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Abstract

The purpose of the present study was to investitjeeffect of harmonic expectancy
violations on emotions. Subjective response measimetension and emotionality, as
well as electrodermal activity (EDA) and heart réttR), were recorded from twenty-
four subjects (12 musicians and 12 non-musicigospbserve the effect of expectancy
violations on subjective and physiological measuofsemotions. In addition, an
electroencephalogram (EEG) was recorded, to obskevaeural correlates for detecting
these violations. Stimuli consisted of three madichersions of six Bach chorales, which
differed only in terms of one chord (harmonicalither expected, unexpected or very
unexpected). Musicians' and non-musicians' resgomsge also compared. Tension,
overall subjective emotionality and EDA increasedthwan increase in harmonic
unexpectedness. Analysis of the event-related paten(ERP's) revealed an early
negativity for both the unexpected and the veryxpeeted harmonies, taken to reflect
the detection of the unexpected event. The earlgatngty in response to very
unexpected chords was significantly larger in atagk than the early negativity in
response to merely unexpected harmonic events.ENwe did not differ in amplitude
between the two groups, but peaked earlier for ouss than for nonmusicians. Both
groups also showed a P3 component in responseetwdfly unexpected harmonies,
which was considerably larger for musicians and medlect the processing of stylistic

violations of Western classical music.



Introduction

It is widely accepted that cognitive processedrarelved in the generation of emotional
states (Smith and Lazarus, 1993; Frijda, 1993). Agsbthese, expectation appears to
play a particularly important role, leading to susp or disappointment, satisfaction or
contentment (Dennett, 1991).

Meyer (1956) proposed that many musical emotioasaused by fulfilled or suspended
musical expectations. He claimed that listenerg hianplicit expectations of what will
happen in the music and, depending on whether thgsectations are fulfilled or not,
listeners will experience relaxation or tension andpense. Such expectations can arise
through implicit knowledge of musical rules andulegities, acquired through repeated
exposure to a particular style such as Westerr touasic (Tillmann, Bharucha and
Bigand, 2000).

The present study provides a direct test of the edbimusic-specific expectations in the
generation of emotional response in the listenersibal expectations have been studied
for melody, rhythm (see Boltz, 1993; Narmour, 198@hes, Boltz and Kidd, 1982) and
harmony (see previous studies by Bharucha and 8tpd®86; Schmuckler, 1989).
However, the present study focuses on harmony @hig. is because harmonic
violations can be easily quantified in music-théioedly justifiable terms by using the
Circle of Fifths, as well as adding to a considerddody of ERP literature on chord
processing (Koelsch, 2005; Koelsch and Siebel, 2005

To investigate the cognitive processes underlyamgnionic expectation, Bharucha and
Stoeckig (1986) employed a priming paradigm, wistéirauli consisted of two chords, a
prime and a target. It was hypothesized that ifrzanric expectations were present,
judgments about the target chord (major/minoruinefout-of-tune) should be facilitated
by certain prime chords and slowed down by othEms. results suggested that harmonic
expectations are based on relations of harmoniardis (as described by the Circle of
Fifths; see Figure 1). The closer the harmonidiciahip between prime and target
chord, the faster the target-judgment was mademblaic expectation does not require
the conscious knowledge of the listener, but caseadhrough implicit processing of

harmonic relations (Bigand, Tillmann, Poulin, d'Ada& Madurell, 2001), which mirror



the principles of harmonic relatedness underlyiresi®rn music (Koelsch, Gunter,

Friederici and Schroeger, 2000; Tillmann et alQ2Gsee Figure 1).

Figure 1. Circle of Fifths The outer upper-case symbols represent major key/she adjacent inner
lower-case symbols represent the relative minos Keg. C major - a minor). The closer the keys, th
closer their harmonic relationships, which are ¢ated by the number of scale-notes in common: with
direct neighbors, this is 6 notes, with neighbareeoremoved this is 5 notes, etc.

It has been shown that the harmonic distance betive® keys is related to the tension
contained in the music as judged by the listemesfudies using chord sequences of
varying lengths (Bigand, Parncutt and Lerdahl, 2®§and, Madurell, Tillmann, &
Pineau, 1999) as well as in studies using real erilsumhansl|, 1996; 2002; Toiviainen
and Krumhansl, 2003). Chords far away from the ltomat will tend to produce
perceptions of tension, because more expected harrevents are suspended (Lerdahl
and Jackendoff, 1983). We will argue that percebtession in the music can be related
to felt emotion. However, we consider tension talmkstinct and separable
psychological concept.

Bigand et al. (1996) presented listeners with 3rx@ls@quences where an initial and final
root chord was separated by another chord withimgiyarmonic distance from the root
chord. Participants were asked to rate the amduension produced by the middle
chord. Listeners found the middle chord as incregigitense the further it moved in
harmonic distance from the root chords by whickias framed. In another experiment,
Krumhansl| (1996) obtained several perceptual rafimgluding tension, from listeners to

a Mozart piano sonata, measured continuously asitts&c was playing. Analysis



revealed that features such as the interrupti@tarmonic progression, or a key change,
were responsible for increases in perceived tensiosum, these studies suggest that the
less expected a harmonic event is to the listehemnore musical tension will be
perceived. This is important for the present stibégause musical tension seems to
represent a link between expectation and emotievel@l studies have shown that there
is a high correlation between the amount of tenpenceived in the music and how
emotional the listener feels in response to theien&sr instance, in a study on the
expressive properties of dance and music, KrumlaniSchenck (1997) asked
participants to continuously rate both the amodinésion and expressed emotion of the
music, by means of an adjustable foot-pedal, inishgahe strength of their responses. It
was found that the two ratings correlated very lyighn both a moment to moment and
whole-piece level. In another study by Krumhad8i97), psychophysiological measures
were taken during exposure to musical extractsftédrdnt emotional character, and
participants were asked to rate the tension andiena mood perceived in the music.
The dominant mood of each piece, as rated by skenker, was found to correlate highly
with the rated tension. These studies are suggestia link between the perception of
tension and emotion in music on both a local as ageh global level.

