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Auditory Roughness as a Means
of Musical Expression

PANTELIS N. VASSILAKIS
DePaul University

This study argues that auditory roughness (rattling sound associated with cer-
tain types of signals) is an important sonic aspect of music, one that musical
aesthetic judgments around the world are often based on. Within the Western
tradition there is a strong link between roughness and annoyance, manifested
in the assumption that rough sounds are inherently bad or unpleasant and are
therefore to be avoided. Instrument construction and performance practices
outside the Western art musical tradition, however, indicate that the sensation
of roughness can be an important factor in the production of musical sound.
Manipulating the roughness parameters helps create a buzzing or rattling sonic
canvas that becomes the backdrop for further musical elaboration. It permits
the creation of timbral or even rhythmic variations (through changes among
roughness degrees), contributing to a musical tradition’s menu of expressive
tools. The potential usefulness of a proposed roughness estimation model to
musicological research is discussed, drawing on previous and new empirical
studies that link dissonance and roughness ratings of harmonic intervals
within the Western chromatic scale. It is argued that, within the Western musi-
cal tradition, clear presence or absence of roughness dominates dissonance rat-
ings. In most other cases, decisions on dissonance seem to ignore roughness and
be culturally and historically mediated.

1. Introduction

Years of ethnomusicological research have shown that aesthetic judgments on
pieces of music are culture dependent, with no fixed, cross-culturally accepted aes-
thetic criteria. At the same time, such judgments are not arbitrarily imposed on pieces
of music by musical traditions, and aesthetic criteria are not, in general, invented out of
thin air. Rather, they are based on how each different tradition chooses to interpret and
value contextual, functional, performance, formal, and (more importantly for the pres-
ent study) sonic aspects of musical pieces, with aesthetic differentiation going hand
in hand with, if not preceding, aesthetic judgment. Interpretive choices and value
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judgments, which are at the center of all musical experience, have both cognitive and
cultural bases and, like all choices, are essentially historical in their reliance on past
experiences and in their power to configure future ones. History is understood here in
the Gadamerian sense (Gadamer 1989: 265-300), while the notions of past, present,
and future are informed by Ricoeur’s (1984: 52-87) theory of mimesis. The present
study argues that auditory roughness is an important sonic aspect of music, an aspect
that aesthetic judgments are often based on.! The study examines ways in which
roughness provides means of aesthetic differentiation, and how it is utilized and
judged within different musical traditions.?

The term roughness describes an aural sensation and was introduced in the
acoustics and psychoacoustics literature by Helmholtz (end of the nineteenth century)
to label harsh, raspy, hoarse sounds. It refers to a harshness perceived when sound sig-
nals with an amplitude fluctuation rate between ~20 and ~75-150 fluctuations per
second (depending on pitch register) reach the ear. Figure la shows an example of a
signal with steady amplitude over time, while Figure 1b shows a signal whose ampli-
tude fluctuates over time.

If the rate of fluctuation is within the previously mentioned range, the signal will
correspond to a rough sound. A familiar example of a signal corresponding to a rough
sound would be the signal of a harmonic minor second performed, for instance, on
two flutes. Although a harmonic minor second will sound rough regardless of the
sound sources involved, steady state sources such as singing voice, bowed strings, and
winds (as opposed to impulse sources such as percussion and plucked strings) result
in more salient roughness sensations (von Beckésy 1960; Terhardt 1974). At relatively
low registers, wider intervals such as major seconds and minor thirds can also sound
rough and, within the Western musical tradition, are avoided as dissonant. For exam-
ple, the general practice in Western art music orchestration of spacing out harmonic
intervals more at low registers than at high registers has its basis on roughness
considerations.

The reason signals of all harmonic intervals other than unisons exhibit amplitude
fluctuations is physical and is related to the phenomenon of interference. The reason
why the signals of some of these intervals correspond to rough sounds is physiological
and has to do mainly with the mechanical properties of the inner ear. The following
section examines briefly the above issues by addressing the physical, physiological, and

(a) (b)

Figure 1. Illustration of a sound signal with (a) steady amplitude and
(b} amplitade that fluctuates over time.
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perceptual properties of signals with amplitude fluctuations (also often referred to as
“modulated signals”™}.

2. Physical and Physiological Correlates of the Roughness Sensation

The present study approaches roughness as one of the perceptual manifestations
of the energy content of amplitude fluctuation and one aspect of timbre. Amplitude
fluctuations describe variations in the maximum value {amplitude) of sound signals
relative to a reference point and are the result of wave interference. The interference
principle states that the combined amplitude of two or more vibrations (waves) at any
given time may be larger (constructive interference) or smaller (destructive interfer-
ence} than the amplitude of the individual vibrations (waves), depending on their
phase relationship. In the case of two or more waves with different frequencies, their
periodically changing phase relationship results in periodic alterations between con-
structive and destructive interference, giving rise to the phenomenon of amplitude
fluctuations.

Amplitude fluctuations can be placed in three overlapping perceptual categories
related to the rate of fluctuation. Slow amplitude fluctuations (==20 per second) are
perceived as loudness fluctuations referred to as beating. As the rate of fluctuation is
increased, the loudness appears to be constant and the fluctuations are perceived as
“fluttering” or roughness. As the amplitude fluctuation rate is increased further, the
roughness reaches a maximum strength and then gradually diminishes until it disap-
pears (=275-150 fluctuations per second, depending on the frequency of the interfer-
ing tones).

