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Abstract

1/f noise or pink noise, which has been shown to be universal in nature, has also been
observed in the temporal envelope of music, speech and environmental sound.
Moreover, the slope of the spectral density of the temporal envelope of music has
been shown to correlate well to its pleasing, dull or chaotic character. In this paper,
the temporal structure of a number of instantaneous psychoacoustic parameters
(loudness, specific loudness, sharpness, tonality, pitch and pitch strength) of
environmental sound is examined, in order to investigate whether a 1/f temporal
structure appears in various types of sound that are generally preferred by people in
everyday life. The results show to some extent that different categories of
environmental sounds have different temporal structure characteristics. Only a
number of urban sounds considered and birdsong generally exhibit 1/f behavior on
short to medium duration time scales, i.e. from 0.1s to 10s, in instantaneous loudness
and sharpness, whereas a more chaotic variation is found in birdsong at longer time
scales, i.e. of 10s to 200s. The other sound categories considered exhibit relatively
more random or monotonic variations in the different time scales. In general, the
results of this study show that a 1/f temporal structure is not necessarily present in

environmental sounds that are commonly perceived as pleasant.

PACS numbers: 43.50.Rq, 43.66.L]



l. Introduction

Pink noise, flicker noise or “1/f” noise is a form of temporal fluctuation (not restricted
to noise signals) that has a power density inversely proportional to the frequency (that
is, varies as 1/f) (Gilden et al. 1995). 1/f noise exhibits a predictability that is
intermediate between white noise, a quantity with a 1/f° spectral density, and brown
noise, a quantity with a 1/f* spectral density. White noise is uncorrelated with its past,
showing rapid and random changes; 1/f* noise depends very strongly on its past,
showing only slow and predictable changes; 1/f noise has an intermediate behavior,
with some correlation over all time scales, yet not depending too strongly on its past,
and exhibits a balance between randomness and correlation on all time scales (Voss
and Clarke 1975; Voss 1979).

1/f noise has been ubiquitously detected in the temporal behavior of systems as
diverse as vacuum tubes (Johnson 1925), river flow (Mandelbrot and Wallis 1969),
traffic flow (Nagatani 1993), ecological time series (Steele 1985; Pimm and Redfearn
1988), DNA-base sequences (Voss 1992), and nerve membrane (Lundstréom and
McQueen 1974). The universality of 1/f noise is generally believed to be a

manifestation of self-organized criticality (SOC) of complex system (Bak et al. 1987).

In the domain of acoustics, 1/f behavior has been observed in the power spectral
density of the temporal envelope of music and speech (Voss and Clarke 1978), and of
outdoor soundscapes (De Coensel et al. 2003) over different time scales. While the
spectral density of the audio signal (i.e. instantaneous sound pressure) of music is
usually far from 1/f, the spectral density of more slowly varying quantities, i.e. the
instantaneous audio power or sound pressure level (varying closely with loudness) or
fundamental frequency (pitch) of many musical pieces has been found to vary over
time approximately as 1/f noise. The spectral density of the instantaneous audio
power of speech (as recorded from radio stations) has also been shown to resemble 1/f
noise, although for pitch (zero crossing rate), a slightly different behavior was found
(Voss and Clarke 1978; De Coensel et al. 2003). Voss and Clarke (1978) explained
the 1/f-like spectral density of quantities associated with music and speech as the
result of a critical balance between predictability and novelty. This was later
reinterpreted as music being an imitation of the temporal fluctuation of SOC systems
that seems to be common in nature (De Coensel et al. 2003).



