and rhythm equivalence
despite tempo changes. Harwood (1976) delineates a few elements of auditory
perception that are found to be similar across cultures such as categorical pitch
perception, judgments of octave equivalence, auditory stream segregation, and
melodic contour processing. Carterette & Kendall (1999) outline some structural
elements of music that are common across cultures such as the use of stable
reference pitch and reference pulse, and the division of octave into scale steps,
for instance. The authors contend that the process of music cognition in fact
shares universals and advocate the notion that the differences in musical
elements across cultures are but an “elaboration of a few universals”.

Results of some perceptual studies support the view that there exist cross-
cultural regularities in the perception of certain structural elements of music
such as beat (Toiviainen & Eerola, 2003), and intervals (Smith & Williams, 1999),
as well as in the elicitation of melodic expectations (Krumhansl, Toivanen,
Eerola, Toiviainen, Jarvinen & Louhivuori, 2000; Eerola, Louhivuori & Lebaka,
2009; Castellano, Bharucha, & Krumhansl, 1984), and affect identification
(Balkwill & Thompson, 1999; Balkwill, Thompson & Matsunaga, 2004; Gregory
& Varney, 1996, Meyer, Palmer & Mazo, 1998; Adachi, Trehub & Abe, 2004;
Zacharopoulou & Kyriakidou, 2009). Nevertheless, in addition to
commonalities, some of these studies highlight differences in music perception
and cognition, and associate them to one’s culture-specific knowledge, for
instance concerning melodic expectancies (Krumhansl et al., 2000; Curtis &
Bharucha, 2009).

Furthermore, Demorest, Morrison, Beken & Jungbluth (2008) contend that
the universality in the perception of musical properties suggested by several
studies may be attributed to their major reliance on music following rules of the
Western diatonic system. Evidence from cross-cultural studies in the field of
neuroscience that have investigated the issue of universality in music
processing suggest the existence of similarities in neural processing despite
varying cultural backgrounds, albeit with minor differences (Nan, Knosche &
Friederici, 2006; Morrison, Demorest, Aylward, Cramer and Maravilla, 2003).
Recently, Nan, Knosche, Zysset & Friederici (2008) provided evidence for the
first time illustrating effects of musical style acculturation on some motor and
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auditory areas of the brain. In summary, evidence from both behavioral and
neural studies suggests macro level similarities with differences being observed
on a more micro level.

These differences could be attributed to one of the mechanisms involved
in perceptual learning, that is, differentiation (Goldstone, 1998). Goldstone
(1998) discusses perceptual learning as a process how an organism’s perceptual
system undergoes long-lasting changes during the process of perceiving and
interacting with its surrounding. The mechanism that appears to be analogous
to the process of perceptual dimension identification is differentiation. Goldstone
(1998) discusses differentiation as a mechanism enabling perceptual learning
wherein prior exposure or training allows for the dissociation of perceptual
elements from a single stimulus. A subcategory of this kind of perceptual
learning is differentiation of dimensions, which refers to separation of perceptual
dimensions and increase in the number thereof as a result of prior exposure or
training. Differentiation of dimensions as a form of perceptual learning has not
been widely studied in musical contexts to date.

Musical elements possess representations in three domains, namely the
acoustic, neural and behavioural. The behavioural domain deals with mental
representations of musical elements. The acoustical domain deals with physical
representations of musical elements. Acoustic features that are based on
psychoacoustic principles serve as the physical representations. Perceptual
modelling aims at bridging the gap between the behavioural and computational
domains by enabling associations between semantics and physical parameters.
On the other hand, in the neural domain, studies aim at localizing brain areas
pertaining to the processing of musical elements. Specifically, the neural studies
have investigated the processing of musical elements employing highly
controlled auditory paradigms in which these elements have been presented in
isolation and manipulated artificially. Thus, as a result, such settings hinder us
from obtaining a true understanding of the neural underpinnings of the
perceptual processes involved in music feature processing.

In order to acquire a comprehensive picture of perceptual processes, as is
the need in the field of music cognition, there exists a dire need to find the links
between these three domains. However, the dearth in the number of studies
that combine knowledge from all three domains poses a challenge in
establishing the study designs in addition to methodological concerns.
Nevertheless, in order to uncover in a holistic fashion the mechanisms involved
in the processing of musical elements, investigations by integrating all three
domains is elemental.

While many studies have focused on understanding the universality of the
perceptual and cognitive processes of higher-level features such as harmony,
melody, and rhythm, the perceptual aspects of timbre, have received much less
attention. The aim of the thesis is to investigate timbre perception by employing
an interdisciplinary approach combining the behavioural, acoustic and neural
domains. The following chapter outlines the notion and importance of timbre,
and summarizes the current state of affairs in the field of timbre perception.
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Chapter three provides an overview of the research aims. Chapter four
describes the methods used and developed employed in the studies that have
been carried out. Chapter five provides brief summaries of all the studies.
Chapter six concludes the dissertation by discussing the results, implications,
limitations and future plans of the thesis.



2 TIMBRE

Timbre has been one of the most ill-defined musical concepts. Several
definitions of timbre have been proposed over the years but there fails to exist
one single, widely accepted definition. The classical definition of timbre put
forth by the American Standards Association (ASA, 1960) is “that attribute of
sensation in terms of which a listener can judge that two sounds having the
same loudness and pitch are dissimilar”. Timbre is also the attribute of sound
that has been termed as “a vehicle for source identity” (McAdams and Giordano,
2009; McAdams, 1993; Handel 1995). It has also been considered as a “major
structuring force in music and one of the most important and ecologically
relevant features of auditory events” (Menon, Levitin, Smith, Lembke,
Krasnow, Glazer et al, 2002, p. 1742). Timbre is the property that allows
listeners to categorize and stream sound information and thereby form a mental
representation of one’s surroundings. Among all the basic elements of music,
timbre can considered to play a vital role in human survival. For instance,
imagine you are crossing a busy street full of cars and the sound of a speeding
car alerts you to make sure you are not in its way. The process of escaping
danger elicits affect related to the feeling of reward, which can be thought of as
a fundamental incentive to human actions. The affect-elicitation capabilities of
timbre can be further discussed in a musical context. The same song sung by
different artists despite the exact harmonic and rhythmic arrangements can
engender different affects in the listeners. Apart from its survival value and
affect-elicitation capabilities, the physical properties of timbre have also been
shown to be important in enabling the communication and identification of
affect in speech studies (Juslin & Laukka, 2003; Laukka, Juslin & Bresin, 2005;
Scherer & Oshinsky 1977) and nonverbal affect vocalizations (Belin, Fillion-
Bilodeau, & Gosselin, 2008; Bradley, 2000; Redendo, Fraga, Padron, & Pineiro,
2008).

Historically timbre has generally been defined and investigated as a
phenomenon in the context of isolated instrument sounds. However, in real life,
we generally encounter combinations of sounds resulting in complex emerging
timbral soundscapes, for instance that of a bustling market place, or a busy
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highway. Furthermore, in the context of music, several instrument timbres
blend resulting in an overall emergent timbre, such as that of a jazz ensemble, a
rock concert, or a symphony. This approach to timbre perception as a
conglomerate of individual timbres has been largely neglected.

Ensemble timbres or timbre blends can generally be divided into three
categories, namely timbral heterogeneity, timbral augmentation and emergent
timbres (Sandell, 1995). Timbre heterogeneity occurs when concurrently
sounding timbres are perceived as separate entities or distinct sources, for
example a piano and horn. Timbral augmentation occurs when one instrument
merely acts as an embellishment to another dominant timbre, such as a flute
and violin, which may sound more like a violin with an extra airy sound.
Timbral emergence transpires when the constituent timbres fuse to form a
novel overall timbre.

These three divisions of timbre can be further discussed in light of
auditory grouping, that is, perceptual segregation and perceptual fusion, put forth
by Bregman (1990) and Darwin and Carlyon (1995). Auditory grouping is the
process wherein the brain perceives sounds and decides to group them either as
belonging to individual sources or into one overall ‘chimeric’ or 'fictitious'
(Bregman, 1990) or ‘virtual’ (McAdams, 1984) sound source. For instance, two
violins playing two different pieces simultaneously may be perceived by
listeners as two separate perceptual auditory streams or sound sources despite
them belonging to the same timbre class, thereby in a way maintaining timbral
heterogeneity. Another instance of perceptual segregation is the cocktail party
effect, which is the ability to focus on one talker in a party amidst several other
conversations and background noises. On similar lines, the listener possesses
the ability to employ different listening strategies to either focus on one single
sound source or to group them to perceive them as a whole. On the other hand,
multiple instruments can perceptually fuse in listeners’ minds to form a
coherent concept, for instance, the overall sound of a string orchestra. Such
Gestalt-like grouping leads to what is described by Bregman as a chimeric
sound source. Another example is the emerging sound of a busy market place,
wherein a combination of several individual timbres results in a soundscape or
timbral environment (Ferrer, 2009), which forms a basis for identifying and
categorizing sensory auditory information on a macroscopic or Gestalt level.
The above instances are apt examples of timbral augmentation and emergent
timbres. Moreover, timbral augmentation can be considered as a special
reduced case of timbral emergence wherein the dominant timbre plays the main
role in the emerging timbre.

For the sake of differentiating these two main categories of individual
timbres and emerging timbres, they will be termed for the reminder of this
work as monophonic timbre and polyphonic timbre. The terms “monophonic’
and “polyphonic” should not be confused with the music theoretical term of
polyphony versus homophony or monophony, rather only as a means to
distinguish the two notions of timbre blends.
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2.1 Monophonic Timbre

2.1.1 Perceptual and Acoustic Correlates of Monophonic Timbre

Research on monophonic timbre has a history, starting from the 70s, of
perceptual similarity experiments of single instrument sounds, which
concentrated on creating meaningful timbre spaces (Grey, 1977; Grey &
Gordon, 1978; Iverson & Krumhansl, 1993; Lakatos, 2000; McAdams, Winsberg,
de Soete, & Krimphoff, 1995). A timbre space can be thought of as a geometrical
construct that aims at capturing a mental representation of the stimuli through
the ratings of perceived similarity of the sounds. This was achieved via
multidimensional scaling of similarity ratings of the stimuli collected from a
number of listeners. In addition, the aforementioned studies aimed at finding
acoustic features that best correlate with the perceptual dimensions.

Several studies performed on monophonic timbre have reported that the
spectral centroid, which can be conceptualized as the center of gravity of the
spectrum, explains one of the timbre space dimensions (Grey & Gordon, 1978;
Iverson & Krumhansl, 1993; McAdams et al., 1995) and is often referred to as a
measure of perceived ‘brightness’ (Beauchamp, 1982; De Poli & Pradoni, 1997).
However, interpretations of the other timbral space dimensions have lacked
consensus, probably because the nature of the stimuli used in each experiment
determines the perceptual and acoustic features that explain the resulting
dimensions and thus cannot be generalized across other sets of stimuli.
Nonetheless, in a meta-analysis of timbre spaces presented by McAdams (1999),
the author argues that despite the diversity in the stimuli, the actual perceived
similarity remains fairly constant irrespective of the context it is presented in.
Various spectral and temporal features of the stimuli have been found to
explain the dimensions of perceptual timbre spaces, such as the log-attack time,
spectral flux, attack synchrony, and spectral irregularity, to name a few. In
addition to the aforementioned features, the Mel-Frequency Cepstral
Coefficients (MFCC), which are described in later sections, appear to be quite
prominent in characterizing timbre (De Poli & Pradoni, 1997; Terasawa, Slaney,
& Berger, 2005).

A few studies have aimed at creating ‘physical’ timbre spaces through
self-organizing maps (SOM) from features of the audio in order to find
correlations with perceptual timbre spaces (Cosi, De Poli, & Lauzzana, 1994; De
Poli, Prandoni, & Tonella, 1993; Loureiro, de Paula, & Yehia, 2004; Toiviainen,
Kaipainen, & Louhivuori, 1995). The clustering of sounds in these studies has
been found to be comparable to human similarity judgments.

2.1.2 Monophonic Timbre Semantics
Previous studies concerning timbre semantics mainly focused on finding

semantic labels that best characterize monophonic timbre. Commonly cited is
the work of von Bismarck (1974) regarding adjectives that describe timbre
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(Darke, 2005; Disley & Howard, 2004; Disley, Howard, & Hunt, 2006; Movarec
& Stepanek, 2003; Nykanen & Johansson, 2003; Pratt & Doak, 1976). Bismarck
suggested a subset of four scales (dull-sharp, compact-scattered, full-empty,
and colorless-colorful) to describe the timbre of single instrument sounds. Some
studies have aimed at finding consistently used adjectives to describe timbre
(Darke, 2005; Disley et al.,, 2006; Lukasik, 2005; Moravec & Stepanek, 2003;
Nykanen & Johansson, 2003; Sarkar, Vercoe, & Yang, 2007). Commonly, such
studies have used one of the two rating methods: Verbal Attribute Magnitude
Estimation (VAME) (Kendall & Carterette, 1993a) and Semantic Differentials
(Osgood, Suci, & Tannenbaum, 1957). The VAME uses scales that quantify the
applicability of each adjective or descriptor (e.g., bright <-> not bright) rather
than using opposites or bipolar scales (e.g., bright <-> dull). The participants in
these experiments are typically required to rate the applicability of these
adjectives to monophonic instrument sounds on such scales. Some studies that
used the VAME approach report significant negative correlation between
descriptors such as bright and dull (Disley & Howard, 2004; Disley et al., 2006)
as well as bright and dark (Lukasik, 2005). Nevertheless, the use of semantic
differentials, or bipolar scales, has been called into question, since the
descriptors on each end of the scale are not necessarily opposites of each other
(Darke, 2005; Kendall & Carterette, 1993a). However, this technique does enable
controlled judgment of semantic concepts, and is advocated since it proves to be
quite adaptable in these kinds of perceptual tasks (Pratt & Doak, 1976).

In several studies, the most common descriptor of monophonic timbre has
been reported to be brightness. Helmholtz (1885/1954) uses the term ‘bright” or
“prilliant” to classify the musical quality of a tone. In more recent studies, either
the word ‘bright’ (Darke, 2005; Disley & Howard, 2004; Disley et al., 2006;
Gounaropoulus & Johnson, 2006) or bipolar scales such as ‘dark-bright’
(Lukasik, 2005; Sethares, 1998) or variants of it such as ‘brilliant-dull” (Pratt &
Doak, 1976) have been used to describe monophonic timbre. "Fullness” has also
been used to describe a perceptual aspect of timbre (von Bismarck, 1974; Darke
2005). The term ‘thin,” which can be regarded as an antonym for full, appears in
some studies (Darke, 2005; Disley & Howard, 2004; Disley et al., 2006).
Additionally, Helmholtz (1885/1954) used the term ‘full’ as being descriptive of
the musical quality of a tone, or in a simpler word, timbre. In Fitzgerald &
Lindsay’s (2004) study on semantic labels and acoustic correlates of oboe,
‘Power’ and ‘Vibrancy’ were reported as two of their three perceptual
dimensions. ‘Power” was found to have high loadings of the semantic label
‘Strong.” Kendall and Carterette (1993b) reported the same finding of the word
‘Strong’ being associated with the ‘Power” dimension. Despite the fact that these
studies have used very limited sets of instrument sounds, sometimes confined
to a single instrument family, some adjectives have been found to be used
repeatedly to describe timbre. These include, among others, harsh, bright, full,
and warm. Following these results, Gounaropoulos & Johnson (2006) created an
interface that allows users to synthesize new timbres through the manipulation
of some existing acoustic features that correlate to perceptual qualityies of the
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sound. Though the semantic labels discussed above have been used for
monophonic timbre, it is interesting to see whether similar patterns may be
observed in describing polyphonic timbre.