Assuming the ear performs a frequency analysis on incoming signals, as indicated
by Ohm’s acoustical law (see Helmheoltz 1885; Plomp 1964), the above perceptual cate-
gories can be related directly to the bandwidth of the hypothetical analysis-filters
{(Zwicker et al. 1957; Zwicker 1961). For example, in the simplest case of amplitude
fluctuations resulting from the addition of two sine signals with frequencies f, and f,,
the fluctuation rate is equal to the frequency difference between the two sines |f,-f,|,
and the following statements represent the general consensus:*

a) If the fluctuation rate is smaller than the filter-bandwidth, then a single tone is

perceived either with fluctuating loudness (beating) or with roughness.

b) If the fluctuation rate is larger than the filter-bandwidth, then a complex tone
is perceived, to which one or more pitches can be assigned but which, in gen-
eral, exhibits no beating or roughness.*

Along with amplitude fluctuation rate, the second most important signal param-
eter related to roughness is the degree of a signal’s amplitude fluctuation, that is, the
level difference between peaks and valleys in a signal such as the one in Figure 1b
(Terhardt 1974; Vassilakis 2001: Chapter 3). The degree of amplitude fluctuation de-
pends on the relative amplitudes of the components in the signal’s spectrum, with
interfering tones of equal amplitudes resulting in the highest fluctuation degree and
therefore in the highest roughness degree.

For fluctuation rates comparable to the auditory filter-bandwidth, the degree,
rate, and shape of a complex signal’s amplitude fluctuations are variables that, as it will
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be shown, are manipulated by musicians of various cultures to exploit the beating and
roughness sensations, making amplitude fluctuation a significant expressive tool in the
production of musical sound.” Otherwise, when there is no pronounced beating or
roughness, the degree, rate, and shape of a complex signal’s amplitude fluctuations are
variables that continue to be important through their interaction with the signal’s
spectral components. This interaction is manifested perceptually in terms of pitch or
timbre variations, linked to the introduction of combination tones.®

Similarly to beating, the roughness sensation associated with certain complex sig-
nals is therefore usually understood in terms of sine-component interaction within the
same frequency band of the hypothesized auditory filter, called critical band. The term
critical band, introduced by Fletcher in the 1940s, referred to the frequency bandwidth
of the then-loosely-defined auditory filter. Since von Békésy’s studies (1960), the term
also refers literally to the specific area on the basilar membrane (an elongated thin
sheet of fibers located in the inner ear, inside the cochlea} that goes into vibration in
resonance to an incoming sine wave., Its length depends on the elastic properties of the
membrane and on active feedback mechanisms operating within the hearing organ.
Converging psychophysical and psychophysiological experiments indicate that the
average length of the critical band is ~1mm. Psycho-physiologically, the roughness
sensation can thus be linked to the inability of the auditory frequency-analysis mecha-
nism to resolve inputs whose frequency difference is smaller than the critical band-
width and to the resulting instability or periodic “tickling” (Campbell and Greated
1987:61) of the mechanical system (basilar membrane) that resonates in response to
such inputs.

3. Western Musical Aesthetics and Roughness

Within the Western musical tradition, auditory roughness has often been linked
to the concepts of consonance and dissonance, whether those have been understood as
aesthetically loaded, as is most often the case, (Rameau in Carlton 1990, Kameoka and
Kuriyagawa 1969a, Terhardt 1984, and others) or not (Helmholtz 1885, Hindemith
1945, von Békésy 1960, Plomp and Levelt 1965, and others). Studies addressing this
sensation have occasionally been too keen to establish a definite and universally
acceptable justification of the “natural inevitability” and “aesthetic superiority” of
Western music theory (for example, Stumpf 1890, in von Békésy 1960: 348; Vogel
1993). This has prevented them from seriously examining the physical and physiologi-
cal correlates of roughness, an important but certainly not the only perceptual dimen-
sion of dissonance. On the contrary, Helmholtz (1885: 234-235), the first researcher to
examine roughness theoretically and experimentally as an important attribute of audi-
tory sensation, concluded:

Whether one combination [of tones] is rougher or smoother than another depends solely
on the anatomical structure of the ear, and has nothing to do with psychological motives.
But what degree of roughness a hearer is inclined to . . . as a means of musical expression
depends on taste and habit; hence the boundary between consonances and dissonances
has frequently changed . .. and will still further change.



AUDITORY ROUGHNESS AS A MEANS OF MUSICAL EXPRESSION 123

Other researchers (for example, Ortmann 1922}, as early as the beginning of the twen-
tieth century, have gone even further to suggest that the most important factor in the
enjoyment of music is nonauditory, with roughness being much less important than
the listener’s associations when it comes to music evaluation and appreciation.

After Helmholtz’s work, the roughness sensation got little attention in psychoa-
coustics until the 1960s when studies by von Békésy, Terhardt, Plomp, and others
acknowledged roughness as one of the main attributes of timbre.” Since then, further
studies have demonstrated that this sensation plays an important role in several
aspects of sound evaluation, both musical and nonmusical. Within several traditions,
the consonance or “absence of annoyance” in nonmusical sounds has also been shown
to depend on roughness. For example, studies indicate that listeners judge background
noise that is rough as more annoying than “smooth” background noise (for example,
Vos and Smoorenburg 1985, Hashimoto and Hatano 1994). (See Imaizumi 1986 for
applications of roughness evaluation in voice pathology). More relevantly to the pres-
ent study, Pressnitzer et al. (2000) confirmed that, as the perceptual salience of other
sonic attributes such as pitch and tonal character is reduced, the correlation between
nontonal tension and roughness increases.

This strong link between roughness and annoyance within the Western musical
tradition has resulted in avoiding sound-combinations that sound rough {other than
to signify that something horrible is going on) and has been accompanied by the
unjustified assumption that rough sounds are inherently bad and unpleasant.® The
present study treats the sensation of roughness as a perceptual manifestation of the
energy content of amplitude fluctuation, which can be manipulated by controlling
the fluctuation rate and degree to provide means of sonic variation and musical
expression. As the following section will demonstrate, sound variations involving
the roughness sensation often constitute a significant and valued expressive tool in
the production of musical sound around the world, having both sonic and cultural
significance.

