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ABSTRACT

A series of psychoacoustic experiments were carried out to explore the relationship between an objective
measure of reverberation echo density, called the normalized echo density (NED), and subjective perception
of the time-domain texture of reverberation. In one experiment, 25 subjects evaluated the dissimilarity of
signals having static echo densities. The reported dissimilarities matched absolute NED differences with an
R2 of 93%. In a 19-subject experiment, reverberation impulse responses having evolving echo densities were
used. With an R2 of 90%, the absolute log ratio of the late field onset times matched reported dissimilarities
between impulse responses. In a third experiment, subjects consistently reported breakpoints in echo pattern
character at NEDs of 0.3 and 0.7.

1. INTRODUCTION cus and blur. Composer Alexandre Cellier described
a particular reverberant space as producing sound

Reverberation is a principal component of timbre, ef- that was

fecting the perceived clarity and loudness of a sound,
as well as providing vital cues regarding inference of
distance, direction and physical space. Perceptual
studies of reverberation primarily focus on decay
time [1], and the effect of reverberation on loudness,
distance [2], and room size perception [3].

blurred and confused, somewhat resem-
bling — in the domain of optics — the vi-
sion obtained by an opera-glass out of fo-
cus. [4]

The contribution of reverberation to the perceived
clarity of a sound, or more generally, a sound’s per-
ceived texture, is typically recognized in terms of
cross-modal adjectival analogies to visual clarity, fo-

More common, particularly in audio engineering and
architectural acoustics contexts, is an association of
the ratio of direct and reflected signal in terms of rel-
ative moisture, where the distorting effect of rever-
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beration of an unreflected (dry) signal is described
in terms of adding wetness.

Sabine’s pioneering work establishing a perceptu-
ally based measure of acoustic absorption and the
widely accepted index of acoustic clarity (C80) are
the foundations of physical and perceptual correlates
describing reverberation. A statistical description of
the number of reflections per second of an acoustic
signal is another useful correlate between perception
and physics [5].

Recently there has been interest in the transition
between early reflections and late reverberation in
artificial reverberation and room impulse responses

(6,7, 8, 9].

The temporal evolution of echo density, and in par-
ticular its rate of increase, influence the perceived
time-domain attribute of timbre, which we refer here
to as a sound’s texture[10].

In [6], a method was presented for measuring the
echo density of reverberant impulse responses over
time by examining the percentage of impulse re-
sponse taps lying outside the local standard devia-
tion. This measure, called the normalized echo den-
sity or NED, ranges from near zero, indicating few
echoes, to around one, indicating a fully dense re-
verberation having Gaussian statistics. Two recent
studies [8, 9] share the common theoretical direction
with the proposed model of assessing the “Gaussian-
ness” of the echo density used in this study [6], al-
though there were differences in the analytical meth-
ods of these studies.

However, the effect of this aspect of reverberation
on the perception of timbre and texture has yet to
be explored in any quantifiable investigation. Al-
though the statistical properties of early reflections
and late reverberation are well studied for both ar-
tificial reverberation and room impulse responses,
the relationship between such statistical descriptions
and the relevant perceived quality of sound texture
demands further research and experimentation.

Our earlier work [11] on the validity of describing
noise-like sound texture using NED constitutes one
such psychoacoustic study. In these informal listen-
ing tests, NED showed promise as a predictor of the
perception of such noise textures. NED correlated
well to the perception of smoothness and roughness
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Fig. 1: Normalized echo density profile (red) of a
measured room impulse response (black). Note that
the time axis is on a logarithmic scale.

(or degree of granularity) in noiselike echo patterns,
while being insensitive to the bandwidth (or, loosely
speaking, the echo duration) of the noises. For ex-
ample, noises with low NED (e.g., NED = 0.2) were
perceived as “sputtery” regardless of bandwidth,
and noises with high NED (e.g., NED = 0.8) were
perceived as “smooth” regardless of bandwidth.

These results motivated us to conduct more formal
psychoacoustic experiments to quantitatively inves-
tigate (1) the perception of static noise textures, and
(2) dynamic mixing time perception, both modeled
by NED.

In this paper we report the results of psychoacoustic
experiments which show how objective measures of
reverberation echo density relate to subjective per-
ception.