2.1.3 Neural Correlates of monophonic timbre

Electrophysiological studies that employed the mismatch negativity (MMN)
paradigm to investigate the neural correlates of perception of monophonic
timbre have hinted at a high correlation between the amplitude of brain
responses and the magnitude of changes in certain timbral features. These
include brightness (Toiviainen, Tervaniemi, Luohivuori, Saher, Huotilainen et
al., 1998), spectral center of gravity, and even harmonic attenuation (Caclin,
McAdams, Smith, & Giard, 2008). In addition, neuroimaging studies have aided
in localizing regions of the brain that deal with monophonic timbre processing.
Platel, Price, Baron, Wise, Lambert et al. (1997) report the involvement of the
right superior and middle frontal gyrus during selective attention to timbre
while pitch and rhythmic content varied simultaneously. Menon et al. (2002)
found that posterior regions of the Heschl’s gyrus and superior temporal sulcus
were mainly involved in the processing of timbre. However, majority of these
studies have used artificial stimuli in controlled auditory paradigms in which
the single instrument sounds have been presented in isolation and manipulated
artificially, thereby compromising ecological validity.

The central focus of monophonic timbre research has been to uncover its
perceptual and acoustical correlates. As discussed in earlier sections about the
importance of music in everyday life, especially in engendering pleasurable
feelings, which can be considered very fundamental to humans, the role of the
intrinsic musical elements, in this case timbre, in causing this has not been
investigated. No studies exist that have investigated the link between
monophonic timbre and emotions.

2.2 Polyphonic Timbre

Polyphonic timbre refers to the overall timbral mixture in a music signal, or in
simple words, the “global sound” of a piece of music (Aucouturier, 2006). As
described earlier in this thesis, polyphonic timbre can be regarded to be
synonymous with emerging timbre. An interesting analogy is drawn by
Bregman (1990) to explain the phenomenon of emergence of a higher-order
form from lower-order constituent elements. The author uses a knife as an
example, wherein the molecules that constitute a knife are not sharp, however
the 'sharpness' of a knife can be considered as an emergent property of a knife.
In this regard, polyphonic timbre can be explained as the emergent property of
monophonic timbre.
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2.2.1 Perceptual and Neural Significance of Polyphonic Timbre

Polyphonic timbre has been found to be a significant perceptual component of
music, especially in studies that involve tasks such as genre identification,
categorization, or emotional affect attribution. The study carried out by
Gjerdingen & Perrott (2008) examined the time required for people to identify
or classify into genres very short music excerpts. They reported that musical
extracts as short as 250 ms were sufficient for genre identification. The authors
highlight the importance of the overall timbre in the perceptual process of
identification and categorization. The authors describe overall timbre as an
agglomerate "of spectral and rapid time-domain variability in an acoustic
signal" which is put together by the listener in a Gestalt-like manner that
thereby enables listeners to identify, classify, and categorize the heard piece of
music. In other words, overall timbre possesses cues that enable identification
and classification. For instance, the presence of high amounts of acoustic energy
in the lower end of the spectrum points more towards rap and hip-hop rather
than classical music (Gjerdingen & Perrott, 2008).

In a perceptual song identification study performed by Schellenberg,
Iverson &McKinnon (1999), the authors reported successful identification rates
of songs from excerpts as short as 200ms and 100ms. Similar results were
obtained by Krumhansl (2010) in her study on genre and song identification of
400ms and 300ms excerpts. Peretz, Gagnon, & Bouchard (1998) add to this by
reporting that participants were successful in identifying affective connotations
of 500ms long sad or happy musical excerpts taken from the Western classical
repertoire. In addition, Bigand, Vieillard, Madurell, Marozeau, & Dacquet
(2005) report that a duration of 1000ms sufficed in making successful affect
judgements. Based on these studies, it can be inferred that short durations
suffice to perform recognition and categorization tasks. Such short durations
render it difficult to obtain a clear sense of musical elements such as rhythmic,
melodic and harmonic progressions. The only information that can be gathered
relates to the overall sound, or in other words, polyphonic timbre. Hence, it can
be deduced that polyphonic timbre indeed is an essential element of music and
thus calls for uncovering the underlying mechanisms involved in its perception.

2.2.2 Polyphonic Timbre in Music Computing

Features representing polyphonic timbre have been demonstrated to be vital in
the design of computational systems that perform genre-, style-, and mood-
based categorization of music (e.g., Barbedo & Lopes, 2007; Jiang, Lu, Zhang,
Tao, & Cai, 2002; Liu, Lu, & Zhang, 2003; Tzanetakis & Cook, 2002).
Computational features representing timbral and rhythmic features have been
the most popular choices when designing such computational systems since
they were found to maximize the performance of the system to accomplish the
respective task. Commonly used timbral features comprise spectral flux,
spectral roll-off, and spectral centroid (Barbedo & Lopes, 2007; Tzanetakis &
Cook, 2002). In addition, other repeatedly used features known to represent the
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overall timbre of music signals are the Mel-Frequency Cepstral Coefficients
(MFCCs) (Aucouturier & Pachet, 2003; Logan & Salomon, 2001; Lu, Liu, &
Zhang, 2006; McKinney & Breebaart, 2003; Pampalk, Flexer, & Widmer, 2005;
Pye, 2000; Zhu, Xue, & Lu, 2004). The MFCCs were first used in the domain of
speech recognition (Davis & Mermelstein, 1980) and are derived by performing
discrete cosine transform on spectra shaped by the Mel- Scale that approximates
the human auditory response. They have often turned out to be the best
predictors of class membership, which might suggest that they encapsulate
some important properties of the overall timbre. Studies performed using the
query-by-semantic description paradigm have focused on creating a
meaningful vocabulary to describe aspects of music such as instrumentation,
emotional content, genre, song concepts, and usage terms. For instance, recent
work by Turnbull and colleagues (2006, 2007, 2008) has dealt with semantic
annotation and retrieval of music. They used the delta-MFCCs (AMFCCs),
which capture the temporal fluctuation of the MFCCs, to represent features of
the music tracks. Whitman and Ellis (2004) created an automatic record review
system that annotated music excerpts based on web-reviews of artists. They
made use of the features derived from the MFCCs to characterize short music
excerpts. By way of machine learning, the system then learned to create reviews
based on acoustic properties and their associated semantic descriptions. For
generalizability, the authors emphasized the need to use features that capture
the overall perceptual quality of the music excerpts. Although not explicitly
mentioned in their study, one might speculate that it is the overall timbre of the
music that causes listeners to identify and describe its emotive, situational, or
structural aspects.

Feature selection in the studies above was using heuristic approaches
rather than systematic approaches. This may bring into question the true
usefulness of timbral features in perceptual classifiers. However, it has also
been shown that in the design of systems that model perceptual data wherein
systematic feature selection, such as backward elimination or forward selection,
is employed have also reported the emergence of timbral features as good
predictors. For instance, recent studies dealing with the prediction of affect in
music have reported that timbral features have emerged as good predictors of
emotional and mood ratings of music (Eerola, Lartillot & Toiviainen, 2009;
Laurier, Sordo, Bozzon, Brambilla & Fraternali, 2009; Schmidt & Kim, 2010).

In sum polyphonic timbre serves as an indispensable element of music
that serves as a basis for several cognitive processes such as categorization
based on genre, and affect-identification. While many studies have focused on
understanding the perceptual and cognitive processes of higher-level features
such as harmony, melody, and rhythm, the perceptual aspects of polyphonic
timbre have received much less attention. Furthermore, on a more general note,
an interesting development is that of contemporary music, which appears to be
deviating from the well-known theories of Western melodic, harmonic, and
rhythmic progressions. This music seems to move towards creating new sounds
and textures by focusing on the blending of varied timbres. These results
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simply emphasize the importance of delving into the realm of polyphonic
timbre perception.

2.3 Gaps and Limitations in Timbre Perception

This section outlines some of the important gaps and limitations that exist in the
fields of monophonic timbre and polyphonic timbre perception.

e Despite the large corpus of work investigating the perceptual and
acoustical correlates of monophonic timbre, there exists a lack of
studies examining the connection between monophonic timbre and
emotions. The importance of timbre in emotion-detection has been
established in a polyphonic context but has not been thoroughly
investigated in a monophonic context.

e In the context of the two divisions of timbre considered in this
thesis, that is, of monophony and polyphony, no studies exist
investigating the perceptual and corresponding acoustic correlates
of polyphonic timbre. The first step is to identify the perceptual
dimensions of the polyphonic timbre space. Following this, the
acoustic correlates of the respective dimensions need to be
determined.

e To allow for generalizations of the perceptual dimensions of
polyphonic timbre space, there is a need to broaden the scope of
research to accommodate a more global palette of both music and
listeners. A cross-cultural setting provides an opportunity to
examine the effect enculturation on polyphonic timbre perception.
Moreover, dividing the population based on musical-expertise also
aids in examining the effects of musicality. Additionally, this
investigation would serve as a means to investigate the
phenomenon of perceptual learning and the effect of enculturation
and musical expertise on it.

e Previous neuroimaging studies have attempted at localizing
monophonic timbre processing in the brain by means of controlled
paradigms that are far from real world situations wherein we listen
commonly to continuous music, which is majorly polyphonic. This
calls for investigating polyphonic timbre processing in naturalistic
settings by using more realistic stimuli.

e Finally, in order to obtain a holistic understanding of timbre
perception, it is necessary to find the links between its behavioral,
computational and neural representations.
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2.4 Challenges

Investigating any phenomenon, especially as complex as timbre, will be
accompanied by its own set of challenges due to its inherent abstractness and
multidimensional nature. A few of these challenges are discussed in this
section.

2.4.1 The 'Semantic Gap'

One of the main challenges that entails understanding the perceptual and
cognitive aspects of musical elements via perceptual studies is the 'Semantic
Gap', which is defined as the discrepancy between what can be recognized in
music signals by the existing state-of-the-art methods and what human listeners
associate with music (Celma, Herrera & Serra, 2006). Restricting the language of
semantic description to English can introduce 'semantic noise' due to the
variance in subjective understanding of the connotative meanings of words
from person to person. Hence, design of behavioural studies and choice of
descriptors needs to be done keeping this limitation in mind.

2.4.2 Generalizability

A key requirement while designing perceptual experiments is to strike a
balance between systematicness and representativeness. Systematic or
methodological experimental designs allow for more controlled investigations,
however compromising generalizability. There are two needs to be met to allow
for generalizations, that is, in relation to the population and the settings.

Extending the population set to include people from different
backgrounds, be it culture- or musical expertise-based, would help obtain a
deeper insight into the process of timbre perception. An ideal cross-cultural
setting would involve homogeneous groups wherein each participant group
would be extremely familiar with music from one culture and completely
ignorant with that of the other culture. However, globalization and the
exponentially increasing accessibility to music from various parts of the world
make it increasingly challenging to meet such a requirement. In comparison
musical expertise poses to be less of a challenge to address.

Generalizations concerning the settings can be further discussed in light of
two aspects, that is, stimuli and context. Using natural stimuli instead of
synthesized ones, and extending them to include music from other cultures in
addition to the hitherto Western Tonal theory-based music, would lend more
weight to the representativeness of the observed results. Moreover, in the
neural domain, studies have relied on controlled auditory paradigms in which
musical elements under investigation, either natural or synthesized, have been
presented in isolation and manipulated artificially, providing then a limited
perspective on timbre processing. Often the presentation of the musical stimuli
lasts only few seconds followed by a rest or baseline condition, and hence is
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from a realistic reproduction of natural music listening situations. Furthermore,
in such conditions the participants sometimes are required to perform an
unrelated task, which further adds to the non-representativeness of the context.
Therefore, there is a pressing need to alter the existing research paradigm to
perform investigations with more naturalistic settings. For the sake of
improving the representativeness of the results, the above-mentioned factors
need to be deliberated on.

2.4.3 Choice of Acoustic features

When attempting to link semantics of polyphonic timbre to acoustic content,
selection of acoustic features is a crucial step. Feature selection varies
depending on the task at hand and the modelling approach used and as a result
may compromise the generalizability of the selected acoustic features in their
predictive capacities for other corpora of audio. In addition, the choice of
parameters during computational feature extraction, such as analysis window
sizes, default thresholds and choice of algorithms may cause variability in the
predictive power of the respective acoustic feature.

2.4.4 Neural domain limitations

Investigating polyphonic timbre perception in the neural domain would allow
us to gain a more holistic comprehension of this phenomenon. However, brain
research suffers from several problems concerning the noisiness of the data,
which is caused due to various factors. The inter-subject variability of the
anatomy and physiology of the brain, within-subject variability of the
hemodynamic response function, Nyquist ghosting, noise due to physiological
responses such as respiration and minute body movements, to name a few,
serve as sources of noise. Furthermore, neuroimaging methods such as fMRI
possess poor temporal resolution. However, these factors need not be seen as
obstacles, rather as parameters that need to be compensated to the maximum
possible extent while designing and analyzing studies.



3 AIMS OF THE THESIS

The main aim of this thesis is to investigate the perception of the most elusive of
musical elements, timbre. Specifically, it aims at filling existing gaps in the field
of monophonic timbre and extends timbre perception investigations to
polyphony in an interdisciplinary setting. The studies are divided based on the
following sub-topics.

HE 00NN

Link between monophonic timbre and emotions

Polyphonic timbre semantics

Perceptual dimensions of polyphonic timbre space

Link between perceptual dimensions and acoustic features
Generalizability in light of representativeness of population and stimuli
Perceptual learning in a musical context

Generalizability in light of representativeness of context and stimuli
Neural correlates of acoustic features of polyphonic timbre

Perceptual validation of acoustic features of polyphonic timbre

. Associations between perceptually validated features and corresponding

neural correlates

Figure 1 illustrates the distribution of the above topics based on the domains
their investigation encompasses.



26

4
Behavioral 9 Acoustic
236

FIGURE1  Distribution of sub-topics of investigation among the behavioural, acoustic
and neural domains

An interdisciplinary approach, as illustrated above, acts as an ideal setting to
investigate perceptual and cognitive phenomena. However, the paucity of
studies that elect this approach renders it challenging to deal with the
methodological concerns that arise during the span of the research
investigations. Specifically, no studies exist that investigate musical feature
processing using natural stimuli that combine all three domains on
investigation. This calls for a need to develop novel methodologies that allow
for such investigations and as a result raises several methodological concerns.
Some of the methodological aims are mentioned below:

1. Processing acoustic data to make it compatible with fMRI data

2. Estimation of statistical significance of the correlations between acoustic
feature time-series and fMRI time-series

3. Estimation of cluster-sizes to correct for multiple comparison

The following chapter explains in detail the methods employed and novel
methods adapted for the four studies.