4, Roughness as a Means of Musical Expression

4,1 Introduction

The sensation of roughness has been exploited more than any other perceptual
manifestations of amplitude fluctuation and by numerous musical traditions, a prac-
tice that has not yet been well documented or researched. Manipulating the degree and
rate of amplitude fluctuation helps create the buzzing sound of the Indian tambura
drone and the rattling effect of Bosnian ganga singing, resulting in a sonic canvas that
becomes the backdrop for further musical elaboration. It permits the creation of tim-
bral variations (as, for example, in Middle Eastern mijwiz playing) and rhythmic con-
trasts (as, for example, in ganga singing) through gradual or abrupt changes among
roughness degrees. Whether such variations are explicitly sought after, as in ganga
singing and mijwiz playing, or are introduced more subtly and gradually, as may be the
case in the typical chord progressions/modulations of Western music, they form an
important part of a musical tradition’s expressive vocabulary.
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tubes, regarding register (an octave higher than a cylinder of the same dimensions)
and spectral composition (denser, richer spectra) of the produced tones. Additionally,
the discontinuities of the mijwizs stepped design support a complex mode distribu-
tion that results in slightly inharmonic spectral components, as is the case with all
compound horns (Fletcher and Rossing 1998: 217). The stepped design helps the
instrument speak better because it allows for the use of a smaller reed system, as Racy
has noted (1994: 42), but also because it provides better impedance matching between
the inside and the outside of the instrument than a cylindrical tube (Nederveen 1998:
59-60). Nonetheless, since the effective cone-angle is very small, as is the diameter of
the bore and of the tone holes, the resulting impedance matching is still weak. As a
consequence, a large amount of pressure is required before the necessary standing
waves can build up inside the tube and transfer energy outside the instrument, a pres-
sure that must stay relatively constant if it is to sustain the free-reed vibrations and a
steady tone.

The constant high pressure results not only in a constantly nasal tone, rich in
upper components, but also in an extremely limited dynamic range. In addition, the
equally narrow melodic range (~a fifth}, the fact that the two reeds are activated just by
air pressure (with no manipulation possible from the lips or tongue, as would be the
case for a clarinet-like instrument, where reed manipulation by the lips/tongue per-
mits timbral variation), and the frequent use of the circular-breathing playing tech-
nique (which further limits the possibilities for sonic variation by inhibiting any
interplay between sound and silence), result in an instrument that has developed a
celebrated expressive power without relying on any of the usual sonic expressive
tools.? For its expressive powet, the mifwiz, like most double-pipes throughout history,
relies mainly on the manipulation and exploration of amplitude fluctuation rates.

The slight detuning between the two, otherwise identical, cane pipes (achieved
through slight displacement of the tone-holes) means that when played together, they
produce tones that beat constantly and at slightly shifting rates, giving the instrument a
rich tonal quality. The shifting beating rates are owed to the slight inharmonicity of the
upper components (due to the stepped design), and may be behind the “chorus effect”
noted by Racy (1994: 44). The amplitude fluctuation rate is explored further by occa-
sionally increasing the detuning of the near-unisons through partial stopping or by
temporarily abandoning the unisons and using one pipe as a high drone while per-
forming a lower melody on the other. With a functional range of approximately a fifth
and no possibility of line crossing, this motion between unison, detuned unison, and
minor second to minor third harmonic intervals represents a manipulation of rough-
ness degrees rather than a form of polyphony. In its construction and performance
practice, the mijwiz is an example of an instrument that makes explicit use of the per-
ceptual richness of amplitude fluctuation, through creative exploration of the rough-
ness sensation.

4.3 The North Indian Tambura

The structural and symbolic importance of the interaction between drone
and melody, exemplified by the role of the tambura in Indian musical ensembles, is






AUDITORY ROUGHNESS AS A MEANS OF MUSICAL EXPRESSION 127

Contemporary North Indian classical music theory links sound to emotion
(rasa), color, the Hindu deities, and more. The concept of rag is partly based on the
idea that certain note-patterns evoke a heightened state of emotion {Jairazbhoy 1995:
28). It has its roots in the second half of the seventeenth century and is a direct descen-
dent of the ancient court tradition, where the patronage system created a highly
competitive atmosphere (Jairazbhoy 1995: 21, 27). Virtuosity, invention, and show-
manship have therefore always played an important role, with the sonic effect of a
musical performance holding special significance. This effect is mainly based on
contrasts between states of tension and release or, as Jairazbhoy puts it (1995: 70), on
contrasts of energy levels, The roughness sensation is at the root of these energy-level
contrasts, with the tambura’s buzzing sound often considered the life of a musical piece
(Carterette et al. 1989 87).

4.4 Bosnian Ganga Songs

Ganga is a style of singing common in Bosnia-Herzegovina and the Dalmatian
Zagora regions of the Balkans. Ganga songs consist of two alternating sections, one
sung by a soloist and one by a soloist and a chorus (three to five singers). The melodic
range rarely exceeds a fourth while, in the choral sections, voices sing at minor/major
second harmonic intervals that may or may not alternate with unison passages. People
in the region consider these intervals consonant and the resulting sound pleasant and
desirable. Singing ganga provokes a feeling of corporate unity among singers and (ini-
tiated) listeners (Petrovic 1977: 336), and good performances have a strong emotional
impact. People in the specified regions generally associate the ganga sound with
extreme joy. In contrast, the majority of listeners outside the region find the ganga
sound annoying and even offensive.

The length and content of the lyrics vary greatly among performances. The
singers are relatively free in their choice of words, which are often just vocalizations
(Petrovig 1977: 144), indicating that words are of far less importance to this genre than
to most other types of folk songs. Within its geographical territory, ganga is often val-
ued for its distinct sonic effect rather than its semantic content. As it was argued in the
case of mizwij playing, this effect relies mainly on the manipulation of and contrast
between roughness degrees through (often rhythmic) alterations of solo, unison, and
minor/major second passages.