Another relevant study was carried out by Slobd@®{), in which retrospective
subjective accounts of physiological manifestatiohemotional responses to music
listening were obtained. Participants were askaddntify specific passages in
compositions which reliably elicited these respange analysis of the musical structure
of the cited passages was able to link specifisioygical responses to specific musical
structures. It was revealed, amongst other thihgs,heart racing tended to be associated
when a prominent event occurred earlier than expeend shivers and pilo-erection
tended to be associated with new or unprepareddraes The study adds further
evidence that the unexpected in music is capalddi@fing emotions in the listener. It
also adds support to the notion that there areralepathways to emotion in music and
that unexpected harmonic events are only one amamy (Scherer and Zentner, 2001).
In summary, it appears that the further a harmewent is from its tonal centre, the less

expected it is and the more tense it will appedhédistener. This in turn will increase



the amount of emotion in the listener. Tensiorisstan important connecting concept,
establishing what it is about the unexpected tredtes it emotional.

What is still lacking in the literature is a demtyation of a direct link between an
unexpected musical event and an emotional resp8isgoda’s (1991) self-report study
suggests that this is possible, but it has nobgen studied in a controlled experimental

setting, with an objectively measurable emotioraponse.

The present study included two physiological measas indicators of emotional
processing, namely the Inter-Heartbeat Interval) @d Electrodermal Activity (EDA).
These two measures have been consistently assbeidkethe valence and the arousal
dimension of the emotional experience respecti(i@igdley and Lang 2001; Bradley,
Lang and Cuthbert, 1993c; Lang, Greenwald, BradieHamm, 1993). Arousal refers
to the degree of emotional intensity and valendbegoerceived un-/pleasantness of the
stimulus. Using these two measures thus providesah the two central dimensions of
emotional response. In relation to emotional psec® in music, only some studies have
looked at physiological measures systematicallunirans| (1997) used a variety of
physiological measures to investigate emotionatgssing including, amongst others,
IBl and EDA. Sad excerpts seemed to most strorffggiathe cardiac and electrodermal
systems, while fearful excerpts influenced mairdydeovascular measures and happy
excerpts respiratory ones. This suggests thatfgpeaiotions experience in response to
music involve particular physiological charactecst

Focusing on one physiological variable, Khalfa,g@erBlondin and Manon (2002)
studied emotional arousal levels by measuring EDresponse to pieces of music
selected to represent and elicit one of four ematibappiness, sadness, fear and
peacefulness. It was found that the two intuitivalyre arousing of the four emotions,
fear and happiness, produced greater EDA than sad@mel peacefulness, and it was
concluded that EDA is a better indication of whethenusical stimulus is arousing as

opposed to its emotional valence (i.e. sad or happy

A considerable body of literature has exploredrtberal processing of expectancy

violations. Koelsch et al., (2000) investigated howsic processing in the brain is



influenced by a preceding musical context and keyddgree and the probability of a
harmonic expectancy violation. The experimentaagaym entailed playing five chords,
which would usually consist of an expected in-kaynhonic progression starting and
ending on the tonic, with the dominant seventheasiftimate chord, followed by the

final tonic (a prominent marker for the terminatioina harmonic sequence). To
investigate the neural processes underlying thatiom of musical expectancy, out-of-
key chords were presented infrequently at eitffeor3" position of the chord sequence.
In other words, harmonically unrelated chords weaged, which in this case were so-
called Neapolitan Sixths. Neapolitan chords aréatians of the minor subdominant
chord of the home key, with a diminished sixth éast of a fifth (in C-major: f-a flat—d
flat). Because the Neapolitan Sixth is based omrtim®r subdominant, the chord features
two out-of-key notes in major keys (in C majoria find d flat) and one out-of-key note
in minor keys (in C-minor: d flat), and could thiene be described as highly unexpected.
However, Neapolitan chords are not in themselvesasiant but consonant chords.
Event-related brain potentials (ERP’s) elicitectoy unexpected chords revealed two
effects: an early right anterior negativity (ERApBaking around 180 ms, taken to reflect
the violation of harmonic expectancy; and a latatbral frontal negativity peaking at
500-550ms (hence referred to as N5), taken toatette higher processing effort needed
to integrate unexpected harmonies into the ongmiagical context.

The ERAN was found to be larger when the Neapolitas at & position than at"3
position in the chord sequence (Koelsch et al.0200he explanation for this is likely to
be that by theBposition the listener had built up stronger musisgectations as a

result of processing more prior chords, and s@ieectancy violation was greater.

These findings have been taken as evidence thatrdneis sensitive to harmonic
violations, given a sufficient sense of harmoninteat, and have been replicated in
several subsequent studies (see Koelsch, 2005s&toahd Siebel, 2005). Because the
ERAN-effect was found in non-musicians, this stigrsgyiggests that all listeners familiar
with Western tonal music have an implicit senstoao#tlity. However, Koelsch, Schmidt
and Kansok (2002b) discovered that the neural t@hsfor harmonic expectancy

violations was greater in musicians than in nonimaiss, suggesting that musical



training influences the processing of harmonictieteships. Additionally, Koelsch and
Mulder (2002) found that nonmusicians were ablddtect inappropriate harmonies in
piano music by classical composers, as indicateahliyRAN-like effect, a finding
relevant to the present study, since the stimutevexamples of real music.