4 METHODS

The Methods section describes the techniques that were used for this
interdisciplinary investigation of polyphonic timbre perception. This section
deals broadly with four main themes: intrinsic dimensionality estimation,
computational acoustic feature extraction, fMRI data acquisition and pre-
processing, and statistical analyses techniques. There are three key
contributions of the work presented here. First, techniques for estimating the
intrinsic dimensionality of perceptual spaces are proposed. Second, a new set of
acoustic features, namely the Sub-Band fluxes, is introduced whose perceptual
relevance has been validated as a result of Studies II-IV. Third, novel statistical
analysis methods are developed that enable investigations of musical feature
processing using more naturalistic stimuli unlike previous fMRI studies that
have used controlled, reduced and artificially manipulated auditory stimuli.
They are explained in detail in what is to follow.

Section 4.1 describes the methods used in Study III. Section 4.2 describes
the common method used for computational feature extraction for all the
Studies (I-IV). Section 4.3 onwards explains the methods employed for Study IV
only.

4.1 Intrinsic Dimensionality Estimation

In order to explore the phenomenon of perceptual learning and the effect of
enculturation and musical expertise on the dimensionality of the polyphonic
timbre perceptual space, the intrinsic dimensionality of the perceptual ratings
was calculated. The intrinsic dimensionality (ID) of a dataset can be described
as an estimate of the number of “independent” variables required to represent
it. Studies II and III required the investigation of the underlying perceptual
structure of the perceptual ratings in order to determine the perceptual
dimensions of the polyphonic timbre space. Specifically, the cross-cultural
context in Study III required the comparison of the perceptual dimensions
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across datasets. The most commonly used traditional estimation method is
based on the Eigenvalues satisfying the Kaiser criterion (1960). However, there
exist other intrinsic dimensionality estimation techniques offered by the fields
of chaos theory, complex systems theory, and machine learning, which have
seldom been used for perceptual data. To this end, three methods were chosen
to calculate the intrinsic dimensionality of the datasets, namely Maximum
Likelihood estimation (MLE) (Levina & Bickel, 2004), Correlation Dimension
estimation (CD) (Camastra & Vinciarelli, 2002), and Nearest Neighbor (NN)
(Pettis, Bailey Jain & Dubes, 1979). MLE approach was found to provide more
reliable estimates than the CD and NN approaches (Levina & Bickel, 2004).
However, for the sake of comparison, all three procedures in addition to the
Eigen Value Estimation were employed in order to estimate the intrinsic
dimensionality.

4.2 Acoustic Features and Computational Extraction

Parameterization of audio is an important step in computational modelling. A
plethora of features exist in literature defining spectral, temporal, and
spectrotemporal aspects of audio. When attempting to link semantics of
polyphonic timbre to acoustic content, selection of acoustic features is a crucial
step. Feature selection varies depending on the task at hand and the modelling
approach used. Most often features are selected based on existing theoretical
knowledge or other criteria such as interpretability. Commonly, automatic
feature selection is subsequently performed by employing methods such as
step-wise regression or sequential feature selection. These take in all the
features as input to produce a desired output, and then through iterative
processing select the features that best help predict or provide better results.
These approaches are commonly found in a few studies that focus on mood,
emotion or expression prediction using audio features (Eerola, Alluri, & Ferrer,
2008; Leman, Vermeulen, De Voogdt, Moelants, & Lesaffre, 2005, Mion & De
Poli, 2008; Yang, Lin, Su, & Chen, 2008). In addition, there exist methods for
automatic generation of acoustic features (Li & Stern, 2004; Schuller, Wallhoff,
Arsic, & Rigoll, 2006).

Timbre-related computational features commonly used in previous work
(Grey, 1977; Grey & Gordon, 1978; Iverson & Krumhansl 1993; Lakatos, 2000;
McAdams et al., 1995, Aucouturier, 2006; Aucouturier & Pachet, 2003;
McAdams, Winsberg, de Soete, & Krimphoff, 1995; Tzanetakis & Cook, 2002)
were used as a starting point. An important distinction that determines which
features to opt for is the monophonic or polyphonic nature of the stimuli. For
instance, in previous timbre studies, various spectral and temporal features
such as the spectral centroid, log-attack time, spectral flux, attack synchrony,
and spectral irregularity, to name a few, have been found to explain the
dimensions of perceptual monophonic timbre spaces. In addition to the
aforementioned features, the Mel-Frequency Cepstral Coefficients (MFCC),
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which are described in later sections, appear to be quite prominent in
characterizing monophonic timbre (De Poli & Pradoni, 1997; Terasawa, Slaney,
& Berger, 2005). However, estimating some features such as the log-attack time
may not be sufficiently reliable due to the superposition and interleaving of
various timbres as is in the case of polyphonic timbre. Similarly, calculation of
features such as inharmonicity and irregularity is performed under the
assumption of the presence of a single tone. Moreover, it is important that any
feature strikes a balance between computability and interpretability. As a result,
some features representing higher order moments such as spectral kurtosis and
skewness were excluded for polyphonic mixtures. All the features that were
chosen are summarized below.

The (') signifies that the features are calculated under the assumption of
monophony or the presence of a single tone. Hence they were used only in
Study L.

Temporal

Zero Crossing Rate (ZCR): Number of time-domain zero-crossings of the signal
per time unit.

Root Mean Square Energy (RMS): Measure of instantaneous energy contained in
the signal, obtained by taking the square root of sum of the squares of the

amplitude.

“Attack Slope (AS): Number of time-domain zero-crossings of the signal per time
unit.

"Envelope Centroid (EC): Centroid of the temporal envelope
“Envelope Fluctuation (EF): Standard deviation of the temporal envelope.

Spectral

Spectral Centroid (SC): Geometric centre on the frequency scale of the amplitude
spectrum.

High Energy — Low Energy Ratio (HLR): Ratio of energy content below and above
1500 Hz.

Spectral Entropy (ENT): The relative Shannon entropy (1948) calculated using the
equation below

ﬁ: A[n]log 4,[n]

log N

H =-

t
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where A; is the amplitude spectrum of audio frame at time t and N the number
of frequency bins in the amplitude spectrum. The relative Shannon entropy
indicates whether the spectrum contains predominant peaks or not. For
example, a single sine tone has minimal entropy and white noise maximal.
Spectral Roll-off (SRO): Frequency below which 85% of the total energy exists.
Spectral Spread (SS): Standard deviation of the spectrum.

Spectral Flatness (SF): Wiener entropy of the spectrum, defined as the ratio of its
geometric mean to its arithmetic mean.

"Spectral Regularity (SR): Measure of variation of the successive peaks in the
spectrum, also known as Spectral Smoothness (McAdams et al., 1999).

“Inharmonicity (Inharm): Measure of the deviation of the partials from the
harmonic frequencies (Jensen, 1999).

Spectrotemporal

Roughness (R): Estimate of Sensory dissonance (Sethares, 1998).

Spectral Flux (SFlux): Measure of temporal change in the spectrum, obtained by
calculating the Euclidian distance between subsequent window-based
amplitude spectra.

Sub-Band Flux (SubFlux): A new set of features are introduced, namely the Sub-
Band Flux. The Sub-Band Flux represents the fluctuation of frequency content
in ten octave-scaled bands of the spectrum. Figure 2 displays schematically the
calculation of the Sub-Band Fluxes.
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FIGURE2  Sub-band Fluxes extraction procedure

The division into Sub-Bands was obtained using a 10-channel filterbank of
octave-scaled second-order elliptical filters. The frequency response of the filter-
bank can be seen in Figure 3.
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Frequency response of the 10-channel filterbank of octave-scaled second-

order elliptical filters used for obtaining the Sub-Band fluxes.

For each of the ten channels the spectral flux was calculated as the Euclidean
distance between successive amplitude spectra obtained using Short-Time
Fourier Transform. Table 1 displays the boundaries of each of the Sub-Bands.

TABLE 1

Frequency ranges of the Sub-Bands

Frequency Range
Sub-Band No. 1 0-50 Hz
Sub-Band No. 2 50 — 100 Hz
Sub-Band No. 3 100 - 200 Hz

Sub-Band No. 4 200 - 400 Hz

Sub-Band No. 5 400 - 800 Hz

Sub-Band No. 6 800 - 1600 Hz
7

Sub-Band No.
Sub-Band No. 8
Sub-Band No. 9

Sub-Band No. 10

1600 - 3200 Hz
3200 - 6400 Hz
6400 - 12800 Hz
12800 - 22050 Hz
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Cepstral

Mel-Frequency Cepstral Coefficients (MFCCs, 13 features in total):
MEFCCs offer a description of the spectral shape of the sound. MFCCs are a
result of the discrete Cosine Transform (DCT) of the log amplitude of the Mel-

frequency spectrum of an audio signal. Figure 4 illustrates the process of
obtaining the MFCCs.

Log
Audio Magmtude Mel Scaling Magnitude MFCCs
Spectrum Spectrum

FIGURE4  Extraction process of MFCCs

The magnitude spectrum of the audio is scaled according to the Mel scale,
which approximates the human auditory system's response more closely than
the linearly spaced frequency bands. This weighted spectrum is then subjected
to a log operation followed by a discrete cosine transform (DCT). Most of the
signal information tends to be concentrated in the first few components of the
DCT. Following the convention the first 13 components were used.

Features were extracted using a window length of 25 ms and an overlap of
50% between successive windows. Window lengths of this magnitude often are
used for feature extraction in Music Information Retrieval (Barbedo & Lopes,
2007; Lu, Liu, Zhang, 2006; Pampalk et al., 2005; Tzanetakis & Cook, 2002).
For Studies I, II and III the respective feature sets comprised the mean of each
acoustic feature across all frames due to the nature of the studies. On the other
hand, due to the paradigm opted in Study IV, the time-series of each feature
was retained. All the features were extracted using the MIRToolbox (Lartillot
and Toiviainen, 2007) in the MATLAB environment with functions written by
the present author. In the current work different sets of features were chosen for
each of the four studies based on the nature of the stimuli and the paradigm of
the study. Table 2 summarizes these feature sets.
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TABLE2 List of acoustic features and their usage in the four studies.

Domain STUDY I STUDY II STUDY III STUDY IV
T ZCR X X X X
T RMS X
T AS X
T EC X
T EF X
S SC X X X X
S HLR X X X X
S ENT X X X X
S SRO X X X X
S Spread X X
S Skewness X
S Kurtosis X
S Flatness X X
S Irregularity X
S Inharm X
ST Rough X X X X
ST SFlux X X X X
ST SubFlux X X X X
C MFCC X

T - Temporal, S - Spectral, ST - Spectrotemporal, C - Cepstral

4.3 Functional Magnetic Resonance Imaging

One of the most popular emerging imaging methods in the field of cognitive
neuroscience is functional Magnetic Resonance Imaging (fMRI). fMRI measures
the blood oxygenation level dependent or BOLD contrast, which can be
considered as an indicator of neuronal activity. Deoxygenation of the blood
occurs as a result of consumption of oxygen by activated neurons. This
deoxygenation is compensated by a flow of freshly oxygenated blood to the
respective deoxygenated brain regions. This process takes place in the span of a
few seconds. Due to this delay in the measured response, the BOLD signal is
considered as an indirect measure of neuronal activity. The delay is
characterized by what is known as the hemodynamic response function (HRF).
The HRF is known to vary within and between brains. However, one of the
commonly used models of the HRF is the double gamma HREF, illustrated in
Figure 5.
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FIGURE5  Double gamma hemodynamic response function.

The double gamma HRF is characterized by a peak at 5 seconds with an
undershoot occurring at around 15 seconds.

Commonly, fMRI studies in the field of cognitive neurosciences of music
utilize controlled paradigms wherein the feature under investigation is usually
presented in isolation and manipulated artificially. This approach fails to
emulate real-world situations wherein we are constantly bombarded with
continuous streams of sensory information and hence reveals only an
incomplete picture of the neural mechanisms involved in the processing any
stimulus. Therefore, studying music listening as a continuous process using
naturalistic stimuli could provide more accurate accounts of the processing of
musical features in the brain. The following sections explain in detail the
process of obtaining and methods developed for analyzing fMRI data in a novel
paradigm using naturalistic stimuli.

4.4 fMRI data acquisition and pre-processing

The fMRI measurements were conducted with the 3-Tesla scanner (3.0 T Signa
VH/I General Electric) at the Advanced Magnetic Imaging (AMI) Centre of the
Aalto University and were approved by the local ethical committee. To prevent
postural adjustments and to attenuate the noise and vibration of the scanner,
foam cushions were placed around the arms of the participants. Music was
presented through audio headphones with about 30 dB of gradient noise
attenuation. Further attenuation was achieved with cotton inserted in the
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headset. Thirty-three oblique slices covering the whole brain (field of view 200 x
200 mm; 64 x 64 matrix; slice thickness 4 mm; gap 0 mm) were acquired using a
single-shot gradient echo-planar imaging (EPI) sequence (TR = 2 sec; echo time,
32 ms; flip angle, 75°) sensitive to blood oxygenation level-dependent (BOLD)
contrast. During the fMRI measurement, participants listened to the stimulus
presented at an average sound level of 80 dB. The participants were instructed
to stay still and to relax while listening to the musical stimulus and to maintain
their gaze on the screen. Subsequent to a short break after fMRI recording,
anatomical T1 weighted MR images (field of view 260 x 260 mm; 256 x 256
matrix; thickness 1 mm; spacing 0 mm) were acquired.

In the pre-processing stage, whole-brain image analysis was carried out
using Statistical Parametric Mapping 5 (SPM5 -
http:/ /www fil.ion.ucl.ac.uk/spm). Images for each subject were realigned,
spatially normalized into the Montreal Neurological Institute template (12
parameter affine model, gray matter segmentation; realignment: translation
components < 2mm, rotation components < 2°), and spatially smoothed
(Gaussian filter with FWHM of 6 mm). fMRI responses were detrended using a
high-pass filter with a cut-off frequency of .008 Hz, which conforms to the
standards used to reduce the effects the scanner drift typically occurring at a
timescale of 128 seconds (Smith & Williams, 1999). Following this, Gaussian
smoothing was performed as it provides a good compromise between efficiency
and bias (Friston, Josephs, Zarahn, Holmes, Rouquette, et al., 2000). The
smoothing kernel had a width of 5 sec, which was found to maximize the
correlation between the frequency content of the HRF and the smoothing
kernel. The effect of the participants’ movements was removed by modelling
the 6 movement parameters as regressors of no interest.