The ganga style was initially approached by scholars as representing an inability
to sing “correctly” (Marig 1933, in Petrovig 1977: 73). Further research revealed an
explicit musical system, characterized by specific rules of musical creation and perfor-
mance, and surprisingly fine (considering the narrow pitch and dynamic ranges
employed) distinctions between substyles and good and bad songs and performances
(Rihtman 1951, in Petrovig 1977: 76; Petrovig 1977). Except for some stylized improvi-
sation, ganga melodies are thoroughly composed and the principle structural feature
of the songs is the contrast between solo and choral sections. This is simulated on a
smaller scale in the choral passages through alterations among unisons and minor and
major seconds.
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The clear intention to achieve expressive goals through explicit use of sounds
involving the roughness sensation is illustrated through the ganga rules governing a
good song or performance:

a) Singers must sing loudly and maintain uniform strength between each other
and through time (Petrovig 1977: 45, 101). Combining sound-waves of high
and steady intensities results in signals with pronounced amplitude fluctua-
tions and rougher sound.

b) The melodic range must not exceed a major third while harmonic intervals
must not exceed a major second (Petrovig 1977: 326). Narrow harmonic inter-
vals give amplitude fluctuation rates within the range corresponding to
rougher sounds. The few regions that have increased their range to include
wider harmonic intervals produce songs that are considered “impure” and are
referred to, with a negative connotation, as “widely sung” (Petrovig 1977: 260).

¢) The voices must be as identical as possible, nasal, and without vibrato so that
they blend. Perfect blending of voices is a characteristic insisted upon heavily,
requiring from the ensemble to “sound as one person” (Petrovig 1977:
308-309). Similar vocal timbres with no vibrato correspond to signals with
similar and steady spectral envelopes. This similarity ensures that the resulting
degree of amplitude fluctuation and the associated roughness will be maxi-
mal. At the same time, nasal timbres correspond to spectra with more energy
at the frequency region that human hearing is most sensitive and to more
salient roughness sensation.

These loudness and timbral requirements are accompanied by very specific per-
formance arrangements. Singers never move or dance while singing. They stand very
tightly together, in an arch, turned slightly towards each other so that their voices will
“collide” at the right point (Figure 4). For waves interfering in three dimensions (as is
the case with sound waves in air), the geometric condition for maximum interference
is collinearity (that is, waves moving along the same line; Westervelt 1957, in Beyer,
1999: 317). This condition is always satisfied for sound waves originating in the same
source. For more than one source, such as a choral ensemble, a performance arrange-
ment such as the one found in ganga singing does satisfy the collinearity requirement.
If the above conditions are not fulfilled “the ganga will not be good™ (Petrovig 1977:
113). Performers refuse to sing under different conditions or to perform individual
parts from the choral sections (when asked by researchers) since, when stripped from
their perceptually rough intervals, these lines apparently “make no sense” (Petrovig
1977: 117). In other words, ganga represents a rare folk vocal genre where the sense of a
song is related more to its sound than to its lyrics. Moreover, the conditions for a good
song that makes sense are also conditions that guarantee the perceptual salience of
amplitude fluctuations and of the roughness sensation. This relationship is illustrated
further by the three types of choral sections found in ganga songs:

a) Two to three voice parts sing in minor and major seconds with periodic inser-
tions of unisons, always resolving on a major second. The unisons are not
inserted randomly. Their function is to create specific rhythmic effects
through the sudden contrast between perceptual roughness and smoothness.
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degree of a given sound, permitting the empirical testing of hypotheses that link
roughness to musical variables. For example, a roughness estimation model would
permit the empirical examination of claims linking a) roughness to dissonance within
the Western musical tradition, b) roughness profiles to patterns of tension and release
in Near Eastern or North Indian musical pieces (as intended by performers and/or
perceived by listeners), or ¢) to rhythmic effects found in Balkan folk songs.

The two principal studies that have systematically examined the sensation of
roughness (von Békésy 1960: 344-354; Terhardt 1974) have, to a large extent, been
ignored by existing models quantifying auditory roughness of complex spectra.
Numerous such models have been proposed over the last ~100 years (for example.
Helmholtz 1885; Plomp and Levelt 1965; Kameoka and Kuriyagawa, 1969a, b; Hutch-
inson and Knopoff 1978; Sethares 1998). They have been employed in later studies that
mainly link roughness to sensory consonance!? (for example, Bigand et al. 1996; Vos
1986; Dibben 1999), demonstrating a relatively low degree of agreement between pre-
dicted and experimental data.

All the above models misrepresent the contribution of the amplitudes of the
interfering sines (and therefore of the degree of amplitude fluctuation of the resulting
complex signal) to the degree of roughness.!! Usually, the roughness estimation func-
tion for a sine-pair (with amplitudes A} and A,) is multiplied by the product of the two
amplitudes (A,*A,), ensuring minimum roughness if either of the amplitudes
approaches zero. This, however, severely overestimates the increase in roughness with
increasing amplitudes and, most importantly, fails to capture the relationship between
the amplitude difference of two sines close in frequency and the salience of the result-
ing beats/roughness.

Correct estimation of the roughness degree of a pair of sines or of any arbitrary
spectrum is necessary before some claimed link between roughness and an acoustic,
perceptual, or musical variable can be systematically tested.

5.2 A New Roughness Estimation Model for Complex Spectra

Existing roughness estimation models do not adequately account for the rough-
ness contribution of amplitude fluctuation, they often fail to capture reliably the effect
of pitch register on roughness, and demonstrate a relatively low degree of agreement
between predicted and observed roughness levels (for details see Vassilakis 2001, Sec-
tion 5.3). Based on the roughness-estimation model introduced by Sethares (1998}, 2
new model that includes a term to account for the contribution of the amplitudes of
interfering sines to the roughness of a sine-pair has been proposed ( Vassilakis 2001,
Section 6.4.1).12 This new term is based on existing experimental results (von Békésy
1960: Terhardt 1974), adjusted to account for the quantitative difference between
amplitude modulation depth and degree of amplitude fluctuation (Vassilakis 2001,
Chapter 3). The model estimates the roughness of complex spectra with more than
two sine components by adding the roughness of the individual sine-pairs. Although
it has been argued that the total roughness can be less than the sum of the roughness
of each sine-pair (von Békésy 1960: 350-351), pilot experiments indicated otherwise
confirming results from previous studies (Terhardt 1974; Lin and Hartmann 1995).
The proposed model does not account for the influence of phase on roughness
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(Pressnitzer and McAdams 1999) and is not fit to handle continuous spectra. For more
details on this and earlier roughness models and for improvement suggestions, see
Vassilakis 2001 (Sections 5.3,6.4.1, & 6.4.2).