2. NORMALIZED ECHO DENSITY

Over a sliding reverberation impulse response win-
dow, the normalized echo density profile n(t) is the
fraction of impulse response taps which lie outside
the window standard deviation, normalized to that
expected for Gaussian noise:

t+3
o= LTUND S > o), )
T=t—p3

where h(t) is the reverberation impulse response (as-
sumed to be zero mean), 26+ 1 is the window length
in samples, ¢ is the window standard deviation,

1
t+3 2

o=l X O @

T=t—p3
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1{-} is the indicator function, returning one when
its argument is true and =zero otherwise, and
erfc(1/4/2) = 0.3173 is the expected fraction of sam-
ples lying outside a standard deviation from the
mean for a Gaussian distribution [6].

The normalized echo density profile (NEDP) is more
generally computed using a positive weighting func-
tion w(t) so as to de-emphasize the impulse response
taps at the sliding window edges:

1 i

0 g 2, O

with
t+0 2

o= wnhi(n) (4)

T=t—p3

and where w(?) is normalized to have unit sum
> w(r) =1

Figure 1 shows the normalized echo density profile
of a measured room impulse response using a 20 ms
Hanning window. NED values are near zero dur-
ing the early reflection portion of the reverberation,
indicating a low echo density. The NED value in-
creases over time to a value near one, suggesting
Gaussian-like statistics, where it remains for the du-
ration of the impulse response. As described in [6],
what sets one NED profile apart from another is the
rate of increase and the time at which a value near
one is first attained, indicating the start of the late
field.

As developed in [11], the normalized echo density 7,
can be related to the absolute echo density p, mea-
sured in echoes per second, by the following expres-
sion:

op

= 5 5

Ul e (5)

where § is the echo duration in seconds, or alterna-
tively the inverse echo bandwidth in 1/Hz .

3. STATIC ECHO DENSITY

In order to conduct a systematic analysis of echo
density psychoacoustics, artificial echo patterns were
synthesized for a variety of static echo densities and
echo bandwidths.

Trial 1 of 25

How different are they?

Reference
Identical Very different
SRR B SRS S S
— <>
Play J I Next

Fig. 2: Dissimilarity experiment graphical user in-
terface.

A Poisson process was used to generate echo arrival
times using absolute echo densities ranging from 10
echoes/s to 2.8e5 echoes/s. Echo amplitudes were
drawn from Gaussian distributions with variance
scaled by the echo density so that energy is roughly
constant across echo patterns. Sinc interpolation
was used to convert echo times and amplitudes into
an echo pattern, and echoes having a range of dif-
ferent durations were generated by applying second-
order Butterworth lowpass filters having bandwidths
from 1.0 kHz to 10 kHz. [11]

Stimuli for the following experiments described in
this section were selected from this large collection of
synthesized echo patterns based on the combination
of echo pattern bandwidth and echo density desired.

3.1. Static Echo Pattern Dissimilarity

In this first experiment, we investigated the relation-
ship between NED and perception of echo patterns
with static echo densities. Our primary interests are
(1) whether the texture descriptions (NED, AED,
and log AED) relate in a simple way to perceived
texture dissimilarity, and (2) if those relationships
are consistent across bandwidths, i.e., echo dura-
tions.

3.1.1. Method

Participants. Twenty-five normal-hearing partici-
pants, graduate students and faculty members from
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Fig. 3: Mean R? and 95% confidence intervals of
linear regression on dissimilarity ratings of echo pat-
terns having static echo densities, using AED (o), log
AED (.), and NED (*) as the independent variable.

Center for Computer Research in Music and Acous-
tics at Stanford University volunteered for the ex-
periment. All of them were experienced musicians
and/or audio engineers with various degrees of train-
ing.

Stimuli. Three sets of echo patterns hav-
ing five different static echo densities (NED =
0.13,0.24,0.57,0.74,0.90) were generated, with each
set having different echo bandwidths (1 kHz, 2
kHz, and 5 kHz, corresponding to echo durations
of roughly 1.0 ms, 0.5 ms, and 0.2 ms, respectively).
The textures of the stimuli were varied so that granu-
larity ranged from sparse to smooth, while the other
factors such as duration, loudness, and bandwidth,
were kept constant.

Procedure. There were three sections in the exper-
iment, one section for each of the three sets of the
stimuli. Each section consisted of a practice phase
and an experimental phase.

The task of the participants was to rate the per-
ceived texture dissimilarity of the presented pair,
and listen to the sounds, played in sequence with
a short intervening silence. They then enter their
perceived dissimilarity using a 0 to 10 scale, with
zero indicating that the presented sounds were iden-
tical, and 10 indicating that the two sounds in the

presented pair were the most different within the
section.