4.5 Acoustic feature post-processing

Prior to performing correlation between the acoustic features and the voxel
time-series, the acoustic features were post-processed for the following reasons.
First, in order to account for the lag and smoothing caused due to the
hemodynamic response in the fMRI data, the acoustic feature time-series were
convolved with the aforementioned double-gamma HRF. Following this, the
convolved acoustic feature time-series were filtered employing the detrending
filter used in the post-processing stage of the fMRI data. This operation was
performed to eliminate those low-frequency components whose eventual brain
correlates were eliminated during the preprocessing stage of the fMRI time-
series. For subsequent analysis, the features of only the part of the stimulus that
contained music were used, hence leading to the exclusion of the last 24
seconds due to the presence of applause in the audio recording. In addition, the
first 26 seconds corresponding to the length of the HRF were excluded in order
to avoid any artefacts caused due to the convolution operation. Following this,
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all the acoustic features were downsampled to match the sampling rate of the
fMRI data.

4.6 Statistical Analysis

The preprocessing stage of the fMRI serves to configure the data by increasing
the Signal-to-Noise ratio (SNR) for further statistical analyses. Statistical
analyses commonly comprise correlation analysis. A crucial step ensuing
correlation analysis is to estimate the significance of the observed correlations
and thereby control the false positive rate due to multiple comparisons. Several
theoretical approaches have been suggested in order to estimate significance
levels of activations in fMRI data. The most common approach is the use of
Bonferroni correction and Gaussian random field theory (RFT) in order to
estimate statistical significances. The Bonferroni correction determines the
corrected significance values at a voxel-level whereas RFT does the same at a
group-level or over a family of voxels.

Bonferroni correction is performed to estimate the corrected significance
value and it is calculated under the assumption that each voxel's activation is
uncorrelated with another. This correction proves to be considered to be too
stringent due to two main reasons. Firstly, the functionality of the brain is such
that neighbouring voxels belonging to certain regions in the brain tend to
perform or processes information in a similar fashion. Second, due to the spatial
correction and smoothing operations performed on the fMRI data in the
preprocessing stage already introduce a certain amount of spatial correlation.

RFT is used to calculate the Euler characteristic (EC) for a statistical map of
N-dimensions (3-D in this case) which then is used to determine the Family-
Wise Error rate (FWE), that is, the likelihood that a group or family of voxels
would have been found to correlate significantly by chance. In order to employ
RFT to 3-D images as summarized by Brett, Penny & Kiebel (2003) and Worsley
(2003), several underlying assumptions about the data are made. The EC is
calculated based on the assumption that there exists a baseline or rest condition
and a task condition (Worsley, Evans, Marrett, & Neelin, 1992). Due to the
experimental design employed in Study IV which emulated real life situation of
continuously listening to real music without any other rest or baseline
condition, the choice of RFT for estimating statistical significances proves to be
inapplicable. Furthermore, although it is less conservative than Bonferroni
correction, RFT is not assumed to be the best choice with low numbers of
subjects and scans (Holmes, Blair, Watson, & Ford, 1996). This calls for applying
non-parametric methods for dealing with the problem of statistical
significances.
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4.6.1 The Statistical Significance problem

The aim of this section is to highlight some issues that need to be taken into
account while determining statistical significances and propose solutions to
overcome them. A common problem plaguing any time-series is the presence of
serial correlation. Serial correlation causes the number of effective degrees of
freedom to decrease from the total number of sample points. It is vital that the
significance of the correlations between the fMRI time-series and the respective
continuous data (e.g., continuous behavioural ratings or stimulus-dependent
continuous features) be calculated based on the correct effective degrees of
freedom. The effective degrees of freedom vary based on the nature of the data
and hence need to be determined empirically as different data have different
amounts of temporal correlation.

The substantial number of voxels contained in an fMRI volume (~200,000)
ascertains the existence of false positives. Different degrees of spatial
smoothness exist in different sets of fMRI data, typically affected for instance by
the brain template matching and Gaussian spatial smoothing operations
performed during the pre-processing stage and has not been generally
accounted for systematically in previous studies. This is reflected in the fact that
various studies report the exact same threshold for cluster-correction (For
instance, 17 voxels reported by Fox, Snyder, Vincent, Corbetta, Van Essen, et al.,
2005; Fox, Zhang, Snyder, & Raichle, 2009 based on McAvoy, Ollinger, &
Buckner, 2001). Moreover, non-parametric statistical significance estimation
methods have been considered to outperform parametrical approaches in fMRI
settings wherein the data possess low degrees of freedom (Nichols & Holmes,
2001).

Neglecting the nature of the data at hand and assuming standard
thresholds for multiple comparisons compromises the validity of the results
and causes an increase in the number of false positives if the assumed threshold
is lower and a decrease in the statistical power (with consequent risk of Type II
errors or false negatives) for a higher threshold. This calls for a more non-
parametric approach of obtaining an accurate estimate of the significance of
obtaining a certain cluster-size of neighbouring voxels that correlate
significantly than utilize theoretically suggested standards. The above-
mentioned problems are some of the many that have been neglected by several
researchers during the statistical analysis stage of the fMRI data. The following
section describes the methods that have been employed in the Study IV to
tackle the statistical analysis segment.

4.6.2 Employed Methodology

As there exist no well-established statistical methods for investigating
continuous data obtained in a naturalistic paradigm as in Study IV, non-
parametric methods were adopted to solve the problem of statistical
significances in correlation analysis. The flowchart (Figure 6) illustrates the
various steps followed in the statistical analysis stage of Study IV. The entire
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correlation analysis, including implementation of the non-parametrical
methods, was performed in the MATLAB environment with functions written

by the present author.
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Y

| n=n+1 I

n > total number of
participants?
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Y

*Perform cluster-size
correction

FIGURE 6  Schematic illustration of the statistical analysis employed in Study IV

The stages in the flowchart highlighted indicate the segments that required
non-parametric approaches while estimating the respective parameters. The
following section explains the detail of the empirical approaches used to fulfil
these tasks.
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4.7 Empirical Approaches to Estimation of Statistical Significance
of fMRI Data

In order to estimate the significance values, stochastic simulation or Monte-
Carlo method was employed instead of theoretical approaches. Stochastic
simulation or the Monte-Carlo approach is known to be an attractive option in
the field of Inferential Statistics especially whilst dealing with large number of
comparisons (See Gamerman for an overview, 1997). One specific method that
falls under this approach is Significance Estimation Utilizing Permutation Tests.
Significance estimation utilizing permutation tests operates on the principle of
repeatedly calculating a statistic by randomly permuting the data at hand in
order to obtain a probability of obtaining the observed statistic under
investigation. This approach was employed to empirically estimate the
significance of observed correlations, and the effective degrees of freedom
which were then used to correct the significance values in the first level of
analysis. Subsequently, it was used to determine the significance of obtaining
different cluster sizes in order to minimize Type I errors (false positives) due to
multiple comparisons in the second-level. The processes are explained in detail
in what is to follow.

4.7.1 Significance Estimation of Observed Correlations

The significance of the observed correlations was estimated in two stages. The
first step comprised voxel-wise time-series correlations with the acoustic
features at an individual level. The Flowchart shown in Figure 7 depicts the
Monte-Carlo simulation that was performed in order to estimate the
significance of the observed correlation value at any voxel.
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FIGURE7  Schematic illustration of the significance estimation method employed in
Study IV

The above process was executed for each acoustic component. As a result, an
estimate was obtained of the distribution of correlation values between the
fMRI time-series and any random signal with similar spectral properties as the
acoustic component in question. Following this, for each acoustic component,
the respective correlation distribution curve is utilized to assign the significance
value for the observed correlation values between each voxel time-series and
the respective acoustic component. This procedure results in significance maps
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(p-maps) per participant for each of the acoustic components. The p-maps were
then converted to respective Z-score maps using Fisher's Z transformation
(Equation 2).

z= %lng =tanh™'(r) 2

Following this, taking into account the presence of serial correlation caused due
to the nature of the stimulus and the additional smoothness introduced due to
the HRF convolution operation, the Z-statistic was normalized by the factor
1A(df-3), where df represents the estimated number of effective degrees of
freedom.

In order to estimate the effective degrees of freedom for every acoustic
component another Monte-Carlo simulation was performed of the method
adopted by Pyper and Peterman (1998). In this approach, the effective degrees
of freedom (df) are estimated using equation 3,

? - NZ L o) ©)

where pxx(j) and pyy(j) are the normalized autocorrelations of the signals of N
observations at lag j. The maximal lag j chosen was N/5 because it is known to
yield relatively accurate results in terms of error rates (Pyper and Peterman,
1998). The procedure is illustrated in the flowchart shown in Figure 8.
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FIGURE8  Schematic illustration of the method to estimate the effective degrees of
freedom

The above procedure was executed for each acoustic component separately.
Following this, second-level analysis involved pooling individual results
to obtain group maps for each acoustic component. In order to obtain the group
maps we employed the combining tests procedure described by Lazar (2008). In
this approach, individual corrected Z-score maps were first converted to p-
maps and were then pooled using the Fisher’s p-value technique (Fisher, 1950)
to create the group maps. To this end, the individual p-values of each voxel
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were pooled using the equation below to obtain a T-statistic (Equation 4) that is
modeled as a Chi-square distribution with 2k degrees of freedom where k
represents the number of participants.

k
T=-2) logp, @

i=1

The group maps hence obtained for each component were thresholded at a
significance level of p <.001.

4.7.2 Multiple Comparison Correction by cluster-size Thresholding

Following this, in order to minimize Type I errors, the group maps were
corrected for multiple comparisons using cluster size thresholding which was
determined empirically by a Monte-Carlo simulation of the approach put forth
by Ledberg, Akerman, & Roland (1998). This method aims at finding an
estimation of the distribution of cluster sizes from which one can estimate the
cluster-size threshold to be used to correct for multiple comparisons at any
particular significance level. In this approach, first, pseudo noise-Statistical
Images (pn-Sls), which contain the same spatial spectral properties as the
signal-Statistical Image (signal-SI) but contain no stimulus-dependent
activations, are used to obtain an estimate of the auto-correlation function
(ACF) kernel K. The pseudo noise-Sl is created as the Z-score statistic image
obtained by randomly choosing a subject’s data, correlating it with the reversed
and circularly time-shifted acoustic component time series. Then, the ACF
kernel K is determined according to Equation 5.

K = IFT|FFT(P) (5)

where P represents the pseudo noise-Statistical Image. To account for the
variance in the estimate of the ACF, K is determined as an average of all the
ACF kernels obtained via a Monte Carlo simulation illustrated in the flowchart
to follow (Figure 9).
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FIGURE 9

After obtaining the mean ACF kernel K, the next step is to create Noise-
Statistical Image and estimate the probabilities of obtaining different cluster-
sizes. The process of obtaining the cluster-size distribution is illustrated in the
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FIGURE 10 Schematic illustration of the method used to estimate the cluster size
threshold

In order to create a Noise-Statistical Image (noise-SI), a randomly generated
image U is convolved with the ACF kernel, K, using equation 6.

SI=U*K (6)
To estimate the distribution of the cluster sizes, 1000 Noise-Sls were generated

using the equation above. From all the Noise-Sls, the distribution of cluster
sizes is obtained.



5 STUDY SUMMARIES

This section gives an overview of the design of each of the four studies and
summarizes the results. The first study dealt with investigating the missing link
between monophonic timbre and emotions. Following this, the perceptual and
acoustic correlates of polyphonic timbre were investigated in the second study
whose results are tested in a cross-cultural setting in the third study. Finally, the
neural underpinnings of polyphonic timbre were investigated by employing an
interdisciplinary approach, which is a combination of behavioural psychology,
computational feature extraction, statistical modelling and neuroimaging.

STUDY 1

Introduction: Study I comprised three experiments wherein the role of
monophonic timbre in emotional expression to music was investigated. Specific
research questions included:

e What is the underlying dimensionality of the monophonic timbre affect
space?

e How consistent are affect ratings of monophonic timbre?

e What are the acoustic features that contribute to the affect ratings?

e How well can the acoustic features of isolated instrument sounds predict
the affect ratings?

Methods: The study comprised three experiments. In Experiment 1, isolated
natural instrument sounds were evaluated in the three-dimensional affect space
comprising perceived valence, energy arousal and tension arousal respectively.
In Experiment 2, the underlying dimensionality of the monophonic timbre
affect space was investigated employing a similarity-rating task followed by
multidimensional scaling (MDS). Experiment 3 comprised rating perceived
affect of natural sounds and their artificially filtered versions using the same
paradigm employed in Experiment 1.



47

Results: High agreement was observed in participants' ratings for the three
dimensions of valence, energy arousal and tension arousal in Experiments 1
(Cronbach's o = .96, .92, and .94 respectively). Experiment 2 revealed two
sufficient and interpretable dimensions (stress = .27), relating to Valence and
Energy Arousal, which represented sufficiently the monophonic timbre affect
space. Experiment 3 revealed similar consensus among participants' ratings for
the three affect dimensions. Acoustic features representing the ratio of high
frequency energy and low frequency energy, attack slope and spectral
regularity were able to predict the perceptual ratings of Valence and Energy
Arousal relatively well. Table 3 displays the regression coefficients for these
models. Cross-validation of the models resulted in more robust models for
Energy Arousal than Valence models (r = .77 and r = .45 respectively).

TABLE3 Summary of Regression Analyses in Experiments 1 and 3

Valence Energy
Expt. 1 Expt. 3 Expt. 1 Expt. 3
R2adj 58 54 59 74
B B B B
Attack Slope .04 -17 .28 32
Envelope Centr. 33 71 -.50 -42
HF - LF energy ratio -1.09 -52 91 71
Spectral Skewness -28 -.30 -.01 -30
Spectral Regularity -01 .03 .01 -13
Spectral Flux -15 81 -.04 -.09
Sub-Band No.6 Flux .03 -75 11 33

Conclusion: The high consensus obtained in participants' ratings suggests that
monophonic timbre indeed contains specific cues to musical expression. The
MDS solutions revealed that two main dimensions representing perceived
Valence and Energy Arousal sufficiently captured the monophonic timbre affect
space. A subset of acoustic features were found to explain the affect ratings
relatively well. The features display consistent correlation patterns with
Valence and Energy Arousal appear across stimulus sets suggesting the
presence of universal perceptual mechanisms in play during affect assessments.

STUDY II

Introduction: Study II comprised two experiments. The aim of Experiment 1
was to devise a framework of subjective rating scales for quantifying the
perceptual qualities of polyphonic timbre. Experiment 2 comprised a listening
experiment wherein short excerpts of Indian popular music were rated on the
perceptual scales obtained from Experiment 1, followed by identification of
perceptual dimensions of polyphonic timbre space and the corresponding
acoustic correlates.
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Specific research questions included:

e  Which adjectives are used to describe polyphonic timbre?

e How consistently are these terms used?

e How do these descriptors compare to those of monophonic timbre?

e What are the perceptual dimensions of polyphonic timbre space?

e What are the salient acoustic correlates of the perceptual dimensions and
how well can they be used to predict the perceptual ratings?

e How perceptually relevant are the already existing computational
polyphonic timbre features?

