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Abstract

Band-pass filtered noise can be perceived to some degree as
tonal. The perceived strength of this tonal quality depends on
the spectral shape of the filtered noise and the presence of other
features in the total sound. The spectral shape of bandpass fil-
tered noise can be characterized by the center frequency, band-
width, and roll-off rate of the filter. In order to determine the
interaction between bandwidth and roll-off rate for band-pass
filtered noise, the tonalness of band-pass filtered noise was eval-
uated by using three test methods: paired comparison, direct
scaling, and an adaptive forced choice method. All three test
methods yielded very similar results. Trapezoidal band-pass fil-
tered random noise was used for the experiments. For a roll-off
rate of 300 dB per octave, the tonalness of the sounds ranged
from 30 to 90 percent of a pure tone's tonalness for a bandwidth
of 300 to 1 percent of the critical bandwidth. For a roll-off rate
of 100 dB per octave, the tonalness of the sounds ranged from
30 to 60 percent of a pure tone's tonalness. As the roll-off rate
of the filtered sounds approachedzero, the tonalness disappears.

1. Introduction
The presence of tonal components in a sound strongly affects
the perceived sound quality. The character of the tonal com-
ponent is affected by its spectral shape, other components in
the signal and temporal characteristics [1, 2, 3, 4]. Tonal com-
ponents can be associated with the standard sound of a prod-
uct, for example, the beep of an alarm clock or the hum of a
clothes washer's spin cycle. The presence of tonal components
in a sound can also be annoying, for example, the tonal sound
generated by tires running over pavement with evenly spaced
ridges. Quantification of the change in sound quality due to the
presence of unwanted tonal components typically has been ad-
dressed by applying a penalty to a level-based metric such as
A-weighted sound pressure level or by using a sound quality
model that is a function of metrics including one or more that
quantify the sound's tonal character [5, 6, 7], however, the use-
fulness of either method is limited by the accuracy in predict-
ing a sound's tonal character. A better understanding of how
tonal components are perceived can be used to help designers
improve product sound quality.

Sounds that are perceived as having a tonal quality include:
pure tones, complex tones (including frequency and amplitude
modulated tones), peaked ripple noise (noise generated by using
a feedback loop to add delayed attenuated versions of the noise),
high- low- and band-pass filtered noise, and comb-filtered noise
[8]. Because band-pass filters can be used to generate sounds

that go from white noise to (nearly) pure tones, band-pass fil-
tered noise was used in the research described in this paper.

Tonal components with center frequencies from around 700
to 3000 Hz are perceived as more tonal than components cen-
tered at higher or lower frequencies [1, 8, 9, 10]. As the band-
width decreases, the tonalness increases [1, 2, 3, 4]. The tonal-
ness of low-pass filtered noise increases as the filter roll-off be-
comes steeper, but this effect saturates when the masking pat-
tern of the sound ceases to increase. For example, this satura-
tion occurs for 8 sone low-pass filtered noise with a cut-off fre-
quency of 1000 Hz when the roll-off rate is greater than 36 dB
per octave [8]. Because low-pass filtered noise is a special case
of band-pass filtered noise, it is expected that the perception of
the tonalness of band-pass filtered noise should exhibit a similar
saturation. However, since the masking pattern is asymmetric, it
is not clear if the roll-off rate at which saturation occurs would
be controlled by the upper or lower frequency roll-off of the
masking pattern.

The roll-off rate may affect the tonal quality of a sound in
another way. Noise that is band-pass filtered by using a filter
with a shallow roll-off rate will have a much broader base band-
width than peak bandwidth (see Figure 1). This may lead to
a decrease in the perceived strength of the tonal character and
an increase in the perceived strength of the noise character of
a sound. Because both bandwidth and roll-off rate affect the
tonal quality and these two factors are interrelated, the two fac-
tors should be considered simultaneously when modelling the
tonal quality of band-pass filtered sounds.