6. Roughness Degrees and Harmonic Interval Dissonance Ratings
in the Western Musical Tradition

6.1 Introduction

Roughness estimation models have to date been applied mainly to address issues
of consonance/dissonance within the Western musical tradition. For comparison pur-
poses, the proposed model was also applied to the issue of consonance, testing the fol-
lowing hypothesis:

For musicians within the Western musical tradition, roughness ratings of harmonic inter-
vals agree with the roughness degrees estimated using the proposed roughness estimation
model (Vassilakis 2001, Section 6.4.1} and correlate with the dissonance degrees sug-
gested by Western music theory. Additionally, dissonance ratings correlate with roughness
degrees indicating that, in the Western musical tradition where sensory roughness is in
general avoided as dissonant, the consonance hierarchy of harmonic intervals corre-
sponds mainly to variations in roughness degrees (Vassilakis 2001, Section 6.4.3).

Helmholtz (1885), Pratt (1921), and others conducted somewhat similar experi-
ments that compared roughness-model estimations or roughness ratings to music-
theory claims. Vassilakis (2001) was the first to examine simultaneously the
relationship among roughness model est1mat10ns, roughness ratings, dissonance rat-
ings, and Western music theory claims.

6.2 Methods

The thirteen harmonic intervals of the chromatic scale, starting on middle C (C4;
fundamental frequency: 256Hz; equal temperament), served as experiment stimuli.
The intervals where constructed using digitally synthesized complex tones with
slightly detuned sawtooth spectra (A = A /n; A amplitude of the nth component)
and six components each.

Along with the predictions of the proposed model, the predictions of two earlier
roughness estimation models (Helmholtz 1885: 332; Hutchinson and Knopoff 1978:
17-23) were examined for comparison purposes. All models assume sawtooth spectra
and the same starting note, C4. Both earlier models assume ten- rather than six-
component complex tones. The Hutchinson and Knopoff model is based on Helm-
holtz’s model, modified to reflect the results by Plomp and Levelt (1965) regarding the
effect of pitch register on roughness. Plomp and Levelt examined this effect using six-
component complex tones. Therefore, Vassilakis (2001) opted for the use of six- rather
than ten-component complex tones.

Intervals were presented randomly to two groups of ten subjects through head-
phones (same signal in both ears). The first group of subjects was asked to rate the
stimuli in terms of roughness, on a scale outlined by the labels: Not rough-Rough. The
second group of subjects was asked to rate the stimuli in terms of dissonance, on a
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scale outlined by the labels: Not dissonant-Dissonant. Subjects were able to familiarize
themselves with the stimuli in a practice experiment. In addition, they demonstrated
their understanding of roughness in training sessions that included amplitude-
modulated sines as stimuli, at various modulation rates and depths and various rough-
ness degrees.

Response scales ranged from 0 (Not Rough/Not Dissonant} to 42 (Rough/
Dissonant). The range {0-42) was based on the roughness of the stimuli calculated
using a computer implementation of the proposed model. The predictions of the two
comparison models were scaled to fit this range. The experiment was designed and
conducted using MEDS (Music Experiment Development System) by Kendall (2001).
Experiment implementation was automated and experimenter interaction with the
subjects was limited to offering initial instructions and administrating training ses-
sions. Subjects entered their responses by moving a scroll bar along the relevant
response scales and the scroll-bar starting position was random.

6.4 Results and Discussion

Figure 5 displays the estimated roughness for the thirteen harmonic intervals
used in the experiment, based on three roughness estimation models.

The roughness estimates of the proposed model correlate better with the esti-
mates of the Hutchinson and Knopoff model {r = 0.86) than with those of the

Estimated Roughness
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Upper note of a harmanic interval (lower note fixed at C4)
Figure 5. Estimated roughness for all 13 intervals in the chromatic scale starting at C4.

Values were estimated using the proposed model and two earlier roughness
estimation models by Helmholtz (1885) and Hutchinson and Knopoff (1978).
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Helmholtz model {(r = 0.72). (“Perfect” correlation corresponds to |r| = 1.0.) The main
reason for this difference is that the Hutchinson and Knopoff model accounts for the
effect of pitch register on roughness while the Helmholtz model does not.

Based on Figure 5, a number of differences among the roughness predictions of
the three models can be identified:

a) The proposed model predicts a much lower roughness level for the major-

seventh interval (C4-B4) than the ather two models.

b) The Helmholtz and the Hutchinson and Knopott models predict lower rough-
ness levels than the proposed model for the intervals between major second
(C4-D4) and fifth (C4-G4).

¢) Contrary to the earlier models, the proposed model predicts the augmented-
fourth interval (C4-F#4) to be smoother than the major third (C4-E4).

d) The proposed model results in a relatively linear roughness curve between
the minor second (C4-C#4) and octave (C4-C5) intervals, without the pro-
nounced contrasts found in the roughness curves of the other models.

e) Lastly, the proposed model predicts slightly higher roughness levels for the
unison (C4-C4) and octave (C4-C5) intervals than the other models.

The slightly higher roughness levels predicted for the unison and octave intervals
by the proposed model are due to the slight detuning applied to the experimental stim-
uli. The Helmholtz and the Hutchinson and Knopoff models assume perfectly harmonic
spectra that bring the roughness levels of unisons and octaves very close to zero.