The stimuli for these EEG studies have also beed irsan fMRI-study (Koelsch, Fritz,
Schulze, Alsop & Schlaug, 2005), in which strongvations of the frontal operculum
(BA 44, which in the left hemisphere is also rederto as part of Broca's area) were
observed in response to the harmonic expectanéstiaons. This structure has been
implicated in the processing of structural irregiikes, in both music and language
(Koelsch, 2005; Friederici, 2002). The activatidrihe frontal operculum was found to
be stronger for musicians than for non-musiciangperting the previous EEG-findings
by Koelsch, Schmidt and Kansok (2002b). Interes$tiradditional activations for both
subject groups were observed in the orbital frdateral cortex (OFLC), a paralimbic
structure previously related to the evaluationhef émotional valence of a sensory
stimulus, and the attribution of emotional valetwsensory information (Mega,
Cummings, Salloway and Malloy, 1997). The activaitid the OFLC in response to
harmonic expectancy violations suggests that agtivithis brain structure might be due
to emotional processing in response to these \ooist

These EEG and fMRI studies used chords which wanadbnically unexpected in a
given context and elicited neural activity whictshmeeen argued to reflect music-
syntactic processing, due to their close assoaatith processes reflected in language-
syntactic processing (Friederici, 2002). Howeueis still unclear to what extent these
unexpected harmonies also activate emotional pseses

The theory outlined above, and the observed adativalf the OFLC increases the
plausibility of such an idea. It was the purposé¢hefpresent investigation to explicitly
test the hypothesis, whether harmonic expectaratgtions are also emotionally
significant. Several dependent measures were eeglmyallow a more intergrated
analysis.

It was hypothesised that with increasing harmonexpectedness (a) subjective
emotional intensity immediately following the vititan will be heightened, (b) the

tension perceived in the music will be heighterfeylthe overall rated emotional



intensity of the stimulus will be heightened, (d)iacrease in physiological indicators of
emotion will occur, (e) neural mechanisms will lieieed to process the increasing
harmonic unexpectedness, specifically an ERAN and&and (f) that musicians will
show stronger reactions in all measures than nasiemams, since they should have
internalised the rules of Western music more cotaplehan non-musicians and should
therefore be more sensitive to their violation®fBlda, 1985, 1992; Koelsch et al.,
2002b, 2005)

M ethod

Subjects

Twelve musicians (age range 19 — 29, mean age 84S, six men) and twelve non-
musicians (age range 20 - 27, mean age 24.7 y@ansien) participated in the study.
On average, musicians had 13.8 years of musigalriga(range: 8.5-18.5), consisting of
instrumental tuition as well as aural training reed at a music Conservatory. Non-
musicians did not have any musical training beytbrad routinely provided in classroom

music at school. All subjects were right-handed i@mbrted to have normal hearing.

Stimuli

Stimuli consisted of excerpts from six differenbdles by the composer J.S. Bach
(Riemenschneider, 1941). These were either pras@mtleir original form or minimally
manipulated in two ways to produce either a mora lesss harmonically expected
version than the original (see Table 1). The oabsection of each chosen chorale was
selected specifically for its unexpected harmotngcsure at a particular point, generally
a cadence. These points (which we will call “téstjewere selected by musical intuition
and then confirmed by calculating the distancénefdhosen harmonic point from the
home key. This distance was measured using thie afdifths (see Figure 1) and
working out the number of key-steps from both tbenk key and the key of the
immediate context to the relevant harmonic point.

For each chorale, two alternative harmonisationt@target were composed, one which

was more harmonically expected than the origindlamother which was less
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harmonically expected than the original. The moggeeted versions were always a
return to the tonic (for five of the chorales thias a return to the tonic of the piece, for
one of the chorales, this was a return to the tohtbat particular section). In two cases
there was also a change in the melody prior te¥pected harmonic event in order to
accommodate the harmonic change. The very unexpeetsion was always a
Neapolitan Sixth in relation to the home key ($ezlhtroduction for a more detailed
explanation of its harmonic construction and relahip to a given home key; see also
Figure 2 for an example of a stimulus and its malaijpons). For all very unexpected
events, the melody had to be altered to fit thenoaiic change.

The unexpected musical events, as composed by Biatchot always possess the same
degree of unexpectedness. The unexpected everitivasthe relative minor (twice),
more chromatic than the expected event (twiceth@isubdominant chord as opposed to
the tonic (twice) (see Table 1 for more detail)eTarget was always at least 7 chords
away from the end of the chorale.

In summary, there were three types of each stimbksnonically expected, unexpected
(Bach'’s original) and very unexpected. With six iiies, this produced 18 stimuli in
total.
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Figure 2. One example of a cadence within the stimulus sefitsrmanipulations: Version A is an
excerpt of the original composition by Bach, withamonically unexpected event (indicated by the
dashed square); Versions B and C are identicdlgmtiginal, apart from the harmonic events enadose
within boxes, which were rendered to be either tmarically more expected than the original (Version B
or less expected than the original (Version C).

