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Abstract: The perception of auditory roughness presumably results from
imperfect spectral or temporal resolution. Sensorineural hearing loss, by af-
fecting spectral resolution, may therefore alter roughness perception. In this
study, normal-hearing and hearing-impaired listeners estimated the rough-
ness of amplitude-modulated tones varying in carrier frequency, modulation
rate, and modulation depth. Their judgments were expected to reflect effects
of impaired spectral resolution. Instead, their judgments were similar, in most
respects, to those of normally-hearing listeners, except at very slow modula-
tion rates. Results suggest that mild-to-moderate sensorineural hearing loss
increases the roughness of slowly fluctuating signals.
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1. Introduction

Auditory roughness is an aspect of timbre associated with repeated and rapid fluctuations in
amplitude or frequency, and is often described with reference to such qualities as harshness,
raspiness, and hoarseness. It is used as a metric for evaluating sound quality in industrial appli-
cations, such as automobile manufacturing �e.g., Gonzalez et al., 2003�, and in the clinical
evaluation of voice quality �e.g., Webb et al., 2004�.

Roughness is important in musical contexts as well. Judgments of the perceived ten-
sion of chords show a significant positive correlation with the chords’ estimated roughness
values �Bigand et al., 1996�. This result is important because the interplay of musical tension
and relaxation is a critical element of the structure of tonal music �Lerdahl and Jackendoff,
1983�. Even in nontonal music, in which tension and relaxation are not conveyed by traditional
relationships among chords, Pressnitzer et al. �2000� found that judgments of the roughness of
chords were strongly correlated with judgments of tension. Thus, in both tonal and nontonal
music, roughness plays a role in creating the tension so important for musical expression.

The roughness of amplitude-modulated tones is assumed to result from the inability of
the auditory system to resolve the components of the stimulus �i.e., the carrier and two side-
bands� either spectrally or temporally �Zwicker and Fastl, 1990�. Based on earlier work by
Terhardt and others, Zwicker and Fastl �1990� proposed that roughness is limited by frequency
resolution at low carrier frequencies and by temporal resolution at higher carrier frequencies.
For carriers below 2000 Hz, the modulation rate at which peak roughness occurs, the height of
the peak, and the modulation rate at which roughness vanishes, all grow with increasing carrier
frequency. This is presumably due to the widening of auditory channels as the carrier frequency
increases, allowing for interaction among more widely-spaced stimulus components. At carrier
frequencies at and above 2000 Hz, Zwicker and Fastl �1990� reported that roughness reaches a
peak at modulation rates of approximately 70–80 Hz and vanishes at approximately 250 Hz,

independent of carrier frequency, suggesting that temporal resolution is the limiting factor.
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Sensorineural hearing loss �SNHL� is often accompanied by impaired frequency
and/or temporal resolution. Impaired frequency resolution may mean that the perception of
roughness at lower carrier frequencies will be altered for listeners with SNHL, such that stimu-
lus components that would normally be resolved for a normal-hearing �NH� listener would
continue to interact and create sensations of roughness for the hearing-impaired �HI� listener.
For higher carrier frequencies, where frequency resolution is less important, the perception of
roughness by HI listeners may be relatively unaffected.

A recent study addressed this question indirectly. Tufts et al. �2005� asked NH and HI
listeners to judge the dissonance of musical intervals composed of two harmonic complexes
geometrically centered at 500 Hz. Although dissonance and roughness are not synonymous,
they are closely related �Terhardt, 1974�, with roughness being applicable to both musical and
nonmusical sounds. The pattern of the dissonance judgments made by the HI subjects suggested
that they did not distinguish differences in dissonance among chords as clearly as the NH lis-
teners did. This result may be partially explained by the wider auditory filter bandwidths mea-
sured for the HI subjects at 500 Hz �though not at 2000 Hz�, allowing greater interaction among
components that are resolved in NH listeners. Alternatively, reduced pitch strength, which often
accompanies SNHL �Leek and Summers, 2001�, may have affected the judgments of HI listen-
ers by lessening the degree of fusion of tone combinations considered highly consonant by the
NH listeners, thereby leading to reduced contrast between consonant and dissonant intervals.

