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Timbre is an auditory feature that has received relatively little attention in empirical work examin-

ing musical tension. In order to address this gap, an experiment was conducted to explore the con-

tribution of several specific timbre attributes—inharmonicity, roughness, spectral centroid, spectral 
deviation, and spectral flatness—to the perception of tension. Listeners compared pairs of sounds 
representing low and high degrees of each attribute and indicated which sound was more tense. 
Although the response profiles showed that the high states corresponded with increased tension for 
all attributes, further analysis revealed that some attributes were strongly correlated with others. 
When qualitative factors, attribute correlations, and listener responses were all taken into account, 
there was fairly strong evidence that higher degrees of roughness, inharmonicity, and spectral flat-

ness elicited higher tension. On the other hand, evidence that higher spectral centroid and spectral 
deviation corresponded to increases in tension was ambiguous.
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I. INTRODUCTION

Tension is a percept that is an essential aspect of how lis-

teners hear sound and experience music. It has long been

regarded by music theorists as a fundamental, emergent phe-

nomenon that is holistic and multidimensional (Nielsen,

1987). Tension as a concept has rarely been defined formally

in experimental work, perhaps due to the assumption that it is

an intuitive concept to listeners. Generally speaking, a rise in

tension has been equated with an increase in excitement or

intensity while a decrease in tension has been described as a

feeling of relaxation or resolution. Prior work has shown that

listeners evaluate tension consistently, as indicated by high

within-subject and between-subject agreement in both dis-

crete and continuous tension judgments (Bigand et al., 1996;

Farbood, 2012; Farbood and Upham, 2013). Furthermore, ten-

sion responses are not influenced by the musical preferences

of listeners (Lychner, 1998) or familiarity with the musical

stimuli (Fredrickson, 1999). Tension also provides a link

between low-level auditory features and high-level psycho-

logical and emotional response (Kruhmansl, 1997; Rozin

et al., 2004; Eerola and Vuoskoski, 2010; Lehne et al., 2013).

Given the importance of tension in music perception,

there have been numerous behavioral and (more recently)

neuroimaging experiments that have examined how various

auditory and musical features contribute to listeners’ experi-

ences of tension. The most frequently examined of these

features include loudness (Nielsen 1983; Krumhansl, 1996;

Ilie and Thompson, 2006; Granot and Eitan, 2011; Farbood,

2012), melodic contour (Nielsen, 1983; Bigand et al., 1996;

Krumhansl, 1996; Granot and Eitan, 2011; Farbood, 2012),

and harmony (Nielsen, 1983, 1987; Bigand et al., 1996;

Krumhansl, 1996; Bigand and Parncutt, 1999; Lerdahl and

Kruhmhansl, 2007; Farbood 2012).

Timbre, on the other hand, has received relatively little

attention as a contributing factor to tension perhaps due to

the general difficultly in defining its perceptual dimensions.

For the purposes of the current work, we employ a working

definition of timbre that encompasses aspects of sound that

are not accounted for by pitch, loudness, duration, spatial

position, or environmental characteristics (McAdams, 2013).

The goal of the present study was to systematically examine

how different timbre attributes contribute to perceived ten-

sion. The experiment described here was designed to feature

stimuli with clearly perceptible changes to specific timbre

attributes that have been implicated in prior work as being

important to timbre perception in general.

Prior studies on timbre and tension fall into two catego-

ries: those that explore higher-level features linked to timbre,

and those that examine specific spectral features of timbre.

High-level features such as orchestration have been shown

to affect the perception of tension in musical pieces of vary-

ing styles (Paraskeva and McAdams, 1997). Increases in the

density of sound arising from complex instrumentation are

perceived as increased tension (Nielsen 1983, 1987), while

decreasing note density that occurs at the end of major sec-

tions in a musical piece corresponds to the greatest drops in

perceived tension (Krumhansl, 1996). The only low-level

timbre attribute that has been directly linked to tension is
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roughness. Bigand et al. (1996) found that higher tension is

correlated with higher roughness in tonal chord progressions,

and Pressnitzer et al. (2000) showed that this effect also

applies to atonal harmony. Both studies attempted to repro-

duce experimental results using Hutchinson and Knophoff’s

(1978) model of dissonance for dyads, which is based on the

concept of roughness (or beating) as the source of dissonance.