Chorale (asindicated by Length of entire chorale | Placement of targets within the
Riemenschneider, 1941) (length of excerpt) segment and manipulation

No. 7 (BWV 17.7): Nun lob', |46 bars ljars 24-3) Bar 27 — move to the

mein' Seel', den Herren. subdominant

No 21 (BWV 153.5): Herzlich tytl7 bars lars 1-5 Bar 4 — heightened chromaticism
mich verlangen

No 52 (BWV 429): Wenn mein | 16 bars ifars 3-7 Bar 7 - move to the subdominant
Stundlein vorhanden ist

No 60 (BWV 133.6): O Stilles |17 barsljars 11-1% Bar 15 — move to the relative
Gotteslamm minor of the home key

No 84 (BWV 197.5): Nun bitten 15 bars long Hars 8-19 | Bar 13 — move to the relative

wir den heiligen Geist minor of the section key

No 276 (BWV 375): Kommt hen,11 barsljars 5 -1} Bar 9 — heightened chromaticigm

ihr lieben Schwesterlein

Table 1: Chorales used as stimuli, indicating the lengtthefof the stimuli, the location of targets within
the stimuli, the length of the entire chorale, kegth of the excerpt used in the physiological péithe
study, and the type of unexpected harmonic everuraag in the original.

Stimuli were taken from previously recorded MIOES and altered in CuBase SX. The
three versions of each chorale were identical dpart the harmonic event which was
changed for each condition. The music was playddont expressive features, and

tempo and loudness were kept constant throughout.

Two versions of each stimulus were used: a fulsier (45-90 seconds) for the
continuous response measure, to allow for a cagnisponse to the music to develop
over a slightly longer time span; and a shorterexdign (9-20 seconds) for the
physiological data (EEG and EDA). To reduce theraVé&me of the experiment, the

phrase containing the target was extracted frorh ehorale. Bach typically used
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fermata(musical resting points) to mark the end pointadlephrase. These were used
to identify the beginning and end of the shortengli, thus retaining the most musically
coherent stimuli possible.

The harmonic events of interest, both original altered, had a total duration of between
650-1200 ms.

The stimuli were generated in Wave-Format withanpisound using CuBase SX

(Steinberg/Wizoo; Germany) for presentation dutheyexperiment.

Procedure

The experiment consisted of two parts: a first behaal part which obtained continuous
subjective ratings on the scales of tension andienmadity to the music as well as
obtaining a final rating of overall emotionalitytae end of each piece; and a second part

which recorded physiological measures (IBl, EDAwadl as an EEG.

The first part was divided further to allow recargliof both tension and emotion ratings.
Continuous emotion ratings were asked for the fingte chorales, and tension ratings for
the second three, the order of which was changed&fery three subjects. To avoid
any participant hearing different harmonisationthef same chorale, stimuli were rotated
among participants following a Latin square design.

Participants indicated the extent of their emotisagponse or the amount of perceived
tension using a keyboard, which controlled a moleeedd slider displayed on the screen.
The slider could be positioned at any intermeduatiat between two end points which
were marked respectively as 0 and 100 for minimdlrmaximal amount of tension or
emotion.

Depending on what participants were rating, thatemtgl text was displayed on the
screen!'Please indicate continuously how strong your eor@l reaction is to the music
that you hear!"or "Please indicate continuously how you feel theitens the music

that you hear is changin§j!Responses were recorded every 100ms.

At the end of each chorale another rating from 1Gavas given of the overall

emotionality in response to the music.
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Participants were given as many practice trialk &ipractice chorale as they needed, to
acquaint themselves with the response interface.

After the practice, the behavioural part of theexkpent began. After completing the
ratings, the experiment was repeated. This repastta&ken into the statistical analysis,

with the factor BLOCK, thereby providing a measofeesponse reliability.

The second part of the experiment constituteddhnt measurement of IBI, EDA and
EEG. The order of chorales was pseudo-randomiZi&istimuli were presented in total.
Due to the limited number of chorales selectedtierexperiment, each version of each
chorale was presented six times, adding up toi86& fper condition. Repetition of
individual stimuli was necessary to increase thgaaito noise ratio.

For the physiological and neural data collecticartipipants were given another task to
ensure that they were paying attention to the m@atinuous responses, as in the first
part of the experiment, would have been undesimiéeto muscular artefacts, which can
obscure emotion-related EDA. The task was kept lgimp order to reduce any arousal
related to task-complexity. Therefore participdms to compare the length of each
extract and indicate whether it was longer or shrdttan the previously heard one.
Participants were given a response-box to make tbsponses. There was no response
feedback. To avoid a confound with event-relatedh\E@2sponses could only be made
two seconds after the music had ended.

After the response was made there was another pa8sseconds to allow EDA to

return back to a baseline response.

Data measurement and analysis

For the measure of continuous responses, thetlitereeports a time-lag between
musical event and response estimated to lie bet@@eseconds (Krumhansl, 1996;
Sloboda and Lehmann, 2001). Having plotted indigidasponses onto a graph and
observed no change in response after 3 secondstpuostus (point of
original/manipulated harmony), the present studiyreded a maximum time-lag of three

seconds. To reduce the amount of data from thereanis response measure, every 10
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data points were averaged to one point produciegesponse value for each second.
Judgments were analysed by analyses of varianc©{AN as univariate tests of
hypotheses for within-subject effects. For bothtrwous response scales (tension and
emotionality) ANOVAs were conducted for the fact@dORD TYPE (expected,
unexpected, very unexpected), TIME (0-1 secs, &e8,2-3 secs), BLOCK (first rating,

second rating) and for the between-subject facRAINING (musician, non-musician).