All other differences (including the difference in the roughness ranking of the
augmented fourth [C4-F#4] among the three models} can be explained in terms of the
different assumptions each model makes regarding the contributions of degree of
amplitude fluctuation and of sound pressure level to roughness. The Helmholtz and
the Hutchinson and Knopotf models overestimate the contribution of sound-pressure
level and underestimate the contribution of amplitude-fluctuation degree (Vassilakis
2001). This results in overestimating the roughness contribution of some sine-pairs,
while underestimating the roughness contribution of others. The higher roughness of
the fourth interval relative to the major seventh, predicted by the proposed model, is
consistent with experiments indicating that fourths are less likely to be perceived as
single tones (less prone to tonal fusion) than major sevenths (DeWitt and Crowder
1987, in Huron 1991: 136).!* The somewhat linear shape of the proposed model’s
roughness curve is due to the progressive decrease in AF-degree for the sine-pairs that
contribute the most to the roughness of each interval, as intervals widen. As the inter-
vals get wider, the amplitude difference of the closely interacting sine components gets
larger and the AF-degree gets smaller.

Figure 6 displays the mean responses and standard deviations of the subject-
groups rating the stimuli in terms of roughness and dissonance.

Dissonance responses correlated well with roughness responses (r = 0.94), indi-
cating that changes in dissonance among the thirteen intervals corresponded to
changes in roughness. This suggests that the presence of roughness provides an impor-
tant clue for dissonance judgments of isolated harmonic intervals.

Analysis of variance suggested that subjects rating dissonance used slightly dit-
ferent criteria than subjects rating roughness (analyses were performed using Statistica
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Figure 6. Mean observed roughness and dissonance for
all thirteen intervals in the chromatic scale starting at C4
(10 subjects per group—error bars: + 1 standard deviation).

5.5 for Windows, StatSoft, Inc., 2000). Post-hoc analysis indicated that this difference
was manifested the strongest in the ratings of the augmented-fourth, the perfect-
fourth, and the minor-sixth intervals. The perfect-fourth interval was judged more
rough than dissonant while the augmented-fourth and minor-sixth intervals were
judged more dissonant than rough.

To investigate further the observed differences, two separate analyses were per-
formed on the means obtained from the “roughness” and the “dissonance” subject-
groups, organizing the intervals into the roughness and dissonance categories
displayed in Table 1.

Table 1 indicates similarities as well as differences between the roughness and dis-
sonance ratings of the thirteen harmonic intervals, and will be examined in some
detail. When subjects make dissonance judgments they do not necessarily rely on
strictly acoustical criteria. Cultural conditioning has been introduced as an explana-
tion to the consonance/dissonance concept since the 1940s (for example, Cazden
1945, in Sethares 1998: 78-79). At the same time, the historical tension between sedi-
mentation and innovation within a musical tradition has supported what Helmholtz
recognized as continuously changing attitudes towards consonance and dissonance
{Helmholtz 1885: 84-85). Therefore, historical and cultural criteria must be included
along with physical, physiological, and psychological ones when trying to explain dis-
sonance judgments.
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Table 1
Mean roughness and dissonance ratings grouped according to
statistical significance by Tukey HSD post-hoc comparisons

Roughness Dissonance
Mean Mean
Category Interval Roughness  Category Interval Dissonance
1 Unison » 1.7 1 _ Unison 0.8
1 Octave : 2.5 1-2 :Octave 1.7
1-2 Perfect Fifth j 4.7 2-3 : Perfect Fifth 4.4
2-3 Major Sixth : 8.2 3 :Major Sixth 5.1
3-4 Major Seventl—l‘ 9.2 3 - Perfect Fourth 6.6
3-4-5 Minor Seventh‘\--""““'“%(l_t_ik____m 4 -""'Major Third 10.1
3-4-5 Minor Sixth T g '-"’:Major Seventh i2
4-5 Perfect Fourtl;:, ey Minor Seventh 13.5
4-5 Aug, Fourth - P 3 56-..._y Minor Sixth 15
5 Major Third ~""~443 6 _.—»Minor Third 15.5
6 Minor Third 4-1*3F2w7- » Aug. Fourth 21.4
7 Major Second 29.7 8 _ Major Second 36.4
8 Minor Second: 36.6 8 :Minor Second 38.2

As a first observation, the intervals in Table 1 are grouped into eight roughness
and eight dissonance categories. However, there is less overlap in the dissonance cate-
gories, indicating that subjects rated dissonance with more confidence than they rated
roughness. As opposed to the short history of the concept of roughness, limited within
areas outside the mainstream music disciplines, the concept of dissonance has had a
long tradition in Western music discourse (Hutchinson and Knopoff 1978: 1; Sethares
1998: 73-80). It should therefore be expected that subjects would be more familiar
with the concept of dissonance than with the concept of roughness and would make
dissonance ratings with more confidence. The experiment results support this sugges-
tion and show signs of categorical perception for dissonance, while roughness ratings
seem to have been made along a continuum.

The extremes of the two rating scales in Table 1 are occupied by the same inter-
vals, indicating that the clear presence or absence of roughness dominates disso-
nance decisions. At the same time, the roughness differences among these harmonic
intervals are larger than their dissonance differences. This reduced resolution in the
dissonance ratings at the extremes of the scale is consistent with Western culture’s
preference for smooth sounds over rough ones, offers one more indication of categori-
cal perception for dissonance, and suggests a possible difference-threshold for the
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dissonance/annoyance level of roughness that needs to be systematically examined in
a future study.

For intervals located closer to the middle of the rating scale, roughness ratings
become increasingly ambiguous (increasing overlap among roughness categories).
Dissonance ratings, on the other hand, become increasingly categorical, demonstrat-
ing differences larger than those found in the roughness ratings (for example, see the
relationship among the augmented-fourth, perfect-fourth, major-third, and minor-
third intervals). When the roughness of an interval is neither very large nor very small,
dissonance decisions appear to be based on clues additional to roughness, occasionally
ignoring roughness altogether (for example, see the relationship between the
augmented-fourth and perfect-fourth intervals).