Related studies have explored specific timbre attributes

in the context of affective arousal rather than tension.

Although tension and arousal are not necessarily the same

phenomenon, they are at the very least closely related; an

increase in tension corresponds to an increase in arousal

(Krumhansl, 1997; Ilie and Thompson, 2006; Eerola and

Vuoskoski, 2010). In the context of work on music and emo-

tion, spectral centroid and spectral flatness are two specific

attributes that have been examined. Schubert (2004) found

that spectral centroid and texture (the latter defined as the

number of instruments playing) did not produce consistent

predictions of two-dimensional (valence-arousal) emotion

ratings of music. Similarly inconclusive results were

obtained by Bailes and Dean (2012), who examined how

spectral flatness corresponded to continuous two-

dimensional ratings of (primarily) electroacoustic music.

They concluded that there was little support for the effect of

spectral flatness on arousal.

Aside from perceptual studies, there is also a consider-

able amount of work in the field of music information

retrieval that uses machine learning to classify and predict

mood or emotion in music directly from low-level audio fea-

tures. However, this research primarily focuses on engineer-

ing approaches and is beyond the scope of the current work.

For a review of literature on machine recognition of emotion

in music, see Kim et al. (2010) and Yang and Chen (2012).

The work discussed above encompasses widely varying

goals and methodologies, and the majority of those studies do

not directly focus on the contribution of specific timbre attrib-

utes to tension. The present work offers a more in-depth

examination of how timbre affects tension perception by sys-

tematically examining a number of perceptually relevant

spectral features. An experiment was conducted to examine

the contribution of five specific timbre attributes on tension

perception: inharmonicity, roughness, spectral centroid, spec-

tral deviation, and spectral flatness. These attributes were cho-

sen based on three criteria: (1) they have been reported to a

have a strong correlation with listeners’ ability to discriminate

timbre; (2) they are linked or correlated with musical or tonal

tension; and (3) they can be measured and synthesized for the

purposes of creating stimuli for an empirical study.

II. TIMBRE ATTRIBUTES

Spectral centroid is an attribute of timbre that is associ-

ated with the perceived brightness of a sound (Schubert and

Wolfe, 2006). A substantial body of work has shown that spec-

tral centroid is a prominent factor in timbre perception; these

include multidimensional scaling (MDS) studies that analyze

dissimilarity ratings for pairs of musical instrument sounds

(Grey and Gordon, 1978; Iverson and Krumhansl, 1993;

McAdams et al., 1995; Lakatos, 2000; Caclin et al., 2005) as

well as music information retrieval applications of timbre

attributes (Eronen and Klapuri, 2000; Peeters et al., 2000;

Agostini et al., 2003; Zhang and Ras, 2007; Peeters et al.,
2011). Spectral centroid is defined as the weighted mean of the 
energy found in the different frequency bins that are pro-

duced by a fast Fourier transform (FFT) or any other applica-

ble transformation between the time and frequency domains.

The resulting value is in Hertz:

l ¼

X
k

fka k½ �X
k

a k½ �
; (1)

where a[k] is the amplitude corresponding to bin k in a dis-

crete Fourier transform (DFT) spectrum and fk is the fre-

quency corresponding to bin k.

Spectral standard deviation (also termed spectral spread)

is another frequently referenced timbre attribute that is com-

monly used in the context of music informational retrieval

research (Eronen and Klapuri, 2000; Peeters, 2004; Zhang

and Ras, 2007; Peeters et al., 2011). It is a perceptually rele-

vant feature as evidenced by its correlation to one of the

resulting dimensions of MDS analysis used to differentiate

musical instrument timbre (Krumhansl, 1989; McAdams,

2013). Spectral deviation is obtained by calculating the

spread of the energy distribution across the spectrum. For

example, a pure tone will have no spectral deviation. With

the addition of partials, the greater the distance between the

frequencies of the complex, the larger the spectral deviation.