EDA, 1Bl and EEG were recorded simultaneously ugr82/MREFA amplifiers
(Twente Medical Systems) and digitized with a sangptate of 500 Hz. For the EDA
measurement, two Ag-AgCl-electrodes were placethemmedial phalanx of the middle
and index finger of the non-dominant hand (alwayy bnd attached with an adhesive
tape. The sites were treated with alcohol 15 mepteor to fixing the electrodes. After
recording, the EDA was sampled down to 20Hz arteréld with a low-pass filter of 8.5
Hz (599 points, fir). The EDA was visually inspettend checked for failures of the
measuring device as well as movement-related atgefypically producing an unusually
steep onset. Averages were computed with a 500eastipnulus baseline. Responses
were considered if they occurred within a 1-3 seldatency window following stimulus
onset, as described in the literature (Khalfa e2&02). ANOVA’s were conducted for
the factor CHORD TYPE in a time window of 1-5 sedsand for the between-subject
factor TRAINING.

For the IBI measurement, two electrodes were placeithe upper biceps of the left and
right arm. After recording, the data were filteresing a band pass filter with the
frequency range of 2 — 60 Hz (801 points, fir)tamsaneous heart rate (bpm) was
calculated based on the length of R-R peak intervalerages were computed with a 1
second pre-stimulus baseline, as described intdrature (Bradley and Lang, 2000).
ANOVA's were conducted over two-second time windéws 0-6 secs post-stimulus
for the factor CHORD TYPE and TRAINING.

The EEG was recorded using Ag-AgCl-electrodes fB@ntocations of the 10-20 System
referenced to the left mastoid (Pivik at al., 1993)e Ground electrode was placed on

the sternum. Additionally a horizontal electro-agram (EOGH) was recorded, placing
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electrodes between the outer right and outer &fthus, for a subsequent identification
of eye-movement related artefacts. The verticaltedeoculogram (EOGV) was recorded
placing an electrode on the nose and another at HRZEEG-data were filtered offline
using a band-pass filter with the frequency rarfg@2b - 25Hz (3001 points, fir). To
remove eye-movement related artefacts from the B&@; data were excluded if the
standard deviation of the horizontal eye-chann#étiwia gliding time window of 200 ms
exceeded 2fV. To eliminate movement-related artefacts andidgfelectrodes, data
were excluded if the standard deviation withintihee window of 800 ms exceeded 30
uV. On average 12.2% of all trials were rejectedrfiforther data analysis. Averages
were computed with a 200ms pre-stimulus baseline.

Mean ERP values were computed for four separatonegf interest (ROI's): left
anterior (F7, F3, FT7, FC3), right anterior (F8, IKC4, FT8), left posterior (C3, CP5,
P7, P3) and right posterior (C4, CP6, P4, P8). AMGWvere conducted with factors
CHORD TYPE, TRAINING, HEMISPHERE (left x right ROlsand ANT/POST (frontal
x parietal ROIs). ERP amplitude peak times were atanpared for the two groups with
the factor PEAKTIME, for which mean ERP latenciesrgvcomputed of all electrodes.

Results

Continuous Response Data

For the continuous response part of the experinleatexperiment was repeated to assess
the rating reliability. Correlation coefficients theeen the first and the second ratings
were calculated. The Pearson’s correlation coeffigiused to indicate the reliability of
the continuous responses, indicated a highly sagmf positive correlation for both
continuous emotionality and tension ratings, with®.571; p < 0.001 and r = 0.771; p <
0.001 respectively. Additionally, also emotionalpiact ratings given at the end of each

of the two repetitions of the same piece correlated/ highly with one another (r =



16

0.908; p < 0.001). These significant correlatiamdigate that participants judged tension
and emotionality reliably.

As already mentioned, for the following statisti@adalysis, both ratings on each scale
were included in the analysis with the factor BLOQCK

Continuous emotionality judgements, which were rded on a 100-point linear scale
representing the position of the slider on the estresshowed no increase with harmonic
unexpectedness over the three seconds post-stirmntusio interaction between any of
the factors.

Tension judgements on the other hand, appearedntoease over time with
unexpectedness of the harmonic events (see FigureAr3 ANOVA for tension
judgements with the factor CHORD TYPE, TIME, TRANG and BLOCK revealed an
interaction of CHORD TYPE and TIME (F{2,162} = 41, p < 0.05), such that the
increase in tension was greatest for the most wat&d harmony. There were no further

significant interactions between any of the otlaetdrs

O expected
unexpected
W very unexpected

Tension ratings

1.00 2.00 3.00

Point in time (seconds)

Figure 3. Mean and standard error of tension responses talshaf different expectedness over time.
Presented values were derived by subtracting the\a time O from the successive judgements, taiob
an absolute value of increase/decrease in resgontbe harmonies, as displayed on the y-axis. idans
ratings significantly increased with harmonic unectedness.

The emotional impact ratings given at the end chgaece (see Figure 4) also increased
significantly with the increase of unexpectedneksiamonic events embedded in the
music. An ANOVA with factors CHORD TYPE, TRAININGna BLOCK showed a



17

highly significant effect for factor CHORD TYPE gn(F {2,141} = 17.591; p < 0.0001).
Post-hoc tests showed a significant difference eetwall three conditions (expected vs.
unexpected: p < 0.05; expected vs. very unexpegted:0.0001; unexpected vs. very

unexpected: p < 0.001).
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Figure 4. Mean and standard error of Overall Emotional ImgRatings given at the end of the music.
The overall emotionality clearly increased in rex®to increases in harmonic unexpectedness.

Physiological data

For the behavioural task, performed while recordimgphysiological data (judging piece
length), 79.9% of all key presses were correct,icatthg that participants paid

sufficiently close attention to the music.
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IBl: There were no significant changes in the IBI fbe tthree different types of

harmonisation in any of the three time windows (8e2s: p>0.5; 2-4 secs: p>0.9; 4-6

secs: p>0.4).