Random noise was band-pass filtered by using trapezoidal
filters with peak bandwidths from 1 to 300% of the critical
bandwidth and with attenuation rates from 0 to 300 dB per oc-
tave. The sounds were then evaluated for their tonalness by
using three test methods: direct scaling, paired comparison, and
an adaptive forced choice method. In order to evaluate the ef-
fect of bandwidth and roll-off rate in detail, a direct scaling
method was used where a value of 2 was assigned to sounds
with no tonal quality (white noise) and a value of 8 was as-
signed to sounds with the most tonal quality (a pure tone). The
paired comparison method was used because it is more reliable
for naive subjects than direct scaling and thus could be used
to verify the direct scaling results, however, paired comparison
experiments are not practical for large sets of sounds, so only
a subset of the direct scaling experiment's sounds was used in
the paired comparison experiment. Both of these test methods
allow the sounds to be scaled relative to each other. In order
to relate the sounds to an easily measured physical parameter,
an adaptive forced choice test was conducted where the the ref-
erence sounds were tonal components in broadband noise with
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Figure 1: Illustration of the frequency response magnitude of
(a) Butterworth and (b) trapezoidal filter. In (a), the peak band-
width is defined by where the level drops by K dB. Upper roll-
offs are determined by the distance from the upper cut-off fre-
quency,

� � � � � �
. Lower roll-offs are determined by distance from

the lower cut-off frequency,
� 
 �  � �

.

different signal-to-noise ratios.

2. Test Sounds
In previous experiments, � � � and � � � order Butterworth filters
had been used to filter random noise in order to generate tonal
components for subjective evaluation [9]. Bandwidth was de-
fined for the components by the one-half power (3 dB down)
points. In order to have a finer control over the roll-off rate and
“bandwidth”, finite impulse response (FIR) trapezoidal digital
filters were used to filter digitally generated gaussian distributed
white noise. Peak bandwidth here is defined as the width of
the region of the trapezoidal filter frequency response that has a
gain of 1, as shown in Figure 1 (b).

The trapezoidal filters were designed by specifying the cut-
off frequencies and the roll-off rate. The cut-off frequencies
were chosen so that the peak bandwidth would be a percent
of the critical bandwidth (CBW) centered at 700 Hz, where� � � � � �  ! " �  % ! � ' ) * , , , - * /

and
� '

is 700 Hz [11]. The
roll-off was controlled by specifying the attenuation at 2.5 Hz
increments below and above the cut-off frequencies. The at-
tenuation was increased by 0 dB per octave, where 0 was the
desired roll-off. A sampling frequency (

� 1
) of 22050 Hz was

chosen. In keeping with digital filter design practice [12], con-
jugate symmetry was imposed around

� 1 ) �
. The frequency re-

sponses of the resulting digital filters were checked to ensure
that the filters met the specifications at frequencies in between
those specified in the designs. An example showing the detail
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Figure 2: Detail of frequency response magnitude between the
designed points. 3 - designed points 4 - points estimated by
zero padding the impulse response.

around the lower cut-off frequency is shown in Figure 2. A
set of filters was designed with the peak bandwidth and roll-off
rates shown in Table 1.

The filters were used to filter 20 seconds of random noise
sampled at 22050 Hz. Each sound was then normalized to a
loudness of 16 sones for a diffuse field according to ISO 532B.
It was desired to play the sounds for a much shorter length dur-
ing the experiment, so the middle 2.5 seconds of each sound was
used. This ensured that there were no ringing effects, due to the
transient response of the FIR filters, present in the test sound. In
addition to the filtered noise, a pure tone signal and white noise
were added to the set of sounds. Twenty milli-second cosine
ramps were also applied to the beginning and end of each sound
to prevent “clicks” during playback.

Table 1: Roll-off rate and peak bandwidth of filters used to gen-
erate the experiment sounds. All filters are centered at 700 Hz.
A “ 5 ” indicates that the filter parameters were used in the di-
rect scaling test. A “+” indicates that the filter parameters were
used in the paired comparison test.

Roll-Off Rate, dB / Octave
%
CBW 5 20 40 60 80 100 150 200 300
1 6 6 + 6 + 6 + 6 + 6 + 6 6 6 +
10 6
20 6 6 6 6 6 6 6 6
30 6
40 6 6 6 + 6 6 6 +
70 6 6
100 6 6 6 + 6 + 6 + 6 +
150 6 6
200 6 6 6 6 6 6 6 6 6
300 6 6

For each experiment, the subjects, fitted with Etymotic Re-
search ER-2 calibrated earphones, sat at table with a computer
keyboard and monitor in a sound isolated booth. The sounds
were played from a computer outside the sound booth by using
a LynxONE sound card connected to a Tucker-Davis Technolo-
gies HB7 headphone amplifier. The system was calibrated such
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that the measured sound pressure level of a 90 dB sine wave
played through the earphones connected to a sound level meter
by using a Zwislocki coupler would be 90 dB.