It is calculated as the square root of the spectral variance:

SSD ¼

X
k

fk � lð Þ2a k½ �X
k

a k½ �

3
775

1=2

;

2
6664 (2)

where a[k] is the amplitude of bin k in a DFT, fk is the fre-

quency corresponding to bin k, and l is the spectral centroid

in Hertz.

The spectral flatness measure of a signal corresponds to

how similar its spectrum is to white noise. A spectrum with

energy evenly distributed across its range is considered flat;

in contrast, a “spiked” spectrum with clearly noticeable

peaks is said to have low spectral flatness, and is attributed

with more harmonic or pitched sounds. Flatness is another

commonly referenced timbre attribute (Eronen and Klapuri,

2000; Peeters, 2004; Peeters et al., 2011) that is included in

the MPEG-7 standard for audio and other multimedia con-

tent along with spectral centroid and deviation (ISO/IEC,

2002; Zhang and Ras, 2007). The flatness of a signal is the

ratio of a geometrical mean to an arithmetic mean:

SFM ¼

Yk

k¼1

a k½ �
!1=K

1

K

Xk

k¼1

a k½ �
; (3)
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where a[k] is the amplitude of the kth frequency bin, and K
is the number of bins.

Inharmonicity is a feature that is based on how partials

are offset from integer multiples of the fundamental fre-

quency of a pitch. In addition to being referenced as a timbre

attribute in music information retrieval research (Agostini

et al., 2003; Peeters, 2004; Peeters et al., 2011; Barbancho

et al., 2012), it is an aspect of timbre that has been modeled

in the synthesis of various stringed instruments. The inhar-

monicity of a given signal can be calculated as follows:

I ¼ 2

f0

XN

n¼1

jfn � nf0j An
t

� �2

XN

n¼1

An
t

� �2

; (4)

where ƒn is the nth harmonic of the fundamental frequency

ƒ0, and An is its corresponding amplitude at time frame t.
Roughness is a sensation that occurs when pairs of sinus-

oids are close enough in frequency such that listeners experi-

ence a beating sensation. It is closely associated with sensory

dissonance, a term first used by Helmholtz (1885), who pro-

posed that the perception of dissonance corresponded to the

beating between partials and fundamental frequencies of two

tones. Plomp and Levelt (1965) extended Helmholtz’s work,

showing that the transition between consonant and dissonant

intervals was related to critical bandwidth; their experimental

results indicated and that the most dissonant intervals between

pure tones occurred when frequency differences were about a

quarter of the bandwidth. Hutchinson and Knopoff (1978)

then extended the findings of Plomp and Levelt by applying

them to multiple simultaneous tones. Roughness is thus a fea-

ture that is evident in tonal as well as purely timbral contexts.

A widely used approach to measuring roughness has been

suggested by Sethares (1998); using this method, the peaks

of the spectrum are determined, and then the dissonance

between all pairs of spectral peaks are calculated and aver-

aged. The dissonance value for each pair is determined based

on the findings of Plomp and Levelt.

Given the formal descriptions of the five spectral fea-

tures described above, the goal of the present study was to

synthesize stimuli with contrasting degrees of those attrib-

utes and then evaluate their contributions to perceived ten-

sion. Additionally, the stimuli were designed to explore the

directionality of the features with regard to how they corre-

lated with tension—that is, whether increases in relative lev-

els of an individual feature also corresponded to increases

(as opposed to decreases) in tension, or if this relationship

was unclear. The working hypothesis was that an increase in

each of these attributes would correspond to an increase in

perceived tension.