Methods: The goal of Experiment 1 was to devise a framework for acquiring
quantitative assessments of polyphonic timbre. This was achieved by means of
a survey, which helped in collecting perceptual scales that could be used to
describe polyphonic timbre. The participants comprised students or staff
members at the Department of Music. Subsequently, in order to reduce the
number of perceptual scales, a preliminary listening test was conducted. The
perceptual scales were determined via squared multiple correlation (SMC)
analysis. Experiment 2 comprised a listening test using the perceptual scales
obtained from Experiment 1. The participants comprised majorly musicians.
The behavioural data was subjected to factor analysis to determine the main
perceptual dimensions. Following this, computational extraction of acoustic
features and correlation analysis helped determine the salient acoustic
correlates of the obtained perceptual dimensions. A new set of features, namely
the Sub-Band Fluxes were introduced. Regression analysis was used to assess
the predictability of the perceptual dimensions using acoustic features.

Results: As a result of Experiment 1 a subset of eight perceptual scales was
identified that were applicable for describing polyphonic timbre. Analysis of
the perceptual ratings obtained from Experiment 2 revealed high agreement
between the participants’ perceptual ratings. Subsequently, analysis of the
perceptual ratings resulted in the identification of three perceptual dimensions:
Activity, Brightness, and Fullness. Table 1 displays the eight scales and their
respective squared multiple correlation values (representative of the uniqueness
of the scale) obtained from Experiment 1, Cronbach's alphas obtained from
Experiment 2, and the perceptual dimensions that encompass them.
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TABLE4 Squared Multiple Correlation Values and Corresponding Cronbach's Alphas
for each of the Perceptual Scales Comprising the Perceptual Dimensions
SMC Cronbach's
Alpha
Activity Soft - Hard 88 .96
Cold - Warm .75 .90
Strong - Weak 71 91
High Energy - Low Energy .69 .96
Brightness Dark - Bright .78 .96
Colorful-Colorless 75 91
Acoustic - Synthetic 72 .96
Fullness Full - Empty 51 .84

Relatively high correlations were observed between certain acoustic features
and these perceptual dimensions in particular for the new set of acoustic
features that quantify spectrotemporal modulations, that is, the sub-band
fluxes. Table 5 displays the five acoustic features having the highest correlation
values with each of the three perceptual dimensions.

TABLE 5. Acoustic Features Exhibiting the Highest Correlation with the Perceptual

Dimensions
Activity Brightness Fullness
Sub-Band No.7 Flux Zero-crossing Rate Sub-Band No.2 Flux
0.76%** 0.44%* 0.60%**
Entropy Sub-Band No.1 Flux Sub-Band No.1 Flux
0.73%** -0.40%** 0.47%*
HE-LE ratio Sub-Band No.6 Flux Sub-Band No.3 Flux
0.71%** 0.38%** 0.471%**
Zero-crossing Rate Sub-Band No.7 Flux HE-LE ratio
0.67*** 0.36*** -0.32%*
Sub-Band No.8 Flux HE-LE ratio MFCC13
0.65*** 0.34%** -0.32%*

* p<0.05, ** p<0.01, *** p<0.001

As can be seen in table 5, spectrotemporal modulations, represented by the Sub-
Band Fluxes, correlate significantly with the perceptual dimensions. The
MFCCs, on the other hand, do not seem to contribute significantly to any of the
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perceptual dimensions. The perceptual dimension of Activity could be
predicted to a high degree of accuracy (R? = .70) using linear regression on
acoustic features extracted from the sound. On the other hand, the dimensions
of Brightness and Fullness dimensions exhibited lower accuracies of
predictability (R? = .31 and R? = .51 respectively). Results of cross-validation of
the regression models for the dimensions suggested that the regression model
for Activity is more robust in comparison to the Brightness and Fullness
models. A potentially interesting observation is that of the increase in the
variance explained by the Fullness model as the window size for feature
extraction increases to 700 ms. This trend seem to suggest that different
perceptual dimensions operate on different timescales and deserves further
investigation.

Conclusion: The aim of this study was to explore the perceptual components of
polyphonic timbre and look for eventual regularities. Similarities were found
between semantic associations of monophonic and polyphonic timbre. The
consistency in participants' ratings suggested the presence of regularities and
patterns in the way people perceive polyphonic timbre. Three main perceptual
dimensions were found, namely Activity, Brightness and Fullness. The new set
of acoustic features introduced representing spectrotemporal modulations, that
is, the sub-band fluxes were found to be most relevant, while the well known
polyphonic timbre descriptors, the Mel-Frequency Cepstral Coefficients failed
to correlate significantly with any of the perceptual dimensions. Furthermore,
the perceptual dimensions can be predicted relatively well by the regression
models, specifically for the Activity dimension. In addition, for the dimensions
of Brightness and Fullness, the regression models could explain a higher
proportion of variance if the window length during feature extraction was
increased suggesting that different perceptual dimensions operate on different
timescales. One main limitation of the study was the use of only one style of
music (Indian popular music) and only one type of listeners (Western), which
may not allow for generalization of the results. This limitation was overcome by
extending the experimental setting in Study III to include a wider range of
listeners and musical material.

STUDY III

Introduction: Study III served as a cross-cultural extension to study II in order
to lend more weight to the representativeness of the findings. Polyphonic
timbre perception was investigated in a cross-cultural context to identify
eventual universal patterns and culture-dependent differences. Additionally,
the phenomenon of perceptual learning in the context of polyphonic timbre was
investigated. Specific research questions included:

e How does the dimensionality of the polyphonic timbre space vary cross-
culturally?
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e How does the underlying structure or configuration of the perceptual
dimensions vary cross-culturally?

e How variant are the acoustic correlates of these perceptual dimensions
for the same stimulus set?

e How variant are the acoustic correlates of these perceptual dimensions
for the same listener type?

In addition to these questions, the effect of musicality on the dimensionality
and configuration of the polyphonic timbre space was also investigated.
Additional methods to calculate the intrinsic dimensionality are also suggested.
These details were excluded from the published article but will be discussed
here nevertheless.

Methods: A balanced design was employed wherein two sets of stimuli
comprising short Indian and Western popular music excerpts were rated by
non-musicians of Indian and Western origins on the eight perceptual scales
derived from Study II. The design is illustrated in Figure 11.

Indian Western
Non-Musicians Non-Musicians

FIGURE 11 Cross-cultural Experimental Design

Factor analysis was subsequently performed on the perceptual ratings to
identify the underlying perceptual dimensions for all the datasets. Following
this, features extracted from the music stimuli were correlated with the thus
obtained perceptual dimensions. Regression analyses were then performed to
investigate how well the perceptual dimensions could be predicted from the
acoustic features and how well they generalized across the datasets. Finally,
cross-validation of the models across groups was performed in order to
investigate the universality of the perceptual dimensions.

The methods omitted from the published paper comprised ID estimation
techniques in order to unravel the dimensionality of the polyphonic timbre
spaces. The intrinsic dimensionality of the four datasets (II - Indian music,
Indian listeners; IW - Indian music, Western listeners; WI - Western music,
Indian listeners; WW - Western music, Western listeners) was estimated using,
in addition to the Eigen Value criterion, methods commonly used in fields such
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as chaos theory, complex systems theory, and machine learning, namely
Maximum Likelihood estimation (MLE) (Levina & Bickel, 2004), Correlation
Dimension estimation (CD) (Camastra & Vinciarelli, 2002), and Nearest
Neighbor (NN) (Pettis et al. 1979). Furthermore, in order to investigate the role
of familiarity and musical training in perceptual judgements of polyphonic
timbre, the data obtained by using Indian stimuli from the current study was
compared to that of Study II.

Results: Participants displayed a high degree of consistency in their ratings
both within and between groups reflected by the high Cronbach’s alphas
(Group 1I .96 > 0. > .74 for all scales, except for “‘Warm — Cold” with o = .67; IW
.97 > o > .87 for all scales; WI .96 > . = .71 for all scales & WW.97 > o. = .90 for all
scales). Participants’ high level of familiarity with the musical style due to
enculturation was associated with increased intrinsic dimensionality, from two
dimensions to three based on the Eigen Value criterion, of their respective
timbre spaces. The two-factor solutions displayed highly similar loading
patterns across participant groups. The three-factor solutions revealed
differences in the underlying structure of the perceptual dimensions in the
groups familiar with the musical style. Correlation analyses between acoustic
features and perceptual dimensions revealed acoustic profiles that were similar
across ethnic backgrounds and stimulus types. Figure 12 displays the acoustic
profiles for all groups.
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FIGURE 12  Acoustic profiles for each perceptual dimension and group (correlations with
absolute values higher than those indicated with the dashed and solid lines
are significant at the levels p <.01 and p <.001, respectively).

Overall, the acoustic features correlated more with Activity than with
Brightness. Cross-validations within each stimulus set yielded highly
significant correlations. However, across stimulus sets the Activity dimension
proved to be more robust.

Results from the additional ID estimation techniques are summarized
below. All the dimension estimation methods give rise to the same pattern in
which the Indian participants’ ratings have higher intrinsic dimensionality than
those of the Western participants. For the Western stimuli, the Eigen Value
criterion shows a difference between the participant groups wherein higher
intrinsic dimensionality is found in the Western participants” ratings. Figure 13
displays the results of ID investigation using all the abovementioned methods.
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FIGURE 13  Intrinsic Dimensionality estimation results for groups II, IW, WI and WW.

Figure 14 displays the ID estimation results for all the groups that rated only
the Indian stimuli (II, IW, and IWM - Indian stimuli, Western musicians:
obtained from Study II).
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FIGURE 14 Intrinsic Dimensionality estimation comparison for groups II, IW and IWM.
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All estimation methods revealed the same underlying patterns with the
intrinsic dimensionality of IWM on a level comparable to that of II and notably
higher than that of IW. Due to the lack of data from Indian musicians, the
comparison was not balanced. Hence the effect of musical training was omitted
in the published paper.

Conclusion: The results suggest that there exist commonalities in semantic
associations to polyphonic timbre despite cultural differences. An interesting
conclusion is that there is increase in the dimensionality of the perceptual
timbre space as a result of both prior exposure through enculturation and
musical expertise, although there are differences in the underlying structure of
the perceptual dimensions. This is in accordance with the notion of perceptual
learning via differentiation of dimensions as put forward by Goldstone (1998).
However, two main dimensions were repeatedly found for all the datasets,
namely, Activity and Brightness whose configurations matched closely with the
results of Study II that used musically trained Western participants. This
finding suggests that these two dimensions are well representative of two of the
perceptual dimensions of the polyphonic timbre space. The significant
correlations observed between the acoustic profiles suggest that the perception
of polyphonic timbre with regard to its acoustic correlates involves common
underlying mechanisms. Cross-validations of the Activity and Brightness
models for the Indian and Western participant groups within each stimulus set
yielded highly significant correlations (See Tables 7 and 8 in the original paper).
However, Activity model proved to be more robust than Brightness suggesting
that Activity possess a higher degree of universality in its perception.

Brightness again failed to correlate highly with the present set of acoustic
features thereby rendering it a more complex dimension whose model could be
improved by using more relevant features, possibly even a non-linear combination
of features. Overall, the results suggest the presence of common perceptual
mechanisms involved in polyphonic timbre processing for the two dimensions
representing Activity and Brightness, however with minor differences being
observed due to prior exposure via enculturation and musical training.

STUDY IV

Introduction: Study IV comprised an investigation to uncover the neural
underpinnings of timbre processing. Importantly, in order to obtain a more
accurate picture of how the brain functions under more realistic conditions, a
novel paradigm was introduced that combines methods that facilitate
investigating neural processing in more naturalistic settings wherein
participants listen to continuous music. Specific questions included:

e What brain areas are recruited during timbre processing?
e How do these brain areas compare to those recruited while processing
monophonic timbre and in more controlled conditions?
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In addition to timbre, rhythm and tonality processing were also studied but the
corresponding results are not discussed because it is beyond the scope of the
thesis. The novel paradigm that was introduced is a combination of functional
magnetic resonance imaging, computational acoustic feature extraction,
behavioural psychology, and non-parametric approaches to estimating
statistical significance.

Methods: Brain responses of participants were measured using fMRI while they
were listening to an eight minute long piece of music. By employing
computational acoustic feature extraction procedures, the temporal evolution of
timbral, tonal and rhythmical features of the piece were quantified, whose
perceptual relevance was validated through a behavioural experiment.
Subsequently the musical features were correlated with the brain responses in
order to determine brain areas involved in the concurrent processing of a range
of musical features. Novel methods for estimating the significance of the
observed correlations, and cluster-size correction for multiple comparisons,
were proposed.

Results: Perceptual validation of the acoustic components resulted in four
interpretable timbre dimensions representing Activity, Fullness, Brightness and
Timbral Complexity. Subsequent correlation analysis revealed brain areas
additional to those that were known previously to be recruited while
processing controlled stimuli (See Figure 15). Timbre-related acoustic
components correlated positively with activations in large areas of the temporal
lobe (Superior Temporal Gyrus, Heschl's Gyrus, and Middle Temporal Gyrus),
which were previously reported to process monophonic timbre (Halpern,
Zatorre, Bouffard, Johnson, 2004; Caclin, Brattico, Tervaniemi, Naéitinen,
Morlet, et al.,, 2006). Second, interhemispheric specialization in the auditory
cortices was observed, specifically the caudolateral and anteriolateral parts of
the superior temporal gyrus (STG), in addition to the right temporal lobe
displaying overall larger areas with significant correlations.

Cortical areas belonging to the default-mode-network-related (DMN)
cortical areas were found to be involved in the processing of timbral
dimensions. Particularly, negative correlations between Activity and Fullness
and brain activity were observed in DMN-related cerebrocortical regions in the
vicinity of the left superior frontal gyrus (BA 9), the left precuneus and
surrounding parietal areas, and the ventral medial prefrontal cortex. The left
posterior cingulate, one of the central structures of the DMN, was observed to
be deactivated during moments in the stimulus with high Brightness.
Interestingly, activations in the right putamen and the bilateral precentral gyrus
as well as the right medial frontal gyrus, which appear to be related to
movement (Grahn and Rowe, 2009), were found to correlate positively with
Brightness and Activity, respectively. In addition to the DMN, negative
correlations for timbral features of Activity and Fullness were observed in the
somatosensory areas. Furthermore, areas of the cerebellum, including lobule VI,
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Crus I and 1II, were found for the first time to be involved in processing timbre-
related acoustic components.