3. Experiment 1: Direct Scaling Test
It was desired to determine the effect of the trapezoidal filter's
peak bandwidth and roll-off rate on the perception of tonal-
ness. Sounds were chosen that ranged from purely tonal to
completely noisy in fine increments. The resulting 48 sounds in-
cluded white noise, a pure tone, and the 46 filtered noise sounds.

The subjects for this experiment were recruited at Purdue
University. Their ages ranged from 20 to 33 years of age. This
group was culturally diverse and included American, Korean,
Chinese, Japanese, Mexican, Columbian, Turkish, and Indian
students. There were 8 females and 16 males in the group. Two
persons were rejected from the group, one who failed a hearing
test and one who did not follow the directions during the testing.
The remaining 22 subjects participated in this direct scaling test
and in the paired comparison test described later. These two
tests were completed by each subject in a 1 hour session. The
order of the experiments was randomized with half doing the
paired comparison test first and the other half doing the direct
scaling experiment first.

3.1. Procedure

Prior to each subject's arrival, the playback system was cal-
ibrated and all unnecessary sound sources near to the sound
booth were turned off. The subjects were then brought to the
sound booth where they read and signed a consent form which
had been approved by Purdue University's Committee on the
Use of Human Research Subjects. The subjects then filled out
a questionnaire regarding their background and noise exposure
and evaluation experience. The subject's hearing was tested and
a subject failed this test if their threshold was more than 20 dB
above the normal threshold for pure tones at 125, 250, 500, 750,
1000, 2000, 3000, 4000, 6000, and 8000 Hz. If the hearing test
was passed, test instructions were given to the subjects describ-
ing tonal and non-tonal signals by using examples of non-tonal
sounds (white noise) and tonal sounds (a pure tone). For the
direct scaling experiment, the subjects were asked to give a rat-
ing of 2 to sounds that were not at all tonal and a rating of 8 to
sounds that were the most tonal. Before the test, the subjects
played a subset of 18 test sounds to familiarize themselves with
the range of sounds that would be in the test. The subjects were
encouraged to play these sounds as often as they needed to help
them maintain their internal scale of tonalness. Once the sub-
jects were familiar with the sounds, they went through a practice
test to get used to the testing format. They then took the test.
The sounds were presented in a random order for each subject.
While they were taking the test, the sounds and the subject re-
sponses were remotely observed to make sure that the sounds
were being played correctly and to make sure that the subjects
were not reversing the scale. After the experiment, the subjects
were asked for any comments or observations about the test and
were paid $10 for participating in the test.

3.2. Analysis and Results

The responses of 22 subjects were averaged to obtain an es-
timate for the tonalness of each sound. In order to more easily
compare the tonalness estimates from the different experiments,
the tonalness estimates were rescaled so that noise had a value
of 0 and the pure tone at 700 Hz had a tonalness of 1. In this
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Figure 3: Tonalness of band-passed noise as a function of roll-
off rate. The � are the results for the direct scaling experiment.
The dashed (- -) line connects sounds whose peak bandwidth
was 1% of the critical bandwidth. The dotted ( � � � ) line connects
sounds whose peak bandwidth was 200% of the critical band-
width. The � are the results for the paired comparison test.

way one can think of the tonalness score as a fraction of that
which would be obtained for a pure tone of the same frequency
and loudness. The results are shown in Figure 3 as circles ( � ).
The tonalness for all the sounds having a peak bandwidth of 1%
are connected by a dashed ( � � ) line, similarly, the sounds hav-
ing a peak bandwidth of 200% are connected by a dotted ( � � � )
line. Tonalness variation due to changes in the peak bandwidth
are shown in Figure 4 for band-limited noise generated by using
filters with roll-off rates from 5 to 300 dB per octave.