III. METHOD

A. Stimuli

The stimuli were designed to have two contrasting states

for each attribute: one with a low degree of a particular attri-

bute (state A) and one with a high degree of that attribute

(state B). The low and high degrees of each attribute were

generated using the formal descriptions of the attributes in

conjunction with a perceptual assessment of contrast by the

authors. Although it was impossible to avoid covariance

between all features when synthesizing the stimuli, special

attention was made to keep the spectral centroid constant in

cases where it was not the targeted attribute. This was due to

the established importance of spectral centroid in timbre dis-

crimination experiments. There were a total of five different

categories of stimuli generated, representing the five timbre

attributes in question. The subsequent use of the term

“category” will refer to the group of stimuli designed to

focus on a specific attribute. Likewise, “featured attribute”

will refer to the target attribute in a given stimulus category.

Each stimulus consisted of a pair of renderings of either

state A or state B separated by 1.2 s of silence. Each A or B

state was also 1.2 s in duration, with onset and offset ramps

of 20 ms to avoid clicking. For all pairs there were four pos-

sible state orderings: AB, BA, AA, and BB. The stimuli

were generated at three different pitch registers for each cat-

egory (labeled low, mid, and high). For example, state A

with a low degree of roughness and ƒ0¼ 220 Hz would be

presented with a corresponding state B with high degree of

a roughness and the same ƒ0. Table I lists the fundamental

frequencies used to generate the pairs of sounds in each

register� attribute category. The ƒ0 values were chosen to

represent the same pitch at different octaves. Two different

ranges of frequencies were used depending on which set of

ƒ0 values resulted in better aural distinction between the

pitch registers as well as the general clarity of sound in a

given attribute category.

The stimuli in the spectral centroid category were gener-

ated by synthesizing a sinusoid representing a fundamental

frequency f0 along with several upper partials. Independent

amplitude envelopes were applied to each partial to manipu-

late the spectral centroid, while f0 was not modified.

Depending on the frequency of f0, the resulting difference

between the A (low) state and B (high) state centroid values

ranged from �400 to 800 Hz.

Stimuli in the spectral deviation category were first gen-

erated to change incrementally over time by synthesizing a

sinusoid along with sidebands using frequency modulation

(FM) synthesis. Sidebands were added at increasing distan-

ces from the sinusoid so that the spectral energy was dis-

persed while keeping the spectral centroid constant. This

was done by increasing the modulation index in the FM syn-

thesis formula,

f ðtÞ ¼ f0 þ fmX cos ðfmtÞ; (5)

TABLE I. Fundamental frequencies used to generate stimuli.

Low (Hz) Mid (Hz) High (Hz)

Spectral centroid 110 220 440

Spectral deviation 220 440 880

Spectral flatness 110 220 440

Inharmonicity 110 220 440

Roughness 220 440 880
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where ƒ0 is the carrier frequency, ƒm is the modulating fre-

quency, and X is the modulation index. The A states were

represented by the single sinusoid f0, with a deviation of 0,

and the B states were represented by the transformed signal,

which had a deviation ranging from �30 to 90 Hz, depend-

ing on f0.

To generate stimuli in the spectral flatness category,

noise was added to a complex tone with four harmonics,

including f0. This was done by filtering pink noise so that the

pass band was centered around the tone’s spectral centroid.

The filters and noise used in the generation of these stimuli

were created using the MATLAB DSP toolbox. This method

resulted in a uniform timbre rather than two distinct timbres.

The ratio between the noisy and tonal parts of the signal

determined the degree of spectral flatness. The A states had

no noise added while the B states had a significant amount

noise added such that the noise component was nearly equiv-

alent in intensity to the pitched portion.

In order to generate timbres with contrasting inharmo-

nicity, a complex harmonic tone was first generated repre-

senting a fundamental frequency f0, and partials were added

at increasing distances from the harmonic series of f0. More

specifically, for f0, partials Pm were added at specific fre-

quencies according to the following equation:

Pm ¼ Mf0ð16aÞ; 0 < a < 1; M 2N; (6)

where Pm is the Mth partial, and a is the inharmonicity fac-

tor, in this case a¼ 0.22. The added partials alternated

between frequencies higher and lower than integer multiples

of f0. This method allowed the spectral centroid to remain in

a fairly restricted range while the degree of inharmonicity

could change significantly. The resulting A states had no

inharmonicity while the B states had inharmonicity values

ranging from �0.09 to 0.14.