Conclusion: The current study introduced a new paradigm to investigate and
predict the brain areas related to the processing of timbral, tonal, and
rhythmical features of a stimulus under naturalistic conditions. A notable result
of this novel naturalistic approach employed is that, in addition to
corroborating findings from previous controlled settings, it revealed additional
brain areas involved in timbral feature processing. In addition to the auditory
cortices with a right-hemispheric specialization, the results for the first time
demonstrate that timbral features activated DMN areas of the cerebrum and
cognitive areas of the cerebellum under naturalistic settings. The DMN is a
neural circuit constantly monitoring the sensory environment and displaying
high activity during lack of focused attention on external events (Fox et al.,
2009; Mcavoy, Larson-Prior, Nolan, Vaishnavi, Raichle, et al., 2008). As low
values in Activity and Fullness were mostly associated with sections in the
stimulus with sparse texture played by the piano, thereby resulting in lower
levels of auditory-cognitive load, the activation of the DMN during these
moments is in line with previous results (Levitin & Menon, 2003; Pallesen,
Brattico, Bailey, Korvenoja, Gjedde, 2009; Uddin, Kelly, Biswal, Xavier
Castellanos, & Milham, 2009).
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FIGURE 15 Lateral and mid-sagittal views of the left and right hemispheres of the brain
showing regions correlating significantly with timbral components. The
significance threshold for the correlations was set at p = .001. Cluster
correction was performed at a significance level of p = .001 (Z = 3.29)
corresponding to a cluster size of 22 voxels. The areas indicated in red and
blue correspond to the brain areas that correlated positively and negatively
to each of the timbral components, respectively.

The correlations between Activity and Brightness with activations in motor-
related brain areas appear to concur partly with the findings of Uddin et al.
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(2009) who report the existence of functional connectivity of the motor-control
areas to the anticorrelated DMN associated with the posterior cingulate cortex.
Further research, however, is called for to clarify the link between timbral
features and motor-related brain activity. A potential explanation for this
finding is the presence of covariance between the acoustic components
representing timbre and rhythm, the latter of which was found to activate
motor cortical and subcortical areas of the brain (such as the premotor cortex
and basal ganglia). Interestingly, negative correlations for Activity and Fullness
were observed in the somatosensory areas, considered to be part of the mirror
neuron system (Keysers, Kaas, & Gazzola, 2010; Koelsch, Fritz, von Cramon,
Muller, & Friederici, 2006), and were previously known to be recruited while
hearing sounds resulting from other people's actions. In the present study, such
moments were characterized by the presence of sustained notes. These results
suggest lend support to the action-perception coupling mechanism in musicians
while listening to music.

Furthermore, the cognitive regions of the cerebellum that were found to
correlate with Activity and Fullness have been previously associated with
processing high cognitive load in an auditory task with chords (Salmi, Pallesen,
Neuvonen, Brattico, Korvenoja et al., 2010). The results for the first time
demonstrate the role of the cerebellum in cognitive processing of timbral
dimensions under naturalistic music listening conditions. Conducting further
experiments with larger sets of naturalistic stimuli representing, for instance,
different genres, would allow for generalizations concerning the brain networks
involved in processing timbral features in real time.



6 DISCUSSION

The aims of this thesis were to investigate timbre perception in an
interdisciplinary setting. The dissertation comprises four studies. The first
study investigated the missing link between monophonic timbre and affect. The
subsequent three studies explored the perceptual, acoustical and neural
correlates of polyphonic timbre.

6.1 Summary of Contributions

The key contributions are listed below.

e This work uncovers the dimensions of the monophonic timbre affect
space for the first time.

e It is the first work that deals with polyphonic timbre perception. It
reveals the perceptual dimensions of the perceptual polyphonic timbre
space.

e It further investigates the effect of enculturation and musical expertise
on the dimensionality and configuration of the polyphonic timbre space.

e It uncovers the acoustic correlates of the perceptual dimensions and
further examines how they differ based on stimulus-type and listener-

type.

¢ Finally, this dissertation comprises a seminal study that introduces a new
paradigm that combines neuroimaging, acoustic feature extraction,
behavioural methods, and a novel neuroinformatic procedure for the
investigation of music feature processing in the brain in naturalistic
settings. As a result, neural correlates of polyphonic timbre are revealed.
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In addition to the above contributions, the interdisciplinary nature of the
dissertation required the development of new methodologies to perform part of
the investigations. The methodological contributions are listed below.

e In order to investigate the intrinsic dimensionality of the perceptual
timbre space, methods from alternative fields were adopted. Never
before have these alternative methods been used for estimating the
dimensionality of a perceptual space, especially in investigating the
phenomenon of perceptual learning of musical elements.

e Novel acoustic features that captured spectrotemporal modulations were
developed. They proved to be among the topmost correlating acoustic
features with the perceptual dimensions.

e The new interdisciplinary paradigm introduced required the
development of methods to perform the analysis. This resulted in
devising a novel neuroinformatic procedure that allows analyzing fMRI
data under naturalistic condition. This comprised specifically of the
following:

o processing acoustic feature time-series in order to make them comparable
with the fMRI time-series

o adapting non-parametric approaches for the estimation of statistical
significance of the observed correlations between the fMRI and acoustic
feature time-series

o adapting non-parametric approaches for the estimation of cluster-size
correction addressing the problem of multiple comparisons.

The overall results and implications of this dissertation will be discussed in this
section.

Polyphonic timbre shares semantic associations similar to those of
monophonic timbre. Semantic associations can be thought of as our ability to
perceive and subsequently describe sensory information in words. This finding
suggests that both phenomena share common underlying perceptual
mechanisms. The dimensionality of the polyphonic timbre space was
established to be two, and was found to increase to three based on prior
exposure and training. This finding lends support to the notion of increase in
the dimensions of the perceptual space as a result of prior exposure or training
(Goldstone, 1998) albeit with minor differences in the configuration of the
dimensions.

Two main dimensions of polyphonic timbre were established, one
representing the perceived activity and the other representing the perceived
brightness (Study II and Study III). The third dimension was found to represent
perceived fullness in the case of musicians (Study II and Study IV). The Fullness
dimension however displayed clear patterns for Finnish musicians. However,
in order to generalize this dimension, it would be necessary to investigate if this
dimension emerges for Indian musicians as well.
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An important result is the contribution of the novel dynamic
spectrotemporal features introduced, that is the Sub-Band Fluxes, in explaining
the perceptual dimensions, in particular of Activity and Fullness. Activity was
found to correlate highly with the flux in the frequency range of around 1600 ~
6400 Hz, represented by Sub-Bands 7 and 8. Fullness was found to correlate
with the spectral flux in the lower frequency regions (50 Hz ~ 200 Hz) of the
spectrum. Brightness on the other hand was found to generally correlate
highest with static! features represented by Zero-Crossing Rate and High
Energy-Low Energy Ratio. In addition, some significant correlations were also
observed with a few of the Sub-Band fluxes. However the overall lower
correlation values may suggest that the Brightness dimension is more complex
than Activity or Fullness. For instance, the presence of a few notes in the high
registers, may render a stimulus perceptually bright although the acoustic
features that have been previously associated with perceptual brightness in the
monophonic timbre domain, such as spectral centroid, might fail to capture this
in a polyphonic mixture. This calls for an extension of the existing feature set to
capture the Brightness dimension.

The perceptual dimensions have been derived from semantic data in
Studies II and III. Additionally, these dimensions were also obtained by
perceptual validation of the acoustic components derived from the stimulus in
Study IV. Moreover, the stimuli varied in duration in these studies (1.5 seconds
in studies II and III; 6 seconds in study IV). Two inferences can be made at this
point. First inference concerns the perceptual relevance of polyphonic timbre as
described in section 2.2.1. Till date the studies that investigated the perceptual
relevance of polyphonic timbre have commonly used very short durations of
musical excerpts (of the order of a few hundred milliseconds). They appear to
have taken for granted that polyphonic timbre is what remains when a clear
sense of rhythmic, melodic and harmonic progressions due to the short
durations. The emergence of similar perceptual dimensions for short (Studies 11
and III) and longer musical excerpts (Study 1V) drive the point home that
polyphonic timbre as a property neither is that which exists in the absence of
clear rhythmic, melodic and harmonic patterns nor is it an agglomerate of them.
Rather the results denote that polyphonic timbre is a perceivable musical
element that can be described by its constituent dimensions whose evolution in
time can be quantified. Furthermore the results appear to extend the paradox
put forth by Bregman (1990, pp.488) that "timbre influences scene analysis, but
scene analysis creates timbre" from the monophonic to polyphonic domain.
And importantly, polyphonic timbre indeed can be considered an agglomerate
of its individual perceptual dimensions of Activity and Brightness for non-
musicians irrespective of their cultural origins with an additional dimension of
Fullness for musicians.

1 The static nature refers to the temporal independency of the features while
extraction, which holds good for all the spectral features. Dynamic features on the
other hand comprise temporal and spectrotemporal features.



63

The second inference concerns the perceptual mechanisms involved in
processing the perceptual polyphonic timbre dimensions. The common
elements binding the behavioural and neural domain are the acoustic features,
particularly in this case, the Sub-Band Fluxes. Particularly, the PCA performed
on the stimulus in study IV with the perceptual validation of the obtained PCs
thereof again suggest that Sub-Band flux related features indeed capture
something perceptual. The results indicate that the underlying perceptual
mechanisms rely on spectrotemporal modulations. In addition, the Sub-Band
Fluxes were also found to be important in explaining the monophonic timbre
affect dimensions (Study I). These findings are highly interesting in light of the
theory of perception discussed by Hawkins (2004). The author describes the
phenomenon of perception as one comprising the integration of spatiotemporal
patterns obtained from our senses. In the auditory modality, the spatial element
is analogous to the frequency-to-place transformation on the basilar membrane.
The brain perceives music by integrating spatiotemporal, or in light of the
present thesis, spectrotemporal information, thereby facilitating the formation
of a mental representation of its constituent elements. On similar lines,
Carterette and Kendall (1999) describe perceptual process as that operating on
the principle of contrast or change. To further elaborate, the authors contend
that the sensory mechanisms look for changes in order to make sense of the
information. Kluender, Coady, & Kiefte (2003) add to this by stating that the
perceptual systems of all sensory modalities respond mainly to change. The
author also cites work pertaining to the modalities of vision, smell, taste, and
touch, which advocate the notion that perceptual systems regulate their
reception in a way that helps maximize their sensitivity to change.
Spectrotemporal modulations, represented by Sub-Band Fluxes seem to capture
this very aspect of perceivable change in polyphonic timbre.

Finally, the methodological contributions of this dissertation have
potential implications in the field of music and neuroscience. It could pave way
for investigating several music-related phenomena using real music in a
manner that can be considered relatively faithful representation of real-life
music listening situations.

6.2 Limitations and Future Studies

The current thesis possesses certain limitations that need to be acknowledged.
This section outlines these limitations and provides suggestions to overcome
them via future studies.

6.2.1 Behavioural Domain
The framework of subjective rating scales that was developed for quantifying

the perceptual qualities of polyphonic timbre employed participants mostly of
Finnish origin. This can introduce “semantic noise” due to the variance in
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subjective understanding of the connotative meanings of words from person to
person. A natural extension would be to devise the framework of perceptual
scales using participants of Indian origin. Furthermore, all the listening
experiments were conducted in English while most of the participants were
non-native English speakers. However, this limitation may not pose a problem
as the results nevertheless displayed similar patterns in semantic associations
across all participant groups.

Another potential limitation of the study is that the effect of musical
expertise on the dimensionality of the perceptual polyphonic timbre space was
not investigated in a balanced fashion due to the lack of perceptual data from
Indian musicians. A natural extension to this work would be to include Indian
musicians as participants in order to compare the relative importance of
enculturation and musical expertise on polyphonic timbre perception.

6.2.2 Acoustic Domain

Despite the careful selection and introduction of novel acoustic features in this
thesis, the features correlating with Brightness seem insufficient. This calls for
developing new acoustic features or non-linear combinations of existing ones in
order to capture perceived brightness. Furthermore, the results of correlation
analyses between acoustic features and perceptual dimensions seem to depend
on the length of the window used for feature extraction, suggesting that the
perceptual dimensions may operate on mutually different time scales. This is a
potentially interesting finding that deserves further investigation.

6.2.3 Neural Domain

The generalizability of the neural correlates of perceptual dimensions of
polyphonic timbre may be compromised due to three reasons. Firstly the
participant pool was limited to Finns. It would be interesting to investigate the
generalizability of the findings across a wider set of people with different
cultural backgrounds. Second, the participant pool was limited to musicians. It
has been shown previously that neural responses to musical elements may
vary, albeit in a minor fashion, based on familiarity due to enculturation or
musical expertise (Nan et al., 2006; Morrison et al., 2003; Nan et al., 2008; Pantev
et al., 2001, Wong et al., 2007). Finally, the use of one piece of music as stimulus
may not allow us to generalize over music belonging to different genres.
However, the results obtained using the data-driven paradigm could serve as a
basis for future hypothesis-driven studies investigating polyphonic timbre
perception in an extended context accommodating wider sets of stimuli
representing different genres and wider participant pool varying based on their
cultural background or musical expertise.

Another potential limitation concerns the assumption of linearity between
external stimulus properties and brain responses. However, GLM has been the
prevalent default choice in fMRI studies. To investigate the linearity of the
relationship a complete comparison of the Pearson vs. Spearman correlations of
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the data in Study IV was performed. The two kinds of correlations yield very
similar outcomes (mean error between Pearson and Spearman correlations,
averaged over participants and acoustic components is .0340 with a range of
.0224 - .0643). A high mean error would question the linear nature of the
relationship. However, since that was not the case, the assumption of linearity
appears to hold good.

Furthermore, the brain is active all the time and this makes the activations
at any voxel a composite of stimulus-based and non-stimulus-based activations,
such as mind wandering and attention shifts. Before performing correlation
between the brain responses and the stimulus, it could be beneficial to separate
the stimulus-based activations from the non-stimulus based activations. A
possible solution could be to tease apart the individual components better is by
using blind source separation algorithms, such as Independent Component
Analysis (ICA). ICA provides means to separate networks in the brain that
process information in a manner statistically independent from other regions in
the brain. Furthermore, ICA can be a powerful tool in separating 'moisy'
activations (such as physiological noise coming from breathing or cerebral
arteries) from task-related activations.