For many outdoor soundscapes, consisting of a mixture of sounds originating
from multiple sources, De Coensel et al. (2003) found the presence of 1/f behavior in
the A-weighted sound level, Zwicker’s loudness, and pitch, at least to some extent. By
splitting the time interval of interest at around a few seconds, they could distinguish
between time structure at the micro-scale and time structure at the macro-scale
(Botteldooren et al. 2006). At the micro-scale, corresponding to temporal fluctuations
in the time interval between 200 ms and 5 s, typically associated to variations within
an acoustic event (within sources), a close 1/f frequency dependence was often
observed in the power spectra of loudness and pitch of various rural and urban
soundscapes. However, at the macro-scale, corresponding to temporal fluctuations in
the time interval between 5 s and about 10 min, mainly influenced by fluctuations in
the succession of acoustic events (between sources), the power spectral density of
loudness and pitch of all the rural soundscapes and some of the urban soundscapes
that were considered was found to be steeper than 1/f. This implies slower variations
in loudness and pitch than expected in the case of SOC, which indicates a higher
predictability (De Coensel et al. 2003).

For music, the slope of the spectral density of the temporal envelope has been
shown to correlate well to its pleasing, dull or chaotic character. Stochastic musical
compositions, in which the frequency and duration of each note were determined by
1/f noise have been found to sound pleasing (Voss and Clarke 1978). Stochastic
compositions generated by white noise sources were found to sound too random,
chaotic, and unpredictable, whereas those generated by 1/f* noise sounded too
correlated, predictable, and hence boring and dull (Voss and Clarke 1978; De Coensel
et al. 2003). Furthermore, reports provide evidence for tuning to 1/f dynamics in
auditory cortical neurons, which may contribute to the efficient encoding of audio
signals for which the temporal envelope shows a 1/f behavior (Garcia-Lazaro et al.
2006).

It is well known that certain types of environmental sounds, such as water sounds
and birdsong, are well preferred in everyday outdoor sound environments (Yang and
Kang 2005; Nilsson and Berglund 2006; Axelsson et al. 2010). Since a common
preference for music with a 1/f temporal structure has been shown (Voss and Clarke
1978), this paper aims to explore whether a 1/f temporal structure could be observed

in a range of sounds that are commonly denoted as being pleasant. This work does not
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attempt to investigate directly the link between these temporal structure indicators and
human perception (such as pleasant, dull or chaotic), but explores whether a 1/f
temporal structure is present in distinct categories of environmental sounds that are
commonly perceived as being pleasant. Also, this work explores whether the 1/f
temporal structure indicators have the ability to show differences between different
types of sound, and thus contribute to the automatic distinction/identification of
various types of environmental sound. In contrast to earlier research (De Coensel et al.
2003) where mixtures of sounds are considered, in this work the sound signals of
separate sound sources are examined. Next to this, a wider range of psychoacoustic
parameters is considered, including an analysis of the temporal structure of the

envelope within separate audio frequency bands.

In Section 11, the methods of sound sample collection, psychoacoustic, 1/f and
statistic analysis are presented. In Section Ill, the results of an analysis of the
temporal structure of single-valued psychoacoustic parameters, including loudness,
sharpness, tonality, pitch and pitch strength are presented. In Section 1V, the results of
an analysis of the temporal structure of specific loudness are presented. Finally, in
Section V, the results are discussed.

I1. Methods

A. Sound collection

To study the presence of 1/f behavior within the temporal structure of the sound of a
particular source, only sound recordings in which a single sound source is
predominantly present are used in this study. Sounds that are often heard in everyday
life are considered, including sounds from both nature and human activity/facility
(Brown et al. 2011). Natural sounds considered include water sounds (stream, river,
and sea waves), wind sounds (in deciduous/coniferous trees and in heathland), and
birdsongs (in woodland, heathland, grassland, moorland, wetland, farmland, and
coastal). Human related sounds considered include sounds of church bells, fountains,
street music, street machines (e.g. cleaning machine, rubbish bins loading, and

construction work), traffic, human voice and footsteps in urban areas.



In order to obtain a large sample of single source sound, the recordings used in
this study were collected from multiple databases, supplemented by recordings made
by the authors. Recordings were made in countryside, natural parks, and urban areas
in England, from 1994 to 2010. Calibration was based on measured SPLs, or in case
calibration data was not available, based on reasonable estimates of the sound level
range (Yang 2013; Yang and Kang 2013b). In total, 102 single-channel recordings
with a sample rate of 44,1kHz were considered, each having a duration ranging from
30s to 240s, with the majority having a duration of 240s. The recordings can be
further classified into four categories: water sounds, wind sounds, birdsong and urban
sounds; the number of recordings in each category can be found in Table I. More

details on the set of recordings considered can be found in (Yang and Kang 2013b).