The participants press the “Play” button of the ex-
periment GUI using a slider. In order to facilitate
the judgment, the pair having maximal texture dif-
ference in the section (i.e., the pair of lowest and
highest echo density sequences, defined to have a
dissimilarity of 10) is available as a reference pair
throughout the practice and experimental phases.
Participants were allowed to listen to the testing pair
and the reference pair as many times as they want,
but were advised not to repeat too many times, be-
fore making their final decision on scaling, and pro-
ceeding to the next pair.

In the practice phase, five sample pairs were pre-
sented for rating. In the experimental phase, twenty-
five pairs per section (all the possible pairs from five
stimuli) were presented in a random order. The or-
der of presenting the sections was randomized as
well.

It should be pointed out that the maximally dis-
similar pair used as a reference employed different
sequences than those presented for rating. Also,
so as to distinguish the ability to discern different
sequences having identical echo densities from the
ability to recognize identical sounds, two different
sequences were generated at each echo density, and
each pair presented drew one sound from each gen-
eration.

3.1.2. Analysis

The dissimilarity judgments were analyzed using lin-
ear regression (also known as least squares estima-
tion) [12], with absolute NED differences as the inde-
pendent variable, and their reported perceived dis-
similarities as the dependent variable.

The mean of the coefficient of determination (R2,
R2, or R-squared, which represents the goodness of
fit) among participants is used to judge the linear re-
lationship between the NED distance and perceived
dissimilarity. We first applied individual linear re-
gression for each section and each participant. The
R2 values of one section from all the participants
were then averaged to find the mean degree of fit
(mean R2) of each section.

In addition to the NED-based analysis, the same
analyses were repeated using distances based on
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AED and on log AED, as independent variables.
Figure 3 shows mean R2 values from the linear re-
gression analyses based on these three independent
variables.

Absolute difference in NED is a good model for per-
ceived texture dissimilarity, having a mean R2 of
93%. The log AED is a reasonable indicator of tex-
ture dissimilarity, with a mean R2 of 88%. AED,
however, fails as a usable model.

3.2. Texture Categorization

This experiment inherits the framework described
in our earlier paper [11]. The basic idea is to under-
stand if there are any commonly perceived anchors
in the perception of gradually changing texture, e.g.
if there are clear boundaries to divide the texture
clusters when the texture is changing from smooth
to rough.

In this experiment, we asked the participants to di-
vide the static echo noises into three groups, and
observed the trend in the reported boundaries. Also
of interest is whether a boundary point in NED is
consistent among echo patterns with various band-
widths.

3.2.1. Method

Participants. Nine normal-hearing participants, mu-
sicians, recording engineers, and staff from the De-
partment of Music and Sound at the Banff Centre
volunteered for the experiment.

Stimuli. Four sets of echo patterns hav-
ing 19 different static echo densities (NED =
0.05,0.10,0.15, ...,0.95) were generated at each of
four bandwidths (1 kHz, 2 kHz, 5 kHz, and 10 kHz).
The textures of the stimuli were varied so that granu-
larity ranged from sparse to smooth, while the other
factors such as duration, loudness, and bandwidth,
were kept constant.

Procedure. Buttons allowing the subject to listen
to the nineteen static noise patterns are presented
in ascending NED order. The participants were in-
structed to listen to the noise patterns as many times
as they wished and in whatever order. They were
asked to select two breakpoints, grouping the noise
sequences into three texture regions, e.g., rough,
medium, and smooth. The sections were organized
by bandwidth, and the order of section presentation
was randomized.

Section 1 of 4

I 000200 DO0DOoODOODEROO

9 o © o @ @ @ B @ © o & 6 & @ o o o
o o o ® ° @ @ @ o @ & o & & 6 o o o
Sequence up

l Sequence down | Stop
J

Z

Fig. 4: Texture categorization experiment graphical
user interface.
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Fig. 5: Breakpoint 1 (top) and breakpoint 2 (bot-
tom) separating three texture regions along a con-
tinuum of low to high static echo density. Response
means and 95 % confidence intervals (.) are plotted
to the right of individual subject responses (o).

3.2.2. Analysis

The NED values of the reported breakpoints are
shown in Figure 5 along with the mean NED and
95% confidence intervals for each of the experiment
sections. The subject responses are seen to cluster
around an NED of 0.3 for the first breakpoint, and
an NED of about 0.7 for the second breakpoint ir-
respective of the stimulus bandwidth. These break-
points are in good agreement with perceived noise
texture groups described in [11].
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texture echo bandwidth (kHz)
units breakpoint 1 2 5 10
1 0.21 033 0.34 0.31
NED 2 0.66 0.71 0.69 0.66
1 182 717 1884 2496
AED 2 1595 4007 8468 12670
Table 1: Mean texture breakpoints across echo

bandwidths, expressed in normalized echo density
and absolute echo density (echoes/second).
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Fig. 6: Mean texture breakpoints (o0,*) for echo pat-
terns (.) having static echo densities and bandwidths
of 1, 2, 5, and 10 kHz (left to right).