As the roll-off rate increases, the range of tonalness due to
changes in peak bandwidth increases. It can be seen in both
Figures 3 and 4 that for low roll-off rates, even the sounds with
the narrowest peak bandwidth are not judged to have any ap-
preciable tonalness. For high roll-off rates, the peak bandwidth
becomes much more important. For the sounds with roll-off
rates of 300 dB per octave, the tonalness triples as the peak
bandwidth decreases from 300 to 1% of the critical bandwidth
(see Figure 4). Finally, even for the widest bandwidths tested
at high roll-off rates, the tonalness is around 30 to 40% of the
tonalness of a pure tone. This tonalness can be attributed to the
roll-off at the cut-off frequency, the effect described by Fastl for
low-pass noise [8], however the saturation occurs for a roll-off
rate of around 100 dB per octave for the widest band-passnoises
considered in this experiment compared to the 36 dB per octave
for low-pass noise that Fastl describes.

4. Experiment 2: Paired Comparison Test
Exposure to a very strong or weak sensation can cause a sub-
ject's internal scale to shift. To some extent, these effects are
reduced by averaging the responses from subjects who heard
the sounds in different orders, however, this internal scale shift
can still be a problem for direct scaling experiments. If the inter-
nal scale used to make judgements is not stable, then the direct
scaling from one test sound to the next may not represent the
true sensation difference. With paired comparisons, the task is
reduced to a discrimination, for example “Which signal has the
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Figure 4: Tonalness of band-limited noise as a function peak
bandwidth. Roll-off rates of: 300 ( � ), 200 ( � ), 150 ( � ), 100
( � ), 80 ( � ), 60 ( � ), 40 (

�
), 20 ( � ), and 5 ( � ) dB per octave.

sensation?” or “Which signal has a stronger sensation?” For
naive subjects this task is easier than assigning the numbers in
the direct scaling experiment. A paired comparison test was
conducted to check that the direct scaling test results were reli-
able.

The sounds used for the paired comparison test were a sub-
set of those used in the direct scaling test. The filter character-
istics used to generate the sounds are indicated in Table 1 by a
“+”. The sounds chosen either had roll-off rates near 100 dB per
octave; had peak bandwidths that were one critical bandwidth
wide; or where from the least tonal and most tonal band-pass
sounds. All sound pair combinations were randomly played to
the subjects, in both A-B and B-A order for a total of 132 paired
comparisons per subject. For each pair, the subjects were asked
to “choose the sound that is more tonal”. The test sound play-
back and subject's responses were monitored remotely during
the test to make sure that there were no problems with the play-
back and to make sure that the subjects understood the instruc-
tions.

4.1. Analysis and Results

The tonalness of the sounds was estimated by using the Bradley-
Terry-Luce model [13]. The tonal sensation was modelled as	 �  � � � � � � �

, where � �
is determined such that it maximizes

the likelihood function

�  � � � �  � " �� $ & � � � � � & � *  + (1)

where , �  / & 01 � , � &
, , � &

is the number of times sound 2 was
chosen to be more tonal than sound 3 , and 4 � &

is the number of
times that the two sounds were compared. An estimate of � �
that will maximize

�
is determined iteratively by using Equa-

tions (2) and (3). 5
� 7 9 ;� 

5
� < 7 9 ;� " ? �

5
� < 7 9 ;� A (2)

5
� < 7 9 ;�  , � " ? & 01 � C 4 � & D F

5
� 7 9 G H ;� �

5
� 7 9 G H ;& J K A M  O A P A Q Q Q

(3)
In order to compare the paired comparison results with

the direct scaling results, the paired comparison results were
rescaled by using a first order least squares fit to minimize the
average error in S �  U � X Z � � [ �

, where S is the estimated
tonalness from the direct scaling experiment,

Z
is the estimated

tonalness from the paired comparison experiment, and 2 is the
sound number. The rescaled tonalness results for the paired
comparison experiment are shown as � ' s in Figure 3. The solid
vertical lines ( \ ) in Figure 3 link the tonalness results of a
given sound for the paired comparison and direct scaling exper-
iments. For sound 2 , [ �

is the disagreement between the results
of the two experiments after rescaling. The close agreement be-
tween the two experiments supports the validity of the tonalness
ratings obtained from the direct scaling experiment.