EDA: The EDA in response to the three different typelsasmonisation were compared
over the time course of 5 seconds, because anylssmelated electrodermal activity
was expected to occur in that time window (see bld$h As was hypothesised, the three
EDA curves begin to diverge around 2 seconds pfostikis, increasing most for the
EDA response to very unexpected harmonies ane ligss for the EDA response to
unexpected harmonies (see Figure 5).

An ANOVA with the factors CHORD TYPE and TRAININGevealed a significant
effect of CHORD TYPE (F {2, 46} = 6.15; p < 0.01and no two-way interaction.
Comparisons between each condition revealed stgmifidifferences between expected
and unexpected chords (F {1, 23} = 7.77; p < 0.8 expected and very unexpected
chords (F {1,23} = 10.29; p < 0.01), but none betweinexpected and very unexpected

chords (p< 0.3) (significance levels were Bonferamrrected).

07,5
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-201
----------- expected ———- unexpected —--—--- very unexpected

Figure 5. Averaged EDA of all participants in response to tiiee different types of harmonisations.
The y-axis ouSiemens|{S) represents relative (not absolute) values (g negative value on this scale
does not exist in an absolute sense, but indieateline in EDA over time).
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EEG

Early negativities

As can be seen in Figures 6 and 7, the very unéagh@hord (Neapolitan Sixth) elicited
a distinct early negativity for both groups, peaksiightly earlier for musicians (around
200ms) than for nonmusicians (around 230ms). Thgativity was broadly distributed
over the scalp and resembles the ERAN reportedreniqus studies (Koelsch et al.,
2000; 2002a, 2002b, 2003). As a result of this drdestribution, we will refer to this
component more generally as an early negativity)(EEMen though we assume it to be
functionally the same as the ERAN.

Peak latencies of this ERP were compared betweetwibh groups, because it was 30ms
earlier for musicians than for nonmusicians. Anejpendent-subjects t-test for the factor
PEAK TIME revealed a marginally significant diffexee between the two groups (t {22}
=-2.048; p = 0.053).

ANOVA's for frontal ROIs with different time-windosvfor each group (musicians: 180-
230ms; non-musicians: 200-250ms) with factors CHORBPE, HEMISPHERE,
ANT/POST, and TRAINING revealed a significant etfet CHORD TYPE (F {1, 22} =
11.43; p < 0.005), but no interaction between ahthe factors. Even though this EN
looks considerably larger for musicians than fondnausicians, this was not confirmed
statistically.

The EN was followed by a large positivity partialyafor musicians, which will be
reported in detail further below. Even though itsweypothesised that an N5 would be
elicited, the large positivity preceding the ERBuees the size of this component and the
N5 was thus not significant.

The unexpected chord (composition in its origimahf), also elicited an early negativity
for both groups, however considerably earlier farsimians (around 210ms) than for
non-musicians (around 310ms) (see Figures 6 andnd)with a slight left-anterior
preponderance for the latter group. Because the \E&Pelicited approximately 100 ms
earlier for the musicians, this difference was &y tested. An independent-subjects t-
test for the factor PEAK TIME revealed a signifitalifference between the two groups
(t {22} = -3.585; p < 0.005).
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ANOVA's for frontal ROIs with different time-windosvfor each group (musicians: 190-
240ms; non-musicians: 290-340ms) with factors CHORBPE, HEMISPHERE,
ANT/POST and TRAINING, revealed an effect of CHORBDPE (F {1, 22} = 4.79; p <
0.05), but no interactions between any of the facto

The distributions of the ENs elicited by both vemyexpected and unexpected chords
(henceforth ENvx and ENux respectively) appearastoongest over fronto-central sites.
It is assumed that these negativities are geneedtdte same or very similar sources and
reflect the processing of harmonic expectancy timis. Because the Neapolitan Chord
was less expected than the unexpected harmonidsrusige original compositions, and
because previous findings suggest the ERAN amg@itodbe sensitive to the degree of
harmonic violation (Koelsch et al., 2000), the aitaples of the ENvx (time windows:
180-230ms/200-250ms) and of the ENux (time windo$80-240ms/290-340ms) were
compared. An ANOVA with the factors NEGATIVITY an@iRAINING revealed a
marginally significant effect of NEGATIVITY (F {122} = 3.99; p = 0.058), indicating
the ENvx to be larger than the ENux.

Correlation between early negativity amplitude and EDA increase

In an attempt to see whether the size of both ENlitudes is correlated with an increase
in EDA, mean early negativities were calculateddach subject, as well as the increase
in EDA response to unexpected and very unexpecients compared to expected
events. If the early negativities are directly msgible for the increase in EDA, then
significant correlations ought to be observed. Hmvethere was no significant
correlation between the size of the early negatiuitd the EDA (r = -0.342; p = 0.322).

Positive Components

Even though these were not hypothesised, sevesdlygocomponents were found: a
large and globally distributed one for musiciansdgponse to the very unexpected
harmonic event (Neapolitan Chords) peaking at at@40 ms strongest over central
electrodes, and another peaking at 470 ms strongesparietal electrodes. Non-

musicians also showed a slight positivity betwe@d-300 ms on the right hemisphere in



21

response to the very unexpected chords. This pibgivas also observed in response to
merely unexpected chords (Bach original), but @lsight parietal sites.