Mean breakpoint values were also computed for each
of the sections in terms of the absolute echo den-
sity (AED). These and the mean NED values ap-
pear in Table 1, and are plotted in Figure 6. Fig-
ure 6 also shows the NED-AED pair associated with
each of the static echo sequences presented. The
breakpoints are seen to occur at NED values across
bandwidth, whereas they occur at different AED val-
ues, roughly exponentially increasing with increasing
bandwidth.

3.3. Texture Matching

This experiment was conducted to study the per-
ceived texture quality across bandwidth. A refer-
ence echo pattern having a bandwidth of 3.16 kHz
was provided, and participants were asked to select
an echo pattern with the closest texture from echo
patterns having a different bandwidth. The idea is
to form a sort of “equal texture contour” across echo
bandwidth and to test the stability of NED across
bandwidth.

3.3.1. Method

Participants. Ten normal-hearing participants, mu-
sicians, recording engineers, and staff from the De-
partment of Music and Sound at the Banff Centre
volunteered for the experiment.

Stimuli. Four sets of echo patterns having 17 differ-
ent static echo densities (NED = 0.1,0.15, ...,0.90)
were generated, with each set having a different echo
bandwidth (1 kHz, 2 kHz, 5 kHz, and 10 kHz). The
textures of the stimuli were varied so that granu-
larity ranged from sparse to smooth, while other
factors such as duration, loudness, and bandwidth,
were kept constant. In addition, three echo patterns
of bandwidth 3.16 kHz and NED = 0.25,0.5,0.75
were used as reference echo patterns.

Procedure. The experiment had 12 sections (three
reference patterns, for each of four test sets). Within
a section, pairs of the reference sound and one of the
seventeen test sounds were prepared and presented
with icons on the computer display. Participants
were asked to listen to reference/sound pairs thor-
oughly as many times as they desired, and to select
one of the nineteen test sounds which had the most
similar perceived texture.

3.3.2. Analysis

NED values of the static echo patterns perceived to
match the texture of a 3.16 kHz-bandwidth refer-
ence pattern are shown in Figure 8 for each of three
reference pattern NEDs. The corresponding mean
NED and mean AED values appear in Table 2. The
mean matching NED values are all close to the ref-
erence NED values, indicating that, as a predictor of
perceived texture, NED is insensitive to bandwidth.
By contrast, AED produces bandwidth-dependent
equal texture contours, taking on an exponential
curve.
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Section 1 of 12

Select the best texture match.

Sequence down

Fig. 7: Texture matching experiment graphical user
interface.

echo bandwidth (kHz)

units - ref ) 2 316 5 10

1 034 025 0.25 0.26 0.21

NED 2 051 043 0.50 0.39 0.38
3 077 078 075 071 0.58
1 423 508 794 1511 1667
AED 2 897 1212 2512 2689 5911
3 3617 6219 7945 11859 11122

Table 2: Mean texture match across echo band-
widths to three reference patterns having an echo
bandwidth of 3.16 kHz, expressed in normalized echo
density and absolute echo density (echoes/second).

4. TIME-VARYING ECHO DENSITY

Reverberation impulse responses were synthesized
using absolute echo density profiles which increased
quadratically over time, similar to the time behav-
ior of echo density in three-dimensinal spaces. A
set of echo patterns having echo bandwidths of 10
kHz were generated which reached an NED of 0.5 at
times ranging from 20 to 2000 ms (see Figure 9).

Frequency-dependent decay was implemented by
sending the echo patterns through an octave-band
filter bank, imposing appropriate amplitude en-
velopes on the bandpassed signals, and summing the
windowed signals. Three frequency-dependent decay
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Fig. 8: Static echo pattern NEDs most similar to a
reference static echo pattern havinga NED of 0.25,
0.5, or 0.75 (top to bottom). Response means and
95 % confidence intervals (.) are plotted to the right
of individual subject responses (0). The associated
reference NED is represented by a dotted line.

and equalization profiles were designed in order to
have a wide range of realistic-sounding reverberation
impulse responses (see Table 3). The echo patterns
were then normalized relative to the energy in the
first 0.25 seconds in order to maintain similar vol-
ume levels between patterns having different rever-
beration times.