Since closely paired sinusoids generate more beating,

or sensory dissonance, the roughness of a stimulus was

increased by adding partials of relatively close intervals

around existing partials. By increasing the magnitude of these

added partials, the perceived beating sensation was corre-

spondingly increased. Neighboring frequencies were added

above and below each of the upper partials in order to main-

tain a consistent spectral centroid. These frequencies were

selected by specifying an alpha value, in this case a¼ 0.06.

For example, if the first upper partial f1 was 880 Hz, then the

following frequencies would be added:

f1ð1–2aÞ ¼ 774 Hz;

f1ð1–aÞ ¼ 827 Hz;

f1ð1þ aÞ ¼ 933 Hz;

f1ð1þ 2aÞ ¼ 986 Hz:

Additionally, an amplitude envelope was applied to the sig-

nal so that no increase in intensity was introduced. This

resulted in A states that had no apparent roughness and B

states with roughness values ranging from �220 to 3500,

depending on f0.

There were 60 stimuli in total (5 features� 3 regis-

ters� 4 state orders), all generated in 44.1 kHz, 16-bit mono

WAV format. Overall intensity level equalization was done

automatically for all stimuli using the Echonest API (Jehan,

2013) so that loudness differences across stimuli were less

than 1 dB. The MATLAB Genesis Loudness Toolbox (Genesis,

2009) was used to obtain time-dependent loudness measure-

ments for each synthesized timbre for verification purposes.

Amplitude envelopes and changes in intensity were applied to

compensate for any changes in loudness between the A and B

states, as well as differences in loudness between stimuli.

In addition to the qualitative assessments, objective

measures were also used to verify whether the A and B states

were sufficiently contrasted. Quantitative measures of all

attributes were produced using the MIRtoolbox (Lartillot

et al., 2008) in order to provide an independent verification

of these differences. The primary MIRtoolbox functions

employed were mircentroid, mirspread, mirflatness, mirin-
harmonicity, and mirroughness. A frame length and hop fac-

tor of 1.1 s were used to cover the duration of each sound not

including the initial 100 ms, resulting in a single, non-

overlapping frame of analyzed audio for each sound. In the

case of spectral centroid, spread, and flatness, cutoff frequen-

cies were used to exclude frequency bins beyond the range

of the generated partials.

B. Procedure

Forty-six subjects, 21 female and 25 male, mean age

25.54 yr (SD¼ 8.45), took part in the experiment. In a written

questionnaire, all subjects reported having no hearing impair-

ments. A substantial number of participants were undergradu-

ate or graduate music students at New York University,

although overall the subject pool encompassed a wide range

of musical training. The average years of formal training on a

primary musical instrument was 5.50 (SD¼ 5.36), and the

average number of semesters of college-level music theory

training was 2.49 (SD¼ 3.05).

The experiment was presented in a MATLAB graphical

interface using the Psychophysics Toolbox Version 3 for

audio playback. Participants listened to the stimuli, pre-

sented in random order, on Sennheiser HD 650 headphones

in a sound-isolated (hemi-anechoic) chamber. For each trial,

listeners were asked to judge which of two sounds (first or

second) was more tense or if they sounded equally tense.

Tension was described generically using the following lan-

guage: “Less tension corresponds to a feeling of relaxation

or resolution, while more tension corresponds to the opposite

sensation.” This wording was designed to be broad without

resorting to circular definitions (e.g., “more tension”

described as “feeling more tense”) as well as avoiding termi-

nology that evoked specific auditory percepts such as loud-

ness (e.g., “intensity”). In a post-test questionnaire, subjects

were asked if they had any problems understanding the

experiment, and none reported any difficulties. Subjects

were allowed to play each sound only once before respond-

ing. After each response, participants rated how confident

they were in their judgment (five values ranging from “not

confident at all” to “very confident”). In addition to the
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auditory stimuli, there was a second block of visual stimuli.