An ANOVA with factors CHORD TYPE (expected, veryaxpected), ANT/POST and
TRAINING for all electrodes for the time window 3@@0 ms revealed a significant
effect of CHORD TYPE (F{1,11} = 16.84; p <.00B)t no interaction with the factor
ANT/POST. There was, however, an interaction of GOTYPE and TRAINING (F

{1, 22} =8.24; p < 0.01).

Another ANOVA with factors CHORD TYPE (expectedyyenexpected), TRAINING
and ANT/POST in the time window 400-500 ms reveaeipnificant effect of CHORD
TYPE (F {1,11} = 31.05; p <.0002) as well as angfigant interaction for factors
CHORD TYPE and ANT/POST (F {1,11} = 8.24; p <0,@howing that it was larger
over parietal sites) and for factors CHORD TYPE @aRAINING (F {1,22} = 12.69; p <
0.005).

An ANOVA for non-musicians with the factor CHORD PE (all three) over right
parietal electrodes revealed a significant effed2( 22} = 4.01; p < 0.05). Subsequent
comparisons between conditions however revealesigmificant differences when
Bonferroni corrected.

Even though the P3 has been associated with arRalath and Kok, 1995), the data do
not warrant the need for a correlation betweeni®8and EDA, because the P3 was
found only in response to very unexpected chortigreas the EDA varied

systematically with both mildly and very unexpectéards.
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------- expected chords

=—--=-  very unexpected chords <

—— difference wave

....... expected chords

—=—== unexpected chords <

0.190-0.240 s

30 w 430

ENux

——— difference wave

------- expected chords ====- unexpected chords —-=:=  very unexpected chords

Figure 6. ERP responses to harmonic expectancy violationsnigsicians. ERP's to all three harmonic
conditions are displayed at the bottom. Arrows friire F4 electrode point to displays of the differen
waves between the expected and one of the unexpeotalitions (top: very unexpected — expected =
ENvx; bottom: unexpected — expected = ENux) and tistributions over the scalp (interpolated otrex
indicated time-windows).
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....... expected chords

————-- very unexpected chords <

0.200-0.250 s

[T

30 W +3.0

ENvx

——— difference wave

....... expected chords

——== unexpected chords | <

——— difference wave

------- expected chords ————- unexpected chords =w=w= very unexpected chords

Figure 7. ERP responses to harmonic expectancy violationsnér-musicians. ERP's to all three
harmonic conditions are displayed at the bottonrovs from the F4 electrode point to displays of the
difference waves between the expected and oneeofutlexpected conditions (top: very unexpected —
expected = ENvx; bottom: unexpected — expected =ndEMNand their distributions over the scalp

(interpolated over the indicated time-windows).



24

Discussion

Continuous responses

The behavioural part of the present study foundiaant effects of harmonic
expectancy violations on both the local perceptibtension in music (as recorded
continuously during the presentation of the cha@)alas well as on the emotional impact
of the music (as rated at the end of each piet¢e.HRrmonic expectancy violations
consisted of only one chord, and it is therefongigaarly striking that perceived tension
and the overall emotional impact of a musical piese be mediated by as little as one
specific musical event. Participants were not imfed about the presence of harmonic
irregularities and were not required to detect éhdsords, hence observable effects are
not attributable to task requirements.

Local emotionality did not increase with heightemmadmonic unexpectedness, possibly
because harmonic expectancy violations are capdlmhiuencing the perception of
local tension fluctuations only, rather than legdin an immediate locally-related
emotional response. The increase of both the peocepf tension in music and the
overall emotional impact has been observed in presvstudies (Krumhansl, 1997) and
may suggest that tension is one possible factaiwed in increasing the overall

emotional impact.

Physiological measures

The physiological measures provide data which cempht the subjective responses.
EDA response, a measure typically viewed as ingligatutonomic arousal, was found to
increase with harmonic unexpectedness.

The IBI, on the other hand, did not increase, axhbse this measure has been
associated strongly with the processing of thenedeof stimuli, it suggests that

harmonic expectancy violations lead only to anease in arousal, rather than bearing on
the valence of the emotional experience. It cowddver also be that particular

physiological measures are suited only to partidgatures of musical stimuli. Heart-
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beat measurements may not be sensitive to singkel changes, even though such
changes could be emotionally valent to the listener

Our findings suggest the possibility of a causaichwvhereby the perception of tension
leads to an increase in arousal, which in turnippades to an increase in overall
emotionality ratings. The observable absence afigésin local emotionality and
valence (as suggested by an absence of IBI chasgepbdrts this interpretation. A recent
study by Dibben (2004) demonstrated the influerfqggedpheral feedback in the
emotional experience. In her study the emotiam&insity experienced by music
listeners was directly influenced by their aroustate, suggesting that bodily states are at
least partly used as information for listeners abloeir emotional state. This would
provide a link between the increased arousal aedathemotionality.

It is surprising that clear emotion-related subyecaind physiological effects could be
elicited by stimuli which were synthesised elecitally and possessed none of the other
expressive attributes normally inherent to humarfop@ance (e.g. variations in tempo
and loudness). This provides some reassurancéhtsst effects are robust and can be

extended to a range of types of musical stimuli.

EEG data
Early negativities

The EEG data showed a negative effect resemblm&BAN in time course and
partially in scalp-distribution in response to venexpected harmonies (ENvx), as well
as a similar negativity in response to merely ueetgd harmonies (ENux). Neither the
ENvx nor the ENux were lateralized significantlyt llistributed broadly over the scalp.
However, for several reasons discussed below,uties believe these components to
reflect the same cognitive function as the ERANbin previous studies (Koelsch et
al., 2000), namely the processing of harmonic etgmay violations.