B.  Psychoacoustic analysis

The temporal variation of a number of psychoacoustic parameters used in previous
soundscape analyses (Yang and Kang 2013b; 2013a), including loudness, sharpness,
tonality, pitch, and pitch strength, has been analyzed for each of the 102 selected
recordings. Also, the potential 1/f structure of the fluctuation of the sound power is
examined within each critical band separately. For this purpose, the fluctuation of
specific loudness is considered, which is related to the amplitude of oscillations of a
particular part of the basilar membrane or the neural responses in the auditory system;
similar results could be expected if the rms value or the amplitude envelope would be
considered (Yang 2013). The calculation of loudness, specific loudness, sharpness,
and tonality over time was made using the ArtemiS 11 software package of HEAD
Acoustics GmbH (Head Acoustics GmbH 2011a). The calculation of pitch and pitch
strength was made using the MIR Toolbox, a Matlab toolbox dedicated to the
extraction of musically related features from audio recordings, within the context of
music information retrieval (MIR) (Lartillot and Toiviainen 2007). In the following
paragraphs, more detailed information about the calculation of each of the above

mentioned parameters is given.

For loudness, the calculation was based on ISO 532B (1SO 1975; Zwicker et al.
1984) and the computer program specified in the German standard DIN 45631 (DIN
1991; HEAD Acoustics GmbH 2011b). The specific loudness pattern for calculating
the total loudness was calculated on the basis of 1/3-octave band levels. The 1/3-
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octave band levels over time were calculated through an FFT with a window length of
92.88ms (4096 samples), a Hanning window and an overlap of 50%. Free field

conditions were assumed in the loudness calculation in this study.

Sharpness, a dimension of timbre correlated to the distribution of spectral energy
(von Bismarck 1974), was calculated based on the algorithm of Aures (1985), which
takes into account the influence of absolute loudness upon sharpness. As the
sharpness calculation algorithm is based on the distribution of specific loudness along
the frequency scale, the same procedure as for the loudness calculation was used.

Tonality, another dimension of timbre that indicates whether a sound consists
mainly of tonal components or broadband noise, was calculated according to the
method of Aures (1985), following Terhardt’s procedure for the extraction of tonal
components (Terhardt et al. 1982). Again, the same FFT parameters were used in the
ArtemiS calculation.

Pitch may be defined as “that attribute of auditory sensation in terms of which
sounds may be ordered on a musical scale” (ASA 1960; Moore 1997). Independent of
pitch value, pitch strength specifies the pitch sensation along a scale from faint to
distinct pitch (Zwicker and Fastl 1999). Whereas in both the studies of VVoss and
Clarke (1978) and De Coensel et al. (2003), instantaneous pitch was estimated by the
rate of zero crossings of the audio signal, in this paper, instantaneous pitch and pitch
strength were calculated according to a simplified model of pitch perception (Meddis
and Hewitt 1991; Moore 1997; Yang 2013), implemented in Matlab (Yang and Kang
2013a). For the calculation of fluctuation of pitch over time, a window length of 46.4

ms and a hop length of 10 ms were used.

The calculation of specific loudness for Section IV was based on German
standard DIN 45631/A1 (DIN 2010), which describes the calculation of time-
dependent loudness. This method differs from the total loudness calculation method
used above, since the DIN standard had not been released at the time when the total
loudness calculation was performed. For the analysis of specific loudness, 19 critical
bands were considered, covering the frequency range from about 90 to 15500 Hz;
lower frequency critical bands were not included, since a number of the recordings

were low-cut filtered.
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It should be noted that there might be different algorithms from these used in this
study, although currently there are only a limited number of relevant standards.
However, since the relative differences are not significant for fluctuations over time
(Fastl et al. 2009), it can reasonably be expected that the exact calculation method
(including the temporal solutions as discussed following in Section I11. A) will not
influence the main conclusions of this study significantly. For the remainder of the
paper, the following shorthands are used: N for loudness, S for sharpness, Ton for
tonality, PV for pitch value, and PA for pitch strength.