The high dissonance rating of the augmented-fourth interval (in spite of its low
roughness level compared to the major third) and the overall higher dissonance rat-
ings of minor over major intervals {regardless of their roughness ratings) indicate that,
when there is no clear presence/absence of roughness, dissonance decisions are not
based on acoustical cues. Rather, they may be culturally and historically mediated. The
augmented fourth is the only interval within the chromatic scale that is not found in
the harmonic series and cannot be arrived at through integer divisions of a string. The
mathematical impossibility of the augmented-fourth interval, along with the
long-standing link between mathematics and music, may have provided the original
basis for the unfavorable aura that has followed this interval for centuries. The clear
separation between major and minor intervals in the dissonance ratings along with the
strong Western-based association of dissonance with unpleasantness reflect a dislike
for minor sonorities so ingrained within the Western tradition that is already present
in pre-language children (Kastner and Crowder 1990). The culture-specific nature of
this attitude, however, is indicated by the increase in the distinction between major
and minor with age (that is, minor becomes increasingly “negative” the longer one is
exposed to a “pro-major” tradition) and is fully exposed through encounters with
musical traditions where minor harmonies are considered joyful, as is the case with the
music of the Andean highlands of Peru (Turino 1993: 43-58).

The results, therefore, indicate that roughness constitutes a significant but not the
sole factor guiding listeners in their dissonance judgments. In terms of existing theo-
retical models, the dissonance ranking of the intervals obtained from the experiment
agrees best with Stumpf’s ranking (1898, in Davies 1978: 158) except for the major-
seventh interval, which was rated less dissonant than predicted by all models other
than the proposed model. Stumpf’s dissonance ranking was based on his concept of
fusion. The fusion hypothesis was excluded from the present study because it is based
on a large number of interacting and hard-to-quantify variables and does not provide
a readily measurable physical correlate for dissonance.

For a more detailed examination of the three models addressed in this study,
Figures 7, 8, and 9 compare the observed roughness and dissenance levels to the
roughness values estimated by each model (for details on the statistical analysis of the
data see Vassilakis 2001, Section 6.4.3).
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Figure 9. Estimated roughness (proposed model) versus observed roughness and
observed dissonance for ali thirteen intervals in the chromatic scale starting at C4.

The proposed model demonstrates the best agreement between estimated and
observed roughness (r = 0.98) as well as between estimated roughness and observed
dissonance (r =0.91). With the exemptions discussed previously, observed dissonance
also correlates well with observed roughness (r = 0.94).

The results support the claim that, in the Western musical tradition where sen-
sory roughness is avoided as dissonant, the consonance hierarchy of isolated harmonic
intervals corresponds mainly to variations in roughness degrees, with subtle rough-
ness variations being, in general, ignored. As the presence/absence of roughness
become less pronounced, sensory dissonance/consonance gives way to alternative cri-
teria for dissonance judgments. Tenney (1988, in Sethares 1998: 73-76) discusses five
distinct ways in which the consonance and dissonance concept has been understood
in music, none of which makes any direct reference to the cultural or the historical
dimension of dissonance. The results of the present study suggest that in the absence of
strong sensory cues, dissonance judgments of isolated harmonic intervals appear to be
culturally and historically mediated. Such a conclusion is consistent with the highly
varied attitudes around the world towards the roughness sensation, presented in this
study. As has been demonstrated, roughness may in some cases even be considered
“consonant,” with roughness variations being credited as responsible for sonic, struc-
tural, semantic, and expressive aspects of musical pieces. The proposed roughness
estimation model provides the means to examine empirically such claims, offering
opportunities for further study.
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7. Summary and Conclusions

Examination of musical instrument construction and performance practices
from around the world illustrates the musical relevance of the roughness sensation and
indicates that sound variations involving this sensation are found in many musical tra-
ditions. The use of rough sounds helps create a buzzing (Indian tambura drone) or
rattling (Bosnian ganga singing) sonic canvas that becomes the backdrop for fur-
ther musical elaboration. It permits the creation of timbral variations (Middle Eastern
mijwiz playing) and rhythmic variations (ganga singing) through gradual or abrupt
changes among roughness degrees. Whether such variations are explicitly sought after
(as in ganga singing and mijwiz playing) or are introduced more subtly and gradually
(as may be the case in the typical chord progressions/modulations of Western music),
they appear to form an important part of a musical tradition’s expressive vocabulary.

Models estimating the roughness degree of musical sounds have been developing
since the end of the nineteenth century. Existing roughness estimation maodels, how-
ever, do not account for the roughness contribution of amplitude fluctuation, they
often fail to capture reliably the effect of pitch register on roughness, and demonstrate
a relatively low degree of agreement between predicted and observed roughness levels.
It is argued that a new roughness estimation model ( Vassilakis 2001) better represents
the theoretical knowledge and experimental results on sensory roughness and is better
fit to test hypotheses linking the roughness sensation to musical variables than are
existing models.

The proposed model is compared to two earlier roughness estimation models
{Helmholtz 1885; Hutchinson and Knopoff 1978), indicating several differences in
prediction. For example, the proposed model estimates much lower roughness values
than the other models for the major seventh and the augmented fourth intervals. The
majority of differences in the predictions of the three models can be explained in
terms of the different assumptions each model makes regarding the contributions of
degree of amplitude fluctuation and of sound pressure level to roughness.

An experiment (Vassilakis 2001, Section 6.4.3) rating isolated harmonic intervals
in terms of roughness and dissonance is discussed and the results are compared
against the predictions of the three models. The proposed model demonsirates the
best agreement between estimated and observed roughness, as well as between esti-
mated roughness and observed dissonance. The results indicate that, within the West-
ern musical tradition, the clear presence or absence of roughness in the sound of an
interval dominates dissonance ratings. When the roughness is neither very large nor
very small, decisions on dissonance often ignore roughness and appear to be culturally
and historically mediated. Overall, dissonance ratings correlate well with roughness
ratings, indicating that, in the case of isolated harmonic intervals, the sensation of
roughness is the primary cue guiding dissonance judgments. The results also support
the hypothesis that, in the Western musical tradition where sensory roughness is in
general avoided as dissonant, the consonance hierarchy of harmonic intervals corre-
sponds to variations in roughness degrees. Further study should include cross-cultural
empirical investigations.
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NOTES

L. Portions of this work were presented at the 142nd meeting of the Acoustical Society of
America.

2. The author would like to thank Professors R. A, Kendall, R. W. H. Savage, A. J. Racy, and
N. A. Jairazbhoy (University of California, Los Angeles, Department of Ethnomusicology) for
reading early versions of this manuscript and offering valuable suggestions.