The fact that the scalp distributions of the présita do not completely match with
those described in previous studies should notdqe@ise. The lateralisation of the
ERAN has been previously shown to be somewhat sistent (Koelsch, Maess,

Grossmann & Friederici, 2003) and previous neurgin@studies (Maess, Koelsch,
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Gunter and Friederici, 2001; Koelsch, Gunter, Cnanztysset, Lohmann and Friederici,
2002) suggest that the neural generators of theNER#& located in both the left as well
as in the right hemisphere (in the inferior parBéf 44). We assume that the
lateralization of the ERAN becomes weaker withititeeeasing musical complexity of
musical stimuli, however systematic research isrsgeded in this area. The present
findings therefore support previous studies in figilsl, which indicate that early
negativities, notably the ERAN, are sensitive tpaotancy violations (Koelsch et al.,
2000, 2003).

It is noteworthy that an early negativity was foundesponse to unexpected harmonies,
which were originally composed that way. In corntirdse ERAN reported previously in
response to real musical stimuli (Koelsch and Myl@802a), was the result of the
authors’ deliberate harmonic manipulation of a mexpected original within the
composition.

The finding that the ENvx appears to be larger tin@nENux, supports the notion that
these negativities are sensitive to the degreawhbnic distance, because the stronger
music-syntactic irregularity (Neapolitan chord)ékd a larger negativity than the milder
irregularity. This is consistent with several pmws studies comparing the amplitude of
the ERAN with the extent of the harmonic expectarojation (Koelsch, Jentschke &

Sammler, submitted; Koelsch et al., 2000)

Integrating the ERPs and the physiological andesiivie indicators of emotion does not
provide a clear cut picture. The correlation asiglypetween the event-related
negativities and the EDA was not significant, pblsstlue to too much intra- and inter-
individual variance. However, both electrodermabi@nse and EN amplitudes increased
with increasing harmonic irregularity. It wouldpgar that the detection of an irregular
event is a prerequisite for an emotional responises, the generation of the EN appears
to give rise to subsequent emotional activity @ee Koelsch & Siebel, 2005). It is
unlikely that the EN could directly reflect the etooal response, because early anterior
negativities elicited in response to harmonic intagties are mainly generated in fronto-
opercular cortex and not in limbic or para-limber&bral structures (Koelsch et al.,
2005).
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Positive components:

Several positive components observed in the prestedy which were also previously
reported in the literature on the processing ofrfwamic expectancies. Musicians showed
an earlier, more fronto-centrally distributed andlager, more parietally distributed
positivity (340ms and 470 ms respectively) in resg®to very unexpected harmonies.
Nonmusicians tended to show a similar pattern, fith considerably smaller
amplitudes, and with a slight right-lateralizatwinthe parietal positivity.

Notably, these positivities were elicited even tjloehords were not task relevant in the
present study. We assume that the earlier pogitigitects attentional mechanisms (such
as an involuntary shift of attention due to thegptial relevance of a perceived stimulus
(Escera, Alho & Schroger, 2000)). The later po#itjvis reminiscent of P300-like
positivities elicited during the processing of nmasi information, which have been
previously reported by both Janata (1995) and RdgnBigand and Besson (2001),
presumably reflecting processes of structural amalthat have been reported to often
follow the detection of harmonic irregularities @esch & Siebel, in 2005). This
positivity was found only in musicians and onlyr@sponse to very unexpected harmonic
events, which are not only harmonically unrelated &lso stylistically irregular, and

never feature in genuine works by the composer.

Time cour se:

Further differences between musicians and non-namsiavere found in the processing
speed of the early negativities, but not in the l#oge size. Musicians seemed to process
both very expected and mildly unexpected harmovents faster than non-musicians.
This suggests that musical training enhances hampoocessing, in line with results

from previous studies (Koelsch et al., 2002b; Besfaita and Requin, 1994). This
implies that musicians are more fluent at procegsinsic-syntactic information

(although it has been shown that also nonmusidiame a strong sense of music-
syntactic regularities, Koelsch et al., 2002b; BidjaPoulin, Tillmann, Madurell &

D'Adamo, 2003). This would make sense in the lgjlthe increased exposure to music,
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in both playing and listening, which as a resulyfeilitate processing of music-

syntactical irregularities.

Conclusion

The present data show that music-syntacticallgita chords elicit brain responses
related to the processing of musical structure €iaely anterior negativities), and also
trigger processes related to the processing ofienadtstimuli, as indicated by the
systematic increase in EDA. Earlier latencies efeéhrly negativities for musicians
indicate enhanced processing abilities of harmerpectancy violations compared to
non-musicians. Also, a larger parietal positivity musicians suggests a functional
sensitivity of this component to stylistic violat® within pieces of Western classical
music. Additionally, the present data support M&syEr956) claim that musical emotions
may arise through the suspension and fulfilmemxpiectations. Due to the absence of
local emotionality changes, however, it would beenaccurate to say that harmonic
unexpectednegwedisposeshe listener to increases in emotionality, as iatid by a
global increase in subjective emotionality. Thissvsapported by the
psychophysiological data, which suggest that haronexpectancy violations are capable
of increasing the arousal of the listener. A systgnpositive relationship between the
perception of musical tension and harmonic unexqoiess supports a previously
observed link between musical tension and emo#oarihansl, 1997).

The present data provide evidence in support ofdleeof musical structure in the
listener's emotional experience. The early neuagssing of harmonic expectancy
violations may trigger a cascade of processes,teatiyreflected in increased arousal

levels, which in turn may lead to heightened petioepf overall emotionality
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