If the perception of roughness is altered by SNHL, such a finding may have implica-
tions for the perception of tension in music, as well as timbre and sound quality in musical and
nonmusical sounds. The present study examined perceived roughness for SAM tones in listen-
ers with SNHL. Four carrier frequencies were chosen, spanning the range from 250 to 3000 Hz.
SAM tones were presented at various modulation rates at two modulation depths. NH subjects
were tested at two levels �an equal SPL condition and an equal SL condition� for comparison
with HI subjects. It was expected that any differences in roughness perception between NH and
HI listeners would be observed primarily for carrier frequencies below 2000 Hz.

2. Method

Twelve subjects participated. Six subjects �1 M, 5 F; mean age=31 years; SD=11.8� had normal
hearing in the test ear �i.e., air-conduction thresholds �20 dB HL from 0.25 to 4 kHz; re:
ANSI, 1996�. The other six subjects �4 M, 2 F; mean age=73.7 years, SD=4.8� had bilateral
hearing losses, with a mild to moderate sensorineural hearing loss in the test ear �i.e., air-
conduction thresholds between 30 and 60 dB HL from 0.25 to 3 kHz, air-bone gaps of �10 dB
from 0.5 to 4 kHz, and a normal tympanogram�. None of the subjects had training in music
theory or ear training, and none had perfect pitch. All testing took place in a double-walled
sound-treated booth. Participation time was approximately two to three hours per subject,
spread over one or two sessions with rest breaks allowed. All participants provided written
informed consent prior to beginning the study. HI participants were paid for their participation.

Stimuli consisted of SAM tones with carrier frequencies of 250, 500, 1000, and
3000 Hz, and modulation depths of 50% and 100%. For each carrier, eleven modulation fre-
quencies were chosen, spanning the range from sensations of fluctuation through maximum
roughness to smoothness, as ascertained through informal listening by NH individuals. The
lowest modulation rate was 3 Hz for all carriers. Table 1 lists the modulation rates for each
carrier.

The SAM tones were 1000 ms in total duration, including 50 ms raised-cosine onset
and offset ramps. All stimuli were generated digitally and played through a 24-bit D/A converter
�TDT RP2� at a rate of 40 000 samples per second. They were then passed through an attenuator
�TDT PA4� and a headphone buffer �TDT HB6� to one channel of a set of calibrated circumau-
ral earphones �Sennheiser, HD540�. Presentation level was 95 dB SPL for the HI subjects, to
ensure audibility without causing discomfort. For the NH subjects, the SAM tones were pre-
sented at 45 and 95 dB SPL in separate blocks. The lower level was chosen to provide an ap-
proximately equal sensation level �SL� to that experienced by the HI subjects, while the upper

level was chosen to provide an equal SPL for all subjects.
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A magnitude estimation �ME� technique with standard stimulus was employed
�Stevens, 1975�. The standard stimulus, a 500 Hz sinusoid 100% amplitude-modulated at
25 Hz, was arbitrarily assigned a value of 100. On each trial, the subject heard the standard,
followed by a 500-msec silence, and then the stimulus to be judged. The subject assigned a
number to each stimulus that best matched its perceived roughness, using the standard as a
reference.

All combinations of carrier frequency, modulation rate, and modulation depth were
presented in quasirandomized order, with four replications of each stimulus �i.e., 4 carrier fre-
quencies � 11 modulation rates � 2 modulation depths � 4 replications=352 SAM tones�.
Stimuli were blocked by presentation level for the NH listeners. The total number of stimuli was
352 for the HI subjects and 704 for the NH subjects �352 stimuli � 2 presentation levels�. Prior
to data collection, all subjects successfully completed an ME task in which they judged the
relative length of lines �Stevens, 1975�, to ensure that they could give appropriate estimates in
an ME task. Before testing began, subjects completed 24 practice trials using randomly chosen
SAM tones.

3. Results

Geometric means of the roughness judgments were calculated for each stimulus within each
group �NH and HI� and condition �modulation depth � presentation level�. Figures 1 and 2
show mean roughness judgments as a function of modulation rate for the NH and HI groups,
respectively. Data were fit by separate lognormal functions for each carrier within each condi-
tion for the NH listeners and for the 50%-AM stimuli for the HI listeners. R2 values for these fits
fell between 0.85 and 0.99. In Fig. 2�B�, the curve-fit for the 500 Hz carrier misses the data
point at the modulation rate of 3 Hz. However, the overall fit was quite good �R2=0.91�. This R2

was comparable to the R2 values for the other fits in this figure. Lognormal functions did not
provide acceptable fits to the HI data for the 100%-AM stimuli, primarily due to the relatively
high roughness estimates of the 3-Hz-modulated stimuli for all four carriers. These data were fit
by logistic functions, with R2 values between 0.85 and 0.98. Roughness judgments in both
listener groups showed the usual bandpass characteristic, with judgments for each carrier rising
to a maximum value and then declining as the modulation rate increased. The single exception
occurred for 50%-AM 3000 Hz tones at 45 dB SPL, for which the NH subjects’ estimates
changed very little as modulation rate increased from 60 Hz.