This separate experiment exploring visual tension is not

reported here (the order of the two blocks were counterbal-

anced among subjects).

IV. RESULTS

The response profiles for all of the conditions are shown

in Fig. 1. The B states were labeled as more tense by a statisti-

cally significant margin in all attribute categories when

responses are combined across pitch register categories.

Higher spectral centroid, increased spectral deviation, greater

spectral flatness, the presence of inharmonicity, and more

roughness all corresponded to increased tension. The corre-

sponding chi-square goodness-of-fit statistics are shown in

Table II. The results are also consistent when broken down by

pitch register: none of the chi-square tests—when employing

a 3� 3 (pitch register� response type) contingency table for

each attribute� order condition—are significant.

Despite the statistical significance of the results, it is

evident from the relatively smaller chi-square values as well

as visual inspection of the response profiles that perception

of the stimuli in the spectral centroid category was not as

consistent compared to the other categories. The mean confi-

dence ratings in the spectral centroid category were also the

lowest of any category: 4.31 (SD¼ 0.89) compared to 4.36

(SD¼ 0.87) for inharmonicity, 4.42 (SD¼ 0.87) for rough-

ness, 4.48 (SD¼ 0.82) for spectral flatness, and 4.53

(SD¼ 0.76) for spectral deviation. Parametric statistics were

used to analyze the confidence values due to the manner in

which they were presented on the data collection interface:

the five confidence options were displayed to subjects as a

horizontal row of equally spaced radio buttons with only the

ends labeled. In other words, this representation presented

the confidence ratings more as interval data rather than ordinal

values. A one-way, repeated-measures analysis of variance

(ANOVA) showed that the differences between confidence

ratings by category were significant, F(3.45, 155.17)¼ 5.77,

p< 0.001, g2
p¼ 0.11, g2

G¼ 0.023 (Greenhouse–Geisser cor-

rected). Tukey–Kramer multiple-comparison tests showed

significant differences between the confidence means in the

two lowest and two highest-rated categories (between cen-

troid/deviation, centroid/flatness, inharmonicity/deviation, and

inharmonicity/flatness).

Despite the statistically significant correspondence

between response profiles and featured attributes, it is not pos-

sible to vary any one attribute independently such that none

of the other attributes would be affected. Thus more than a

single attribute may have influenced listeners’ responses for a

given stimulus. Two correlation matrices shown in Fig. 2 help

illuminate the relationship between the attributes and

response profiles in each category. Unlike typical correlation

matrices, they are not symmetric, as the rows represent corre-

lations corresponding only to the stimuli in the attribute cate-

gories labeled on the left-hand side. Figure 2(a) shows the

correlations between the objective measures of the attributes

for the stimuli in each category, produced by the MIRtoolbox

functions, and the proportion of responses corresponding to

the A and B states for each stimulus in that category. The

rows in Fig. 2(b) show correlations between the objective

attribute measures for stimuli in each category and the fea-

tured attribute in that category.

Taking spectral centroid as an example, timbre attributes

for all of the AB stimuli in the spectral centroid category

were produced objectively using the MIRtoolbox functions.

The resulting values for each attribute—six values corre-

sponding to the two A and B states for three stimuli (one per

pitch register)—were then correlated with the percentage of

responses corresponding to each A/B state [Fig. 2(a)] and the

spectral centroid values for each state [Fig. 2(b)]. The AA,

BB, and BA stimuli were not used in the correlation analysis

because the attribute values were redundant. Given the small

number of data points, only the very large r-values (>0.95)

were significant at an alpha level of 0.001 (correcting for mul-

tiple comparisons). In any case, statistical significance is not

particularly useful here—the r-values simply provide a help-

ful measure of how coordinated the various attributes and the

respective responses were in each category.

The correlations between featured attributes and

response profiles in each category were in general strongly

positive. The one exception was the spectral centroid cate-

gory, in which all attributes except for roughness were

strongly correlated with centroid. Both the response profiles

and lower confidence ratings were indicative of more ambig-

uous responses when compared with the other categories.