A further limitation is that fMRI serves as an indirect measurement of
neuronal activity due to its limited temporal resolution (of the order of a couple
of seconds) unlike other brain activity measurement methods such as
electroencephalography (EEG) and magnetoencephalography (MEG) (of the
order of milliseconds). An option would be to utilize fMRI and EEG
simultaneously to allow investigating brain functioning with high spatial and
temporal resolution. Measuring EEG in an fMRI scanner comes with its own
complications (See Gutberlet, 2010); nevertheless this combination has recently
gained attention and provides an attractive option to uncover in greater detail
the working of the brain.
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CONCLUSION

The main focus of the thesis was to investigate the perception of polyphonic
timbre in an interdisciplinary setting. Consistent patterns observed in relation
to the perceptual dimensions and the respective acoustic correlates obtained
from all the studies advocate to a relatively large extent the universality of the
results. The results add to the existing notion that change indeed is what
perceptual systems respond to. Furthermore, prior exposure via enculturation
or musical expertise plays an important role in altering perceptual mechanisms
to respond to different changes. Overall, perceptual mechanisms appear to be
highly sensitive to change, which in current work are characterized by
spectrotemporal modulations. The neural investigation results revealed that
timbral components' processing in a naturalistic condition was associated with
brain areas previously linked with processing cognitive and attentional load.
Additionally, the recruitment of the somatomotor areas of the brain also
indicates that listening to mnatural timbres triggers action-perception
mechanisms in musicians' brains. To conclude, a multifaceted investigation
approach is recommended in order to obtain a holistic comprehension of the
perceptual processes involved in musical element processing.
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YHTEENVETO

Polyfonisen sointivirin hahmottamisen akustiset ja hermostolliset vastineet

Viitoskirja tutkii polyfonisen sointivédrin havaitsemista kdyttden monitieteistd
ldhestymistapaa, joka pyrkii yhdistimddn behavioraalisen, akustisen ja neu-
raalisen ndkokulman. Tyossd kasitellddn ensin monofonisen sointivdrin ja
tunteiden valistd yhteyttd, minki jdlkeen tarkastellaan polyfonisen sointivirin
havaitsemista. Monofoniseen sointivériin ja tunteisiin keskittynyt tutkimus pal-
jasti, ettd kaksi padadimensiota, miellyttdvyys ja aktiivisuus, selittdvdt hyvin
monofonisen sointivdarin tunneavaruuden. Akustisten piirteiden rooli havain-
tojen selittdmisessd oli samankaltainen eri drsykejoukoilla. Tama4 viittaa siihen,
ettd sointivdrin vélittdimien tunteiden havaitsemisessa on universaaleja meka-
nismeja.

Polyfonisessa sointivédriavaruudessa havaittiin kaksi pddulottuvuutta,
aktiivisuus ja kirkkaus. Spektrotemporaalisten muutosten mittaamiseen
kehitettiin uusi piirrejoukko, alikanavavaihtelu (subband flux). Taméan piirre-
joukon havaittiin korreloivan merkitsevésti kuulijoiden arvioiden kanssa.
Havaintoulottuvuuksien yleisyyden testaamiseksi suoritettiin kulttuurienvali-
nen tutkimus. Tdssd havaittiin, ettd kuulijoiden kulttuuritausta ja musiikillinen
koulutus vaikuttivat polyfonisen ddnenvariavaruuden havaintoulottuvuuksien
médrddan (2-3). Kolmas ulottuvuus ei kuitenkaan ollut helposti tulkittavissa,
joskin muusikoilla sen havaittiin edustavan &dnen tayteldisyytta. Akustisilla
piirteilld oli samankaltaiset korrelaatiorakenteet kaikkien ryhmien osalta, mika
viittaa universaalien havaintomekanismien olemassaoloon.

Sointivdrin neuraalista prosessointia tutkittiin toiminnallisella magneet-
tikuvauksella (fMRI) yhdistettynd naturalistiseen asetelmaan, jossa kiytettiin
luonnollisia musiikkidrsykkeitd. Tulokset paljastivat ensimmdistd kertaa, ettd
sointivédrid prosessoidaan kuuloaivokuoren lisiksi my6s pikkuaivojen kog-
nitiivisissa osissa, sekd oletusmoodiverkon (default mode network) kuorialueilla.
Yleisesti ottaen tutkimustulokset viittaavat siihen, ettd polyfonisen sointivirin
ulottuvuuksien prosessointiin liittyvat havaintomekanismit ovat melko univer-
saaleja, vaikkakin pienid eroja voidaan havaita eri ryhmien valilld. Lisdksi tu-
lokset osoittavat, ettd nima mekanismit ovat voimakkaasti yhteydessa spektro-
temporaalisiin modulaatioihin, eli drsykkeessd oleviin ajallisiin muutoksiin.
Viitoskirjassa on myds kehitetty uusia menetelmis, joita voidaan soveltaa mu-
siikin neurotieteessa.
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nin idiomien ymmaértamiseen ja tulkintaan
syntyperdisten ja suomea didinkielendan
puhuvien ndkokulmasta. 239 p. Yhteenveto
3 p. 2004.

MIKKONEN, YRJO, On conceptualization of
music. Applying systemic approach to
musicological concepts, with practical
examples of music theory and analysis.

- Musiikin késitteellistamisestd. Systeemisen
tarkastelutavan soveltaminen musikologisiin
kasitteisiin sekd kaytannon esimerkkejd
musiikin teoriasta ja analyysistd. 294 p.
Yhteenveto 10 p. 2004.

Hotwm, JaN-Markus, Virtual violin in the digital
domain. Physical modeling and model-based
sound synthesis of violin and its interactive
application in virtual environment. - Virtu-
aalinen viulu digitaalisella alueella. Viulun
fysikaalinen mallintaminen ja mallipohjainen
ddnisynteesi sekd sen vuorovaikutteinen
soveltaminen virtuaalitodellisuus ymparis-

tossd. 74 p. (123 p.) Yhteenveto 1 p. 2004.
Kemp, CHris, Towards the holistic
interpretation of musical genre classification.
- Kohti musiikin genreluokituksen kokonais-
valtaista tulkintaa. 302 p. Yhteenveto 1 p.
2004.

LemoNeN, Kari, Finlandssvenskt sje-, tje-
och s-ljud i kontrastiv belysning. 274 p.
Yhteenveto 4 p. 2004.

MAKINEN, EEva, Pianisti cembalistina.
Cembalotekniikka cembalonsoittoa aloittavan
pianistin ongelmana. - The Pianist as
cembalist. Adapting to harpsichord technique
as a problem for pianists beginning on the
harpsichord. 189 p. Summary 4 p. 2004.
KINNUNEN, Maury, Heritysliitke kahden kult-
tuurin rajalla. Lestadiolaisuus Karjalassa
1870-1939. - The Conviction on the boundary
of two cultures. Laestadianism in Karelia in
1870-1939. 591 p. Summary 9 p. 2004.

JInmuss Cubepr, “BENBIE JIMIIAN”. TEHE3UC &

MHCKOI'O MU®A B BOJITAPUU. POJIb PYCCKOIO
GEHHOMIIbCTBA. ®MHCKO-BOJIITAPCKUE KOHT
AKTBI Y [TIOCPEJHHMKU C KOHUA XIX 10 KO
HIIA XX BEKA. 284 c.- “Belye lilii”. Genezis
finskogo mifa v Bolgarii. Rol" russkogo
fennoil'stva. Finsko-bolgarskie kontakty i
posredniki s konca XIX do konca XX veka. 284
p- Yhteenveto 2 p. 2004.
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Fucns, BErTOLD, Phonetische Aspekte einer
Didaktik der Finnischen Gebérdensprache als
Fremdsprache. - Suomalainen viittomakieli
vieraana kielend. Didaktinen fonetiikka.

476 p. Yhteenveto 14 p. 2004.

JAASKELAINEN, PETRI, Instrumentatiivisuus ja
nykysuomen verbinjohto. Semanttinen tutki-
mus. - Instrumentality and verb derivation in
Finnish. A semantic study.

504 p. Summary 5 p. 2004.

MEerTANEN Tomi, Kahdentoista markan kapi-
na? Vuoden 1956 yleislakko Suomessa. - A
Rebellion for Twelve Marks? - The General
Strike of 1956 in Finland. 399 p. Summary

10 p. 2004.

MALHERBE, JEAN-YVES, Lceuvre de fiction

en prose de Marcel Thiry : une lecture
d’inaboutissements. 353 p. Yhteenveto 1 p.
2004.

Kunna, Martti, Kahden maailman vilissa.
Marko Tapion Arktinen hysteria Vaind Linnan
haastajana. - Between two worlds. Marko
Tapio’s Arktinen hysteria as a challenger to
Viino Linna. 307p. Summary 2 p. 2004.
VarTtoNeN, HeLl, Mindkuvat, arvot ja menta-
liteetit. Tutkimus 1900-luvun alussa syntynei-
den toimihenkilonaisten omaeldmékerroista.
- Self-images, values and mentalities. An
autobiographical study of white collar
women in twentieth century Finland. 272 p.
Summary 6 p. 2004.

Puszral, BErTALAN, Religious tourists.
Constructing authentic experiences in late
modern hungarian catholicism. - Uskontotu-
ristit. Autenttisen elamyksen rakentaminen
myohdismodernissa unkarilaisessa katoli-
suudessa. 256 p. Yhteenveto 9 p. Summary in
Hungarian 9 p. 2004.

PAAjok1, Tarja, Taide kulttuurisena kohtaa-
mispaikkana taidekavatuksessa. - The arts

as a place of cultural encounters in arts
education. 125 p. Summary 3 p. 2004.

Juprr, PiriTA, “Keitd me olemme? Mitd me
haluamme?” Eldinoikeusliike maérittely-
kamppailun, marginalisoinnin ja moraalisen
paniikin kohteena suomalaisessa sanomaleh-
distossa. - “Who are we? What do we want?”
The animal rights movement as an object of
discursive struggle, marginalization and
moral panic in Finnish newspapers. 315 p.
Summary 6 p. 2004.

HoLMBERG, Jukka, Etusivun politiikkaa.
Yhteiskunnallisten toimijoiden representointi
suomalaisissa sanomalehtiuutisissa 1987-
2003. - Front page politics. Representation of
societal actors in Finnish newspapers” news
articles in 1987-2003. 291 p. Summary 2 p.
2004.

LacersLoM, Kimmo, Kaukana Kainuussa,
valtavdylan varrella. Etnologinen tutkimus
Kontioméen rautatieldisyhteison elinkaaresta
1950 - 1972. - Far, far away, nearby a main
passage. An ethnological study of the life
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spans of Kontioméki railtown 1950 - 1972.
407 p. Summary 2 p. 2004.

Hakamiki, LEENA, Scaffolded assistance
provided by an EFL teacher during whole-
class interaction. - Vieraan kielen opettajan
antama oikea-aikainen tuki luokkahuoneessa.
331 p. Yhteenveto 7 p. 2005.

ViErGUTZ, GUDRUN, Beitrdge zur Geschichte
des Musikunterrichts an den
Gelehrtenschulen der 6stlichen Ostseeregion
im 16. und 17. Jahrhundert. - Latinankoulujen
musiikinopetuksen historiasta itdisen
Itdmeren rannikkokaupungeissa 1500- ja
1600-luvuilla. 211 p. Yhteenveto 9 p. 2005.
Nixura, Kaisu, Zur Umsetzung deutscher
Lyrik in finnische Musik am Beispiel Rainer
Maria Rilke und Einojuhani Rautavaara.

- Saksalainen runous suomalaisessa musiikis-
sa, esimerkkind Rainer Maria Rilke ja Einoju-
hani Rautavaara. 304 p. Yhteenveto

6 p. 2005.

SyvANEN, KaRry, Vastatunteiden dynamiikka
musiikkiterapiassa. - Counter emotions
dynamics in music therapy. 186 p. Summary
4 p. 2005.

ELORANTA, JARI & OJALA, JARI (eds), East-West
trade and the cold war. 235 p. 2005.
HivtuneN, Kaisa, Images of time, thought
and emotions: Narration and the spectator’s
experience in Krzysztof Kieslowski ‘s late
fiction films. - Ajan, ajattelun ja tunteiden
kuvia. Kerronta ja katsojan kokemus
Krzysztof Kieslowskin myohaisfiktiossa.

203 p. Yhteenveto 5 p. 2005.

AHONEN, KaLEvI, From sugar triangle to
cotton triangle. Trade and shipping between
America and Baltic Russia, 1783-1860.

572 p. Yhteenveto 9 p. 2005.

UTRIAINEN, JAANA, A gestalt music analysis.
Philosophical theory, method, and analysis of
Iegor Reznikoff's compositions. - Hahmope-
rustainen musiikkianalyysi. Hahmofilosofi-
nen teoria, metodi ja musiikkianalyysi Iégor
Reznikoffin sdvellyksistd. 222 p. Yhteenveto
3 p. 2005.

MURTORINNE, ANNAMARI, Tuskan hauskaa!
Tavoitteena tiedostava kirjoittaminen.
Kirjoittamisprosessi peruskoulun yhdek-
sdnnelld luokalla. - Painfully fun! Towards
reflective writing process. 338 p. 2005.
Tunturl, ANNA-RITTA, Der Pikareske Roman
als Katalysator in Geschichtlichen Abldufen.
Erzidhlerische Kommunikationsmodelle in
Das Leben des Lazarillo von Tormes, bei Thomas
Mann und in EinigenFinnischen Romanen.
183 p. 2005.

Luoma-aHO, ViLMa, Faith-holders as Social
Capital of Finnish Public Organisations.

- Luottojoukot - Suomalaisten julkisten
organisaatioiden sosiaalista padomaa. 368 p.
Yhteenveto 8 p. 2005.
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PeNTTINEN, Esa Marrrl, Kielioppi virheiden
varjossa. Kielitiedon merkitys lukion saksan
kieliopin opetuksessa. - Grammar in the
shadow of mistakes. The role of linguistic
knowledge in general upper secondary
school German grammar instruction. 153 p.
Summary 2 p. Zusammenfassung 3 p. 2005.
KaivaraLu, ANNEKATRIN, Liahdekieli kielen-
oppimisen apuna. - Contribution of L1 to
foreign language acquisition. 348 p.
Summary 7 p. 2005.

SaLavuo, Mikka, Verkkoavusteinen opiskelu
yliopiston musiikkikasvatuksen opiskelu-
kulttuurissa - Network-assisted learning

in the learning culture of university music
education. 317 p. Summary 5 p. 2005.
MATALA, JuHA, Maaseutuyhteison kriisi-
1930-luvun pula ja pakkohuutokaupat
paikallisena ilmiona Kalajokilaaksossa. -
Agricultural society in crisis - the depression
of the 1930s and compulsory sales as a local
phenomenon in the basin of the Kalajoki-
river. 242 p. Summary 4 p. 2005.

Jounki, Jukka, Imagining the Other.
Orientalism and occidentalism in Tamil-
European relations in South India.
-Tulkintoja Toiseudesta. Orientalismi ja
oksidentalismi tamileiden ja eurooppalaisten
vilisissé suhteissa Eteld-Intiassa.

233 p. Yhteenveto 2 p. 2006.

LenTo, KEo, Aatteista arkeen. Suomalaisten
seitsenpdividisten sanomalehtien linjapaperei-

den synty ja muutos 1971-2005.

- From ideologies to everyday life. Editorial
principles of Finnish newspapers, 1971-2005.
499 p. Summary 3 p. 2006.

VaLtoNeN, HaNNy, Tavallisesta kuriositee-
tiksi. Kahden Keski-Suomen Ilmailumuseon
Messerschmitt Bf 109 -lentokoneen museoar-
vo. - From Commonplace to curiosity - The
Museum value of two Messerschmitt Bf

109 -aircraft at the Central Finland Aviation
Museum. 104 p. 2006.

KaLLiNeN, Kari, Towards a comprehensive
theory of musical emotions. A multi-dimen-
sional research approach and some empirical
findings. - Kohti kokonaisvaltaista teoriaa
musiikillisista emootioista. Moniulotteinen
tutkimusldhestymistapa ja empiirisid havain-
toja. 71 p. (200 p.) Yhteenveto 2 p. 2006.
IskaNIUS, SANNA, Vendjankielisten maahan-
muuttajaopiskelijoiden kieli-identiteetti.