In each condition for both subject groups, greater roughness was perceived over a
wider range of modulation rates for higher carriers. This trend was examined via separate Fried-
man tests for each condition within each group, with overall roughness operationally defined as
the sum of the mean roughness judgments for a single carrier in a particular condition. All six
tests were significant �p�0.05�, indicating that overall roughness differed among at least two of
the carriers in each condition. Five of the six analyses rank-ordered roughness according to
increasing carrier. The only exception occurred for the HI group listening to 100%-AM tones.
In that condition, the 500 Hz carrier was ranked as having least overall roughness, followed by

Table 1. Modulation rates for each carrier frequency.

Carrier
frequency
�Hz� Modulation rates �Hz�

250 3 15 30 45 60 75 90 105 120 135 150
500 3 25 50 75 100 125 150 195 200 225 250
1000 3 25 50 75 100 125 150 195 200 225 250
3000 3 30 60 90 120 150 180 210 240 270 300
the 250 Hz carrier, and then the 1000 and 3000 Hz carriers, which were ranked equally rough.
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The modulation rate at which each fitted curve reached its maximum value �i.e., peak
roughness� is plotted in Fig. 3. For comparison, data points adapted from Zwicker and Fastl
�1990�, showing the modulation rates at which peak roughness occurred for SAM tones, and
from Miskiewicz et al. �2006� showing the beat rates at which peak roughness occurred for two
simultaneous tones, are shown. The peak roughness estimates of the NH group were generally
consistent with these earlier data. For most conditions, the modulation rate at peak roughness

Fig. 1. Geometric means of the roughness judgments of the normal-hearing listeners �N=6� as a function of
modulation rate for 100%-modulated and 50%-modulated pure tones presented at 95 dB SPL �panels A and B� or
45 dB SPL �panels C and D�. The parameter is carrier frequency.

Fig. 2. Geometric means of the roughness judgments of the hearing-impaired listeners �N=6� as a function of
modulation rate for 100%-modulated �panel A� and 50%-modulated �panel B� pure tones presented at 95 dB SPL.

The parameter is carrier frequency.
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increased with carrier, though at a decelerating rate. For the carrier frequency of 3000 Hz,
however, peak roughness occurred at a much higher modulation rate for the 50%-AM tones
presented at 45 dB SPL compared with the other three stimulus conditions. Although the value
of 116 Hz represents the peak in the fitted function, it may not truly reflect peak roughness in
the subjects’ perception, since judgments in this condition changed very little for modulation
rates greater than 60 Hz. Relative to the NH listeners, the HI subjects perceived peak roughness
at similar modulation rates for the 100%-AM stimuli, but at somewhat lower modulation rates
for the 50%-AM stimuli �except at 500 Hz�.

The effect of modulation depth within each listener group was tested via Wilcoxon
signed-rank tests on overall roughness collapsed across carrier frequency. Tests were significant
for the NH group at both the high �z=−2.2, p�0.05� and low �z=−2.2, p�0.05� presentation
levels, and for the HI group at the single �high� presentation level �z=−2.2, p�0.05�, indicating
that greater roughness was perceived for 100%-AM tones than for 50%-AM tones. The effect of
presentation level �NH subjects only� was assessed with a Wilcoxon signed-rank test on overall
roughness collapsed across carrier and modulation depth. Roughness estimates were signifi-
cantly higher for the high presentation level �z=−1.99, p�0.05� compared with the low presen-
tation level. Differences in overall roughness estimates between the NH and HI groups at equal
SPL and approximately equal SL were assessed via Mann–Whitney U tests, with correction for
multiple tests. None of the comparisons was significant, although the comparison across groups
listening at equal SPL approached significance for the 100%-AM stimuli �z=−2.08, p=0.07�.