One possible explanation for this could be the opposing

influence of roughness; the strong negative correlations

between roughness and the other attributes in conjunction

with the resulting response ambiguity suggests the possibil-

ity that roughness was a confounding factor.

The responses in the spectral deviation category were

positively correlated with the featured attribute but more

strongly correlated with roughness and inharmonicity.

Furthermore, from a qualitative perspective, the attribute

that seemed the most salient to the ear for stimuli in this cat-

egory was roughness. In short, both the objective and subjec-

tive measures indicated roughness was again a significant

factor in tension judgments. Given the apparent prominence

of roughness, as well as no strong correlation between spec-

tral deviation and the response profiles in other categories, it

was not possible to conclude that spectral deviation affected

tension perception.

In the spectral flatness category, both sets of correlations

looked very similar. Flatness, inharmonicity, and roughness

all increased when a significant noise component was added

to state B. To the ear, this addition of noise was clearly the

salient difference between the A and B states. Since the for-

mal definition of spectral flatness is directly linked to noise,

we can conclude that an increase in perceived noisiness cor-

responded to an increase in tension by both objective and

qualitative measures.

The results in the inharmonicity category were the clear-

est due to the lack possible confounding factors. From a

qualitative perspective, only changes in inharmonicity were

apparent to the ear. From an objective perspective, no other

attributes were positively correlated with inharmonicity

and the correlations with response profiles showed a very

high positive correlation only for inharmonicity; there was
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no correlation or a slight negative correlation between the

responses and all other attributes.

In the roughness category, both sets of correlations

showed that inharmonicity and roughness were both strongly

correlated with each other and the response profiles. Using

just the objective measures, it was not possible to verify

roughness as the primary attribute contributing to tension.

However, from a qualitative perspective, the presence or

FIG. 1. Tension judgments grouped by attribute category and order type. The values in the legend indicate pitch register categories.
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lack of inharmonicity was not evident to the ear; the rough-

ness of the B states of the stimuli was the salient feature.

Furthermore, the possible influence of roughness in the other

stimuli categories provided additional evidence for its

importance in tension perception.

V. DISCUSSION

The present study examined the contribution of five tim-

bre attributes—inharmonicity, roughness, spectral centroid,

spectral deviation, and spectral flatness—to perceived tension.

An experiment was conducted that used stimuli featuring

salient changes in each attribute. Subjects were asked to com-

pare two timbre states representing high and low degrees of a

particular attribute and then choose which one sounded more

tense. The results indicated that increases in all five attributes

corresponded to increases in perceived tension. Responses to

the stimuli in the spectral centroid category, though statisti-

cally significant, were more ambiguous than the others: 59%

of subjects chose timbre state B (higher spectral centroid)

across all pitch registers, a considerably lower proportion

than in the other attribute categories. The other four catego-

ries had responses ranging from 73% to 81% for state B.

Correlations between attributes and response profiles in

each attribute category provided additional context to these

results. In all categories except inharmonicity, multiple attrib-

utes strongly correlated with the responses or the featured

attribute. Given the correlation results, it is arguable that, with

the exception of inharmonicity, definitive conclusions on the

direct contribution of individual attributes to perceived ten-

sion are not possible. However, these objective measures

were unable to quantify the perceptual salience of the featured

attributes versus the other attributes in their respective stimuli

categories. For example, from a qualitative perspective, states

A and B in the spectral flatness category did not distinctly

sound harmonic or inharmonic despite the very high correla-

tion between responses and inharmonicity—the salient feature

of those states was the presence or lack of noise. Technically

speaking, timbres with more noise are also by definition more

inharmonic. The point in this case is that from a listener’s per-

spective, the distinctive change in the timbre, and thus what

elicits the tension response, is the element best defined by

spectral flatness. Similar arguments could be made for the

other attribute categories, with the exception of spectral devia-

tion; from a qualitative perspective, change in roughness was

evident in parallel with the featured change in spectral devia-

tion. In short, while the correlation results provided another

window into how the other attributes corresponded to the

response profiles and each other, they did not provide insight

into their relative salience.