- Language and identity of Russian-speaking

students in Finland. 264 p. Summary 5 p.
Pedepat 6 c. 2006.

HEINANEN, SEa, Késityo - taide - teollisuus.
Nékemyksia kisityostd taideteollisuuteen
1900-luvun alun ammatti- ja aikakausleh-
dissé. - Craft - Art - Industry: From craft to
industrial art in the views of magazines and
trade publications of the early 20th Century.
403 p. Summary 7 p. 2006.
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KavarALu, ANNEKATRIN & PruuL, KoLvi (eds),
Liahivertailuja 17. - Close comparisons.

254 p. 2006.
ALATALO, PIrRjO, Directive functions in intra-

corporate cross-border email interaction.

- Direktiiviset funktiot monikansallisen
yrityksen englanninkielisessd sisdisessa
sdhkopostiviestinndssa. 471 p. Yhteenveto 3
p- 2006.

KisanTAL, TAMAS, ,,...egy tomegmészdrlasrol
mi értelmes dolgot lehetne elmondani?” Az
abrazolasmod mint torténelemkoncepcio a
holokauszt-irodalomban. - “...there is nothing
intelligent to say about a massacre”. The
representational method as a conception of
history in the holocaust-literature. 203 p.
Summary 4 p. 2006.

MATIKAINEN, SATU, Great Britain, British Jews,
and the international protection of Romanian
Jews, 1900-1914: A study of Jewish diplomacy
and minority rights. - Britannia, Britannian
juutalaiset ja Romanian juutalaisten kansain-
vilinen suojelu, 1900-1914: Tutkimus juuta-
laisesta diplomatiasta ja vahemmistdoikeuk-
sista. 237 p. Yhteenveto 7 p. 2006.

HANNINEN, Kirs], Visiosta toimintaan. Museoi-
den ympiéristokasvatus sosiokulttuurisena
jatkumona, sdédtelymekanismina ja
innovatiivisena viestintdna. - From vision

to action. Environmental education in
museums as a socio-cultural continuum,
regulating mechanism, and as innovative
communication 278 p. Summary 6 p. 2006.
Joensuu, SaNNa, Kaksi kuvaa tyontekijasta.
Sisdisen viestinnan opit ja postmoderni nako-
kulma. - Two images of an employee; internal
communication doctrines from a postmodern
perspective. 225 p. Summary 9 p. 2006.
KoskimAxki, Jount, Happiness is... a good
transcription - Reconsidering the Beatles
sheet music publications. - Onni on...

hyvi transkriptio - Beatles-nuottijulkaisut
uudelleen arvioituna. 55 p. (320 p. + CD).
Yhteenveto 2 p. 2006.

Hieranarju, Mikko, Valokuvan voi repia.
Valokuvan rakenne-elementit, kdyttoym-
péristot sekd valokuvatulkinnan syntyminen.
- Tearing a photograph. Compositional
elements, contexts and the birth of the
interpretation. 255 p. Summary 5 p. 2006.
JAMSANEN, AuLl, Matrikkelitaiteilijaksi
valikoituminen. Suomen Kuvaamataiteilijat
-hakuteoksen (1943) kriteerit. - Prerequisites
for being listed in a biographical
encyclopedia criteria for the Finnish Artists
Encyclopedia of 1943. 285 p. Summary 4 p.
2006.

HokxkaNen, Markku, Quests for Health in
Colonial Society. Scottish missionaries and
medical culture in the Northern Malawi
region, 1875-1930. 519 p. Yhteenveto 9 p.
2006.
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RuuskaNEN, Esa, Viholliskuviin ja
viranomaisiin vetoamalla vaiennetut
tyovédentalot. Kuinka Pohjois-Savon Lapuan
liike sai nimismiehet ja maaherran sulkemaan
59 kommunistista tyovadentaloa Pohjois-
Savossa vuosina 1930-1932. - The workers’
halls closed by scare-mongering and the use
of special powers by the authorities. 248 p.
Summary 5 p. 2006.

VARDJA, MERIKE, Tegelaskategooriad ja
tegelase kujutamise vahendid Vaino Linna
romaanis “Tundmatu sédur”. - Character
categories and the means of character
representation in Vdino Linna’s Novel The
Unknown Soldier. 208 p. Summary 3 p. 2006.
TakATs, Jozser, Modszertani berek. Irdsok

az irodalomtorténet-irasrol. - The Grove

of Methodology. Writings on Literary
Historiography. 164 p. Summary 3 p. 2006.
MikkoLa, LEeNA, Tuen merkitykset potilaan ja
hoitajan vuorovaikutuksessa. - Meanings of
social support in patient-nurse interaction.
260 p. Summary 3 p. 2006.

SAARIKALLIO, Suvl, Music as mood regulation
in adolescence. - Musiikki nuorten tunteiden
séddtelynd. 46 p. (119 p.) Yhteenveto 2 p. 2007.
Hujanen, Erkki, Lukijakunnan rajamailla.
Sanomalehden muuttuvat merkitykset
arjessa. - On the fringes of readership.

The changing meanings of newspaper in
everyday life. 296 p. Summary 4 p. 2007.
Tuokko, Eeva, Mille tasolle perusopetuksen
englannin opiskelussa pééstiaan? Perusope-
tuksen paattovaiheen kansallisen arvioin-
nin 1999 eurooppalaisen viitekehyksen
taitotasoihin linkitetyt tulokset. - What level
do pupils reach in English at the end of the
comprehensive school? National assessment
results linked to the common European
framework. 338 p. Summary 7 p. Samman-
fattning 1 p. Tiivistelma 1 p. 2007.

Tuikka, Tivo, “Kekkosen konstit”. Urho
Kekkosen historia- ja politiikkakasitykset
teoriasta kaytantoon 1933-1981. - “Kekkonen’s
way”. Urho Kekkonen’s conceptions of history
and politics from theory to practice, 1933-1981
413 p. Summary 3 p. 2007.

Humanistista kirjoa. 145 s. 2007.

NIEMINEN, LEA, A complex case:

a morphosyntactic approach to complexity

in early child language. 296 p. Tiivistelméa 7 p.
2007.

TorveLAINEN, PArvi, Kaksivuotiaiden lasten
fonologisen kehityksen variaatio. Puheen
ymmiarrettdvyyden sekd sananmuotojen
tavoittelun ja tuottamisen tarkastelu.

- Variation in phonological development

of two-year-old Finnish children. A study

of speech intelligibility and attempting and
production of words. 220 p. Summary 10 p.
2007.
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SITONEN, MARKO, Social interaction in online
multiplayer communities. - Vuorovaikutus
verkkopeliyhteisoissd. 235 p. Yhteenveto 5 p.
2007.

STJERNVALL-JARVI, BIRGITTA,
Kartanoarkkitehtuuri osana Tandefelt-suvun
elaméantapaa. - Manor house architecture as
part of the Tandefelt family’s lifestyle. 231 p.
2007.

SULKUNEN, SARl, Text authenticity in
international reading literacy assessment.
Focusing on PISA 2000. - Tekstien
autenttisuus kansainvélisissa lukutaidon
arviointitutkimuksissa: PISA 2000. 227 p.
Tiivistelma 6 p. 2007.

Ko6szecHy, PETER, Magyar Alkibiadés. Balassi
Balint élete. - The Hungarian Alcibiades. The
life of Balint Balass. 270 p. Summary 6 p. 2007.
MIKKONEN, SIMO, State composers and the

red courtiers - Music, ideology, and politics
in the Soviet 1930s - Valtion séveltdjid ja
punaisia hoviherroja. Musiikki, ideologia ja
politiikka 1930-luvun Neuvostoliitossa. 336 p.
Yhteenveto 4 p. 2007.

SIVUNEN, ANU, Vuorovaikutus, viestintd-
teknologia ja identifioituminen hajautetuissa
tiimeissi. - Social interaction, communication
technology and identification in virtual teams.
251 p. Summary 6 p. 2007.

Larpr, Tuna-RirTa, Neuvottelu tilan
tulkinnoista. Etnologinen tutkimus
sosiaalisen ja materiaalisen ympériston
vuorovaikutuksesta jyvaskylaldisissa
kaupunkipuhunnoissa. - Negotiating urban
spatiality. An ethnological study on the
interplay of social and material environment
in urban narrations on Jyvaskyla. 231 p.
Summary 4 p. 2007.

Hunramaki, ULLa, ”Heittdaydy vapauteen”.
Avantgarde ja Kauko Lehtisen taiteen murros
1961-1965. - "Fling yourself into freedom!”
The Avant-Garde and the artistic transition of
Kauko Lehtinen over the period 1961-1965.
287 p. Summary 4 p. 2007.

KeLA, MARIA, Jumalan kasvot suomeksi.
Metaforisaatio ja erdan uskonnollisen
ilmauksen synty. - God’s face in Finnish.
Metaphorisation and the emergence of a
religious expression. 275 p. Summary 5 p.
2007.

SAARINEN, TAINA, Quality on the move.
Discursive construction of higher education
policy from the perspective of quality.

- Laatu liikkeessd. Korkeakoulupolitiikan
diskursiivinen rakentuminen laadun
ndkokulmasta. 90 p. (176 p.) Yhteenveto 4 p.
2007.

MAkiLA, Kimmo, Tuhoa, tehoa ja tuhlausta.
Helsingin Sanomien ja New York Timesin
ydinaseuutisoinnin tarkastelua diskurssi-
analyyttisesta nakokulmasta 1945-1998.
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- "Powerful, Useful and Wasteful”. Discourses
of Nuclear Weapons in the New York Times
and Helsingin Sanomat 1945-1998. 337 p.
Summary 7 p. 2007.

KANTANEN, HELENA, Stakeholder dialogue

and regional engagement in the context

of higher education. - Yliopistojen
sidosryhmévuoropuhelu ja alueellinen
sitoutuminen. 209 p. Yhteenveto 8 p. 2007.
ALMONKARI, MERJA, Jdnnittdminen opiskelun
puheviestintatilanteissa. - Social anxiety in
study-related communication situations. 204 p.
Summary 4 p. 2007.

VALENTINI, CHIARA, Promoting the European
Union. Comparative analysis of EU
communication strategies in Finland and in
Italy. 159 p. (282 p.) 2008.

PuLkkiNeN, Hannu, Uutisten arkkitehtuuri

- Sanomalehden ulkoasun rakenteiden jarjestys
ja jousto. - The Architecture of news. Order
and flexibility of newspaper design structures.
280 p. Yhteenveto 5 p. 2008.

MERILAINEN, MERJA, Monenlaiset oppijat
englanninkielisessd kielikylpyopetuksessa

- rakennusaineita opetusjérjestelyjen tueksi.

- Diverse Children in English Immersion:
Tools for Supporting Teaching Arrangements.
197 p. 2008.

Vares, MR, The question of Western
Hungary/Burgenland, 1918-1923. A

territorial question in the context of

national and international policy. - Lansi-
Unkarin/Burgenlandin kysymys 1918-1923.
Aluekysymys kansallisen ja kansainvilisen
politiikan kontekstissa. 328 p. Yhteenveto 8 p.
2008.

Ara-RuoNa, Esa, Alkuarviointi kliinisena
kaytantond psyykkisesti oireilevien
asiakkaiden musiikkiterapiassa - strategioita,
menetelmid ja apukeinoja. - Initial assessment
as a clinical procedure in music therapy

of clients with mental health problems

- strategies, methods and tools. 155 p. 2008.
ORrAvALA, JuHa, Kohti elokuvallista ajattelua.
Virtuaalisen todellisen ontologia Gilles
Deleuzen ja Jean-Luc Godardin elokuvakasi-
tyksissa. - Towards cinematic thinking.

The ontology of the virtually real in Gilles
Deleuze’s and Jean-Luc Godard’s conceptions
of cinema. 184 p. Summary 6 p. 2008.
KEecskeMET!, IsTvAN, Papyruksesta
megabitteihin. Arkisto- ja valokuvakokoelmien
konservoinnin prosessin hallinta. - From
papyrus to megabytes: Conservation
management of archival and photographic
collections. 277 p. 2008.

SunI, MINNa, Toista kieltd vuorovaikutuksessa.
Kielellisten resurssien jakaminen toisen

kielen omaksumisen alkuvaiheessa. - Second
language in interaction: sharing linguistic
resources in the early stage of second language
acquisition. 251 p. Summary 9 p. 2008.
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N. PAL, Jozser, Modernség, progresszio, Ady
Endre és az Ady-Rékosi vita. Egy konfliktusos
eszmetoOrténeti pozici6 természete és
kovetkezményei. 203 p. Summary 3 p. 2008.
BarTis, IMRE, , Az igazsag ismérve az, hogy
igaz”. Etika és nemzeti identitas Stit6 Andras
Anyam konny almot igér cimt miivében

és annak recepcidjaban. 173 p. Summary 4 p.
2008.

RANTA-MEYER, TUIRE, Nulla dies sine linea.
Avauksia Erkki Melartinin vaikutteisiin,
verkostoihin ja vastaanottoon henkils- ja
reseptiohistoriallisena tutkimuksena. - Nulla
dies sine linea: A biographical and
reception-historical approach to Finnish
composer Erkki Melartin. 68 p. Summary 6 p.
2008.

Korvisto, KErjo, Itsendisen Suomen kanta-
aliupseeriston synty, koulutus, rekrytointi-
tausta ja palvelusehdot. - The rise, education,
the background of recruitment and condi-
tions of service of the non-commissioned
officers in independent Finland. 300 p.
Summary 7 p. 2008.

Kiss, MIKLOs, Between narrative and cognitive
approaches. Film theory of non-linearity
applied to Hungarian movies. 198 p. 2008.
RuusuneN, Amvo, Todeksi uskottua. Kansan-
demokraattinen Neuvostoliitto-journalismi
rajapinnan tulkkina vuosina1964-1973.

- Believed to be true. Reporting on the USSR
as interpretation of a boundary surface in
pro-communist partisan journalism 1964~
1973. 311 p. Summary 4 p. 2008.

HARMALA, MARITA, Riittddako Ett dgonblick
ndytoksi merkonomilta edellytetysta kieli-
taidosta? Kielitaidon arviointi aikuisten néyt-
totutkinnoissa. - Is Ett 6gonblick a

sufficient demonstration of the language
skills required in the qualification of
business and administration? Language
assessment in competence-based qualifica-
tions for adults. 318 p. Summary 4 p. 2008.
CoELHO, JacQues, The vision of the cyclops.
From painting to video ways of seeing in the
20th century and through the eyes of Man
Ray. 538 p. 2008.

Brewis, KIELO, Stress in the multi-ethnic cus-
tomer contacts of the Finnish civil servants:
Developing critical pragmatic intercultural
professionals. - Stressin kokemus suomalais-
ten viranomaisten monietnisissé asiakaskon-
takteissa: kriittis-pragmaattisen kulttuurien-
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