5. Experiment 3: Adaptive Forced Choice
Test

The previous two experiments were conducted to determine the
relationship between the tonalness of the sounds used in the test.
It was also desired to relate the tonalness of the test sounds to
the tonalness of a simpler sound: a pure tone in noise. The
level of the noise relative to the tone can be adjusted to vary
the tonalness of the simpler sound, and the tonalness of these
types of sounds have been shown to be a simple function of the
signal-to-noise ratio [10].

In this experiment, subjects were asked to pick a reference
sound that was deemed to have a tonalness equivalent to a test
sound's tonalness. The reference sound was a combination of
a tonal component and broadband white noise. When adjusted,
the signal-to-noise ratio of the tonal component in the broad-
band noise changed, however, the loudness of the reference
sound was always 8 sones. In this way, the tonalness of the test
sound was related to a physically measurable quantity, namely
the signal-to-noise ratio of the reference sound. Vormann, Ver-
hey, Mellert, and Schick [3] conducted a similar experiment for:
harmonic and inharmonic tone complexes, narrow band noise at
different bandwidths, amplitude and frequency modulated sinu-
soids, and for tones at different center frequencies. They used a
pure tone starting at 45 dB in a uniformly exciting noise floor of
50 dB for their reference sound. Vormann et al. used an adaptive
procedure whereby the tone's level was adjusted by 8 dB until
the reference sound was found to be more tonal than the refer-
ence sound (a reversal). The step size was halved each time a re-
versal occurred until a minimum step size of 2 dB was reached.
The question that the subjects were asked in Vormann et al.'s
experiment was “Which signal is more tonal (tonhaltiger)?”

In this experiment, the reference sounds were 700 Hz pure
tones in white noise and the test sounds were trapezoidal fil-
tered random noise. The starting step size was 16 dB which
was halved after every reversal until a minimum step size of
1 dB was obtained. The test ended after either the reference
sound had been adjusted 30 times, or 10 reversals occurred. A
typical converged response for a subject doing this test is shown
in Figure 5. An example of a test that did not converge is shown
in Figure 6. The subjects were asked to “choose which sound
is more tonal.” The signal-to-noise ratio of the last 5 reference
signals were averaged and this was considered a measure of the
test sound's tonalness.

The test sounds were chosen to be a subset of the paired
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Figure 5: Example of a typical adaptive forced choice test where
the subject's responses converged. The test sounds were gener-
ated by using filters with roll-off rates (dB per octave) / peak
bandwidths (% CBW) of: 20 / 1 ( � ), 60 / 1 ( � ), 100 /
100 ( � ), 100 / 1 ( � ), 150 / 100 ( � ), 200 / 100 ( � ), 300 /
100 ( � ), 300 / 1 (

�
).

comparison test so that all three experiments could be com-
pared. These sounds were also normalized to a Loudness of 8
sones. The filter parameters for the 8 sounds used in the test are
given in Table 2. The sound booth and playback system were
prepared as in the two previous experiments. Five subjects with
experience in taking psychoacoustic tests participated in this ex-
periment. They ranged in age from 22 to 33 years of age. There
were 4 males and 1 female. Test sounds were evaluated in a
different random order for each subject.

Table 2: Roll-off rate and peak bandwidth of filters used to gen-
erate the sounds for the alternative forced choice test. All filters
are centered at 700 Hz.

Roll-Off Rate, dB per Octave
Perc.
CBW 20 60 100 150 200 300

1 � � � �
100 � � � �

5.1. Results and Analysis

Using the adaptive forced choice method to evaluate the tonal-
ness of band-pass filtered noise in reference to a pure tone in
noise was found to be difficult. This was because the test sounds
and the reference sounds had a different tonal character. The
test sounds appear to have more than one perceptual attribute
that affects tonalness, whereas the reference sounds may only
have one attribute that affects the tonality. The tonalness of the
reference sounds increased as the level of the tone increased
relative to the noise. As the bandwidth of the filtered noise got
narrower and the roll-off larger the sound also acquired notice-
able nonstationary frequency and amplitude characteristics. To
avoid switching attention between these different attributes, the
subject must be very familiar with the attributes prior to taking
part in the test, so that they can concentrate on one particular
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Figure 6: Example of an adaptive forced choice test where the
subject's responsesdid not converged. The test sound was band-
passed noise filtered by a filter with a roll-off rate of 60 dB per
octave and a peak bandwidth of 1% of the critical bandwidth.

attribute during the test.
In order to try to make the comparisons easier, the pure tone

in the reference sound was replaced with a frequency modulated
tone and with band-pass filtered noise (300 dB per octave roll-
off, 1% of critical bandwidth peak bandwidth). Although both
of these reference sounds were more similar to the band-pass
filtered noise of the test sounds, the results from preliminary
tests were not any closer to the direct scaling and paired com-
parison results than the results when using the pure tone in the
reference sounds.