4. Discussion and conclusions

NH listeners’ roughness judgments were consistent with previous research on the roughness of
SAM and beating tones. Briefly, roughness nearly always showed a bandpass characteristic as a
function of modulation rate; modulation rate at peak roughness tended to increase with carrier
frequency; overall roughness was greater for higher carrier frequencies; 100%-AM stimuli
were judged rougher than 50%-AM stimuli; and signals presented at 95 dB SPL were perceived
as rougher than those at 45 dB SPL. The latter result was driven mainly by responses to the

Fig. 3. Modulation rates at which lognormal functions fitted to subject data reached their maximum values �i.e., peak
roughness� as a function of carrier frequency. Each line in the figure represents a single stimulus condition for either
the normal-hearing or hearing-impaired listeners. Data points adapted from Zwicker and Fastl �1990�, showing the
modulation rates at which peak roughness occurred for SAM tones, and from Miskiewicz et al. �2006�, showing the
beat rates at which peak roughness occurred for two simultaneous tones, are also plotted.
3000 Hz tones. At the high presentation level, several NH subjects commented on the aversive,
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shrill quality of these stimuli. This may have led to the disproportionately high roughness esti-
mates for these tones, despite instructions to the subjects to ignore all other stimulus variables.

The roughness judgments of the HI group were generally similar to those of the NH
group with respect to the relative relationships among the stimulus parameters, regardless of
whether the stimuli were presented at equal SPL or at approximately equal SL. Two main dif-
ferences between the groups were noted. First, 100%-AM stimuli modulated at 3 Hz received
higher roughness estimates from the HI subjects, necessitating the fitting of these data with
logistic instead of lognormal functions. Second, the HI group showed a trend toward perceiving
peak roughness at somewhat lower modulation rates compared with the NH group for the
50%-AM stimuli. The wider auditory channels that usually accompany SNHL presumably al-
low interactions to occur among stimulus components over a wider frequency range. However,
because these differences occurred for stimulus bandwidths well within the auditory filter band-
width for both subject groups, and for carriers above and below 2000 Hz, they appear not to be
directly related to auditory filter bandwidth per se. Furthermore, disregarding the previously
discussed 3000 Hz stimuli, NH subjects’ judgments at the high and low presentation levels were
generally similar, even though their auditory filter bandwidths would presumably be broader—
and thus more similar to the auditory filters of the HI subjects—at the high presentation level.
No direct relationship exists between degree of hearing loss and frequency selectivity. Since
auditory filter bandwidths were not measured, it is, therefore, not possible to determine the
extent to which the frequency selectivity of the HI subjects was impaired. However, based on
their absolute thresholds, their filter bandwidths in the frequency regions of interest are esti-
mated to have been two to three times broader than normal �Glasberg and Moore, 1986�. Re-
cently, the relationship of auditory filter bandwidth to roughness perception has been ques-
tioned. Miskiewicz et al. �2006�, in a study of the perceived roughness of beating tones,
concluded that neither the peak in roughness nor the point at which the sensation of roughness
disappeared were related to auditory filter bandwidth. Their results, together with those of the
current study, indicate there likely is not a strong relationship between auditory filter bandwidth
and roughness perception.

Loss of cochlear compression due to outer hair cell damage may have affected the
roughness judgments of the HI listeners for the 100%-AM stimuli modulated at 3 Hz. Greater
portions of the valleys in the waveforms may have been inaudible to the HI subjects compared
with the NH subjects. The longer “silent” gaps, combined with the presumably normal loudness
of the waveform peaks due to recruitment, may have distorted the signal, producing a rougher,
“staccato” sensation.

The present findings suggest one explanation for the results of Tufts et al. �2005�, in
which HI listeners did not distinguish consonant and dissonant tone combinations as clearly as
NH subjects did, and even rated a 2000-Hz pure tone as much more dissonant than NH subjects
did. In that study, some of the more consonant �“smooth”-sounding� tone combinations still
produced slow beats. The HI subjects in that study, like those in the present study, may have
perceived the slow amplitude fluctuations as sounding rougher than did the NH subjects. It is
possible that a combination of factors resulting from cochlear damage, including reduced pitch
strength, loss of cochlear compression and loudness recruitment, may have caused increased
sensations of roughness for these signals. With regard to music listening then, signals that NH
listeners perceive as stable or slowly fluctuating may in fact sound rougher to listeners with
mild-to-moderate SNHL.
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