The correlation results also do not indicate universal

relationships between attributes. They are only reflective of

the specific timbres created for the current study.

Nonetheless, they do not conflict with the results of Peeters

et al. (2011) who explored intercorrelation between timbre

attributes in a large database of musical instrument tones.

When Peeters et al. grouped attributes by strength of correla-

tion (using interquartile ranges for attribute values since the

instrument tones were not static), one cluster included cen-

troid, deviation, and other spectral time-varying attributes;

another cluster included inharmonicity, noisiness, and other

attributes indicating signal periodicity or lack thereof.

Given the overall results of the analyses presented, there

was strong evidence for the contributions of inharmonicity,

roughness, and spectral flatness to perceived tension. Increases

TABLE II. Chi-square goodness-of-fit tests. Note: df¼ 2 in all cases; all val-

ues are statistically significant at an alpha level of 0.01 (critical v2¼ 9.21).

AB BA AA/BB

Feature v2 N v2 N v2 N

Spectral centroid 40.5 138 45.5 138 397.0 276

Spectral deviation 171.8 138 130.5 138 392.2 276

Spectral flatness 98.9 138 102.3 138 433.3 276

Inharmonicity 106.5 138 150.8 138 286.3 276

Roughness 118.5 138 86.8 138 290.0 276

FIG. 2. (a) Correlation matrix for response percentages to A and B states,

grouped by stimulus category (represented by rows), and attribute values as ana-

lyzed directly from the corresponding audio (labeled on top). (b) Correlations

between featured attributes and all other attributes in each category. Values

shown are pairwise correlation coefficients (Pearson’s r, two-tailed), df¼ 4.
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in those three features most clearly corresponded to increases

in tension, and these positive results support the initial hypoth-

eses. The concept of noisiness as tension-inducing is intuitive;

for example, there is a great deal of literature on environmental

noise as a source of psychological stress. In the case of inhar-

monicity and roughness, they are both associated with disso-

nance (Helmholtz, 1885; Plomp and Levelt, 1965; Hutchinson

and Knopoff, 1978; McDermott et al., 2010). Roughness in

particular, has been previously implicated as a timbre attribute

contributing to tension (Bigand et al., 1996; Pressnitzer et al.,
2000). On the other hand, the ambiguous responses to spectral

centroid were somewhat surprising given the close association

between centroid and brightness. Prior work has indicated that

brighter instrument sounds are perceived as more tense

(Nikolaidis et al., 2012). On the other hand, work on emotion

and music has shown no impact of spectral centroid on

arousal, suggesting is it not a factor in tension perception as

well (Schubert, 2004; Bailes and Dean, 2012). In summary,

while there is some evidence—including from the current

study—for spectral centroid contributing to perceived tension,

it is by no means definitive.

In more ecologically valid contexts, other factors such

as loudness, pitch, rhythm, melody, and harmony would

have a significant impact on tension perception. Although it

is clear from the present results that timbre in isolation influ-

ences tension perception, it is not clear how strong this influ-

ence is in the presence of other dynamic auditory and

musical features. Either in isolation or in parallel with these

other features, changes in relevant timbre attributes should

align with tension judgments; when in conflict with one or

more features, the influence of timbre may be limited.

Nonetheless, there are certain genres of music, in particular,

electronic or electroacoustic music, where the contribution

of timbre is especially important in shaping the tension pro-

files perceived by listeners.

In conclusion, the results of the present study provide a

more detailed account of how timbre contributes to tension

perception. From a higher-level perspective, gaining a better

understanding of the relative contribution of timbre in com-

parison with other auditory and musical attributes would

shed further light on timbre’s general contribution to tension.

In order to design experiments that would be effective in

exploring the influence of timbre in this broader musical

context, determining the individual timbre attributes that

clearly affect tension is a crucial step. The results of the cur-

rent work provide invaluable information toward the design

and implementation of this future work.
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