3. A sine signal is a signal with a sinusoidal shape. Such a signal represents the simplest
type of vibration, called simple harmonic motion (similar to a free pendular motion}. The wave
originating from a simple harmonic motion is also represented by a sine signal and is called
sine wave. When a sine wave with frequency and amplitude values within the auditory limits
reaches the ear, it gives rise to the sensation of a pure fone (that is, a tone similar to the sound
produced by a tuning fork or an electric sine-wave generator),

4. The term complex fone refers to the sensation arising from sound waves represented by
complex signals. Any signal that does not have a sinusoidal shape is called complex. Fourier
{early 1800s) proved that complex signals can be analyzed mathematically into the sum of a set
of sine signals. These are called the Fourier or spectral components of a given complex signal
and make up the complex signal’s spectrum. Analysis of a complex signal into sine components
is called Fourier analysis, while the reverse process, constructing a complex signal out of a set of
sines, is called Fourier synthesis. For periodic signals {such as the signals corresponding to
most musical sounds}, the lowest frequency compaonent is called the fundamental and all com-
ponents have frequencies that are integer multiples of the frequency of the fundamental. That
18, if the fundamental has frequency #, then the components have frequencies 1£, 2f, 3f, 4f, and
so forth. Such complex signals are also called harmonic; all other signals are called inharmonic.
The pitch of a harmonic signal matches in frequency the frequency of the fundamental
(whether or not the fundamental component is actually present in the signal’s spectrum).

5. The roughness sensation is not necessarily linked to the addition of two or more tones.
It can also arise from the interference among the components of a single complex tone or from
performance practices in monophonic music (for example, fast vibrato, reed rattling in wood-
winds, and vocal techniques). The only condition is that the resulting complex signal exhibits
amplitude fluctuations within the specified range of fluctuation rates.

6. The term combination tones was introduced by Helmholtz in the late 1800s to describe
tones that can be traced not in a vibrating source but in the combination of two or more waves
originating in independent vibrating sources. A specific combination tone, the difference tone,
is one of the perceptual manifestations of amplitude fluctuation. Combination tones are the
products of wave interference and have significant physical origins along with physiological,
neurological, and cognitive ones. The physical origins of combination tones can be attributed
to the transfer characteristics of the wave propagation medium. For sound waves propagating
in air, the physical origin of combination tones is based on the following asymmetry: effective
propagation velocity {c ) > velocity of sound in air (c;) in condensations and €, <c, in rarefac-
tions {noted in 1808 by Poisson and in 1860 by Riemann, and cited in Beyer 1999: 40 and
148-149, respectively).

7. Kendall et al. (1999) have argued that the degree of a sound’s “nasality” constitutes the
primary dimension of timbre. They quantify “nasality” in terms of spectral centroid, a measure
of the energy distribution and time-variancy in the spectrum of a complex signal. The present
study considers roughness another important dimension of timbre and references an appropti-
ate roughness measure.
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8. This attitude dates back to the ancient Greeks and the Pythagorean conception of har-
mony. To date, no study has systematically examined the origin and history of Western tradi-
tion’s deep dislike towards rough sounds.

9. Loaded with festive and ecstatic connotations, the mijwiz is hailed for inspiring “strong
passions and exerting compelling powers and energies” (Racy 1994: 50). The buzzing, rough
sound of another double-pipe, the ancient Greek audos, was prominent in cult rituals (Marcuse
1975: 56).

10. The term sensory consonance was introduced by Plomp and Levelt {1965) to refer to
consonance understood specifically as absence of roughness. in more general terms, the con-
cept of consonance has been loaded with all kinds of associations/connotations. Similarly to
timbre, consonance seems to have been a wastebasket of aesthetic and evaluative judgments in
music, as well as the source of justification arguments regarding general stylistic trends or spe-
cific compositional decisions. The term “wastebasket” is used as a reference to Bergman's (1990:
93) assessment that timbre seems to be the wastebasket of all sound characteristics that cannot
be placed under the labels of pitch or loudness.

11. If two sines with different frequencies f,, 5, (| f; + 5|72 >> |f; - /;1/2) and amplitudes
ALA (A 2 Ay)are added together, the amplitude of the resulting signal will fluctuate between
a maximum (A, = A, +A;) and a minimum (4, = A,-A,) value. The degree of ampli-
tude fluctuation (AFdegm) is defined as the difference between the maximum and minimum
amplitude values relative to the maximum amplitude value. So, AF, gree = (A~ A Aopax =
2A,/(A+A,). Degree of amplitude fluctuation, therefore, depends less on the absolute and
more on the relative amplitudes of interfering sines.

12. According to the proposed model, the roughness R of pairs of sines with frequencies
f, & f, {f, = f,), amplitudes A, & A, (A, = A,) and equal initial phases is: R = X0y dlg,
X = A*A,, represents the dependence of roughness on intensity {amplitude of the added
sines); Y = 24,/(A,+A,), represents the dependence of roughness on amplitude fluctuation
degree (amplitude difference of the added sines); Z = e P1s/2=f1) e b2sU/2-f1} represents the
dependence of roughness on amplitude fluctuation rate {frequency difference of the added
sines) and register (average frequency of the added sines), with b, = 3.5, b, = 5.75, s = 0.24/
{s,f; +55), 5, = 0.0207, & s, = 18.96. For more details see Vassilakis (2001, Sections 6.4.1 and
6.4.2).

13. The fusion of two simultaneous tones is proportional to the degree to which the tones
are heard as a single perceptual unit. According to Stumpf, fusion is the basis of consonance
(Stumpf 1898 in Sethares 1998: 77).
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