4.1. Mixing Time Dissimilarity

In this experiment, we investigated the perception
of time-varying echo patterns, focusing on the rela-
tionships between perceived dissimilarity and mixing
time, defined as the time at which a specified NED
is achieved.

4.1.1. Method
Participants. FEighteen normal-hearing participants,
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Fig. 9: Absolute echo density profiles (top) and nor-
malized echo density profiles (bottom) for the set of
echo patterns used to generate the stimuli in the
mixing time dissimilarity experiment.

musicians, recording engineers, and staff from the
Department of Music and Sound at the Banff Centre
volunteered for the experiment.

Stimuli. Four sets of stimuli were generated with
different decay rates and equalizations as listed in
Table 3. Within each set the decay and equalization
were constant, but the mixing time was varied across
seven values.

Procedure. The framework of this experiment is the
same as that of the static echo pattern dissimilar-
ity experiment. There were four sections, associated
with the four sets of stimuli. As before, each section
consisted of a practice phase and an experimental
phase, with the subjects rating dissimilarity on a
scale ranging from 0 to 10.

In the practice phase, five sample pairs were pre-
sented for rating. In the experimental phase, twenty-
four pairs per section (about half of all possible pair-
wise combinations of the seven stimuli) were pre-
sented in a random order. The order of section pre-
sentation was randomized as well.

Only 24 out of the possible 49 pairs were presented
in order to prevent subject fatigue. The 24 pairs
selected were chosen from the symmetric half of all

Tso decay stimulus
set at 1 kHz equalization duration
1 o0 none 0.85 s
2 2.91 lowpass 1.7s
3 1.37 slightly lowpass 1.3s
4 0.65 highpass 0.85 s

Table 3: Reverberation time, frequency-dependent
decay characteristic, and sound duration for each
stimulus set in the mixing time dissimilarity experi-
ment.

0.95F b

0} }[ ][

0.85F b

RZ

0.81 1

0.75

Set 1 Set 2 Set 3 Set 4

Fig. 10: Mean R? and 95% confidence intervals
of linear regression on dissimilarity ratings of time-
varying echo patterns with different equalization and
decay characteristics.

possible combinations, with the pair orders random-
ized. Out of seven possible identical pairs, three
of them were selected for testing in the experiment.
This approach is justified in view of the fact that the
dissimilarity judgment of symmetric pairs (pairs of
sounds, AB and BA) are known to be statistically
equivalent [13].

4.1.2. Analysis

The dissimilarity judgments were analyzed using lin-
ear regression, with the absolute log ratio of the mix-
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ing times selected as the independent variable, and
the reported perceived dissimilarities as the depen-
dent variable.

The R2 mean was computed for each section for each
subject. The average subject R2 means for each sec-
tion are shown in Figure 10 with 95% confidence in-
tervals. It is clear that the log mixing time ratio
predicts perceived dynamic texture dissimilarity.

Note that the mean R2 is high irrespective of the
decay and equalization characteristics tested. Based
on this, we expect the absolute log mixing time ra-
tio to indicate perceived texture dissimilarity over a
wide range of reverberation impulse responses.

5. SUMMARY AND FUTURE WORK

The static echo pattern dissimilarity experiment pro-
vides the quantitative evidence that normalized echo
density is a good predictor of texture perception.
NED has a strong linear correlation with perceived
textures for echo patterns having a wide range of
static echo densities, regardless of the echo duration.
This time-domain analysis method can be a powerful
tool for developing quantitative texture descriptors
related in a straightforward way to human percep-
tion of sound texture.

The texture categorization and texture matching
experiments show that NED as a perceptual de-
scriptor of texture is consistent and robust across
bandwidths—static echo patterns having similar
NED values will be close in perceived texture re-
gardless of echo bandwidth.

The mixing time dissimilarity experiment showed
that the log ratio of mixing time defined at a speci-
fied NED successfully predicts the dissimilarity per-
ception of time-varying echo patterns, irrespective of
the decay and equalization characteristics imposed
on them. Mixing time predicted by analyzing the
boundary between early reflections and late rever-
beration, using such methods as described in [7, 8, 9],
can have similar perceptual properties since the con-
cept of mixing time is common regardless of its an-
alytical method.

In studying the perceived mixing time textures, it
was noted that the perceived distances between echo
patterns having 20 ms and 40 ms mixing times were
smaller than would otherwise be predicted by the
log ratio mixing times. This suggests further work to

explore a “mixing time threshold”—the mixing time
below which it is not possible to perceive texture
differences.
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