One subject's results were not consistent with the others
and was removed from the analysis. The results for the re-
maining subjects are shown in Figure 7 as � ' s with dashed
lines (- -) connecting the results for each subject. The aver-
age of the 4 subjects' responses for each test sound is shown
with a circle ( � ) in Figure 7. The relative level differences be-
tween the test sounds appear to be very similar to the relative
differences between tonalness for the same test sounds in the
direct scaling and paired comparison experiments. In order to
try to put all experiments on the same scale, Aures's metric of
tonality was used to determine the tonalness of the reference
sounds that were chosen as having the same tonalness as the
test sounds. When this was done, the maximum value was only
0.46, so the Aures tonality values were rescaled in a manner
similar to that used in the rescaling of the paired comparison
values. The rescaled values of Aures's tonality for the chosen
reference sounds, the rescaled paired comparison experimen-
tal results, and the rescaled direct scaling experimental results
are shown in Figure 8. There is strong agreement between the
three tonalness estimates, however, it was also found that a sim-
ple linear rescaling of the signal-to-noise ratio levels matched
the paired comparison and direct scaling results better than the
rescaled Aures tonality results.

6. Comments on Results
Three experimental methods were used to evaluate the tonal
quality of trapezoidal filtered random noise. The sounds were
characterized by the filter roll-off rates and peak bandwidths.

22



−20

−10

0

10

20

S
P

L 
of

 T
on

e 
−

 S
P

L 
of

 N
oi

se
, d

B

R02
0P

00
1

R06
0P

00
1

R10
0P

10
0

R10
0P

00
1

R15
0P

10
0

R20
0P

10
0

R30
0P

10
0

R30
0P

00
1

R=Roll−Off Rate in dB per Octave, P=% of Critical Bandwidth

Figure 7: Signal-to-noise ratios for the tone-in-noise reference
sounds that were required in order to be perceived as having the
same tonalness as the test sound.

When the results from the three experiments were compared,
the ratings of the sounds that were common to all experiments
were in close agreement. This gives support to the use of the di-
rect scaling method when evaluating many sounds, tests which
would take too long if the other methods were used.

At low roll-off rates, peak bandwidth of the trapezoidal fil-
ter used to generate the test sounds does not have a strong ef-
fect on tonalness. At high roll-off rates, peak bandwidth of the
trapezoidal filter strongly affects the tonalness of the sounds.
The tonal effect due to the roll-off rate saturates at around 100
dB per octave for the widest peak bandwidths tested, however,
as the bandwidth becomes narrower, this saturation takes longer
to occur, to the point that no saturation was observed for peak
bandwidths that were 1% of the critical bandwidth. The satu-
ration for large bandwidths is similar to that described by Fastl
for low-pass filtered noise, however, this saturation occurs at a
higher roll-off rate for band-pass filtered noise. Presumably, as
the band-pass filter's lower cut-off frequency approaches 0 Hz,
the saturation will approach a roll-off rate of 36 dB per octave.
The use of trapezoidal filters is a practical choice for the evalua-
tion of the tonalness of band-passednoise. Although tonal com-
ponents in sounds will, in general, not have trapezoidal spectral
shapes, the general conclusions should still be valid.

A consequence of the interaction between roll-off rate and
peak bandwidth is that it is not sufficient to only consider peak
bandwidth of a band-pass filtered noise when estimating how
tonal it will sound. In Aures's tonalness metric, a bandwidth es-
timate is required for the determination of �

�
, however, Aures's

model did not include roll-off rate effects. Aures's metric could
be improved if a suitable bandwidth can be calculated, that is a
function of both peak (or � dB down) bandwidth and roll-off
rate, and used in the �

�
calculation. Or, does the �

�
function

need to be changed? This is the subject of on-going research.
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