C.  Analysis of 1/f temporal structure

The temporal structure of instantaneous loudness, sharpness, tonality, pitch, pitch
strength and specific loudness was analyzed using the algorithm outlined in
(Botteldooren et al. 2006; De Coensel and Botteldooren 2006). First, the spectral
density of each of the above parameters is estimated using an FFT over the full
duration of each time series. Subsequently, the spectral density is locally averaged
over a symmetric frequency interval considering 24 points on a logarithmic scale (De
Coensel et al. 2003). Finally, descriptors for the 1/f structure are extracted by fitting a
straight line through the spectral density plotted on a log-log scale; in particular, the
slope and the quadratic deviation from the best-fitted straight line are considered. A
slope of -1 and a deviation of 0 would correspond to perfect 1/f behavior. Both
descriptors can be seen as statistic properties of the instantaneous psychoacoustic
parameters, in addition to commonly used indicators, such as mean, standard

deviation, and percentile values (Yang and Kang 2013b).

D.  Statistical analysis

A number of statistical methods, including one-way analysis of variance (ANOVA)
and one-sample t-test, were applied to explore the presence of 1/f temporal behavior
(slope and deviation indices) in the fluctuations of the various psychoacoustic

parameters considered. For this, the SPSS Statistics software package was used.

One-way analysis of variance (ANOVA) was used to compare the means among
the sound categories, to examine if the categories differ from each other significantly

in the temporal structure of one or more parameters. The analysis of variance firstly



tests the hypothesis that all group means are equal (F-test), and then involves a more
detailed examination of the differences, if significant differences among the means
have been suggested (Hilton and Armstrong 2006; Spss 2009). To compare the mean
of the sample of the different sound types in terms of the slope indices to -1, a one-
sample t-test was used, in which the Student’s t-statistic calculates the ratio of the
mean difference (the difference between the sample mean and the test value of -1) to

the standard error of the mean.

1. Temporal structure of basic psychoacoustic

parameters

A.  Frequency range of spectral density

For the majority of the recordings which have a duration of 240s, the 1/f behavior is
analyzed over the frequency range [0.005-10Hz], which corresponds to the time range
of 0.1-200s, according to the duration of the recordings and the temporal resolution of
the calculation of the fluctuation of the parameters considered. For the calculation of
loudness, sharpness, and tonality as described above, the same window length was
used, i.e. 92.88ms with 50% overlap. For pitch and pitch strength, a window length of
46.4 ms with hop length of 10 ms was used. Thus, the temporal constants and window
lengths used in this paper are shorter than the time range considered for the spectral
density analyses, and therefore do not affect significantly the results. Recordings with
a duration less than 240s are not analyzed for the full frequency range due to the

duration limitation.

Examination of the spectral density of variations of loudness, sharpness, tonality,
pitch value and pitch strength with time for the 102 recordings shows that the slope
for the different environmental sounds varies considerably. For example, in Fig. 1,
which shows several typical shapes of the spectral density of loudness variation with
time, the spectrum curve is often not a straight line, but shows breaks at different
points. Breaks in the curves occur between -1.0 and -0.5 log(Hz) in Fig. 1 (b), at about
0.0 log(Hz) in Fig. 1 (c), and at both about -1.0 and 0.0 log(Hz) in Fig. 1 (e); in Fig. 1
(a) and (d), the spectrum curves are generally a straight line, although with different

slopes.
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In order to describe the shapes and slopes of spectral density more precisely, it
proved to be useful to further divide the analyzed frequency range into several sub-
ranges. For loudness and sharpness, breaks often occur at points of about -1.0 and 0.0
log(Hz). The full analyzed frequency range of [0.005-10Hz] is thus divided into three
ranges, i.e., [0.005-0.1Hz], [0.1-1HZ], and [1-10HZz] (corresponding to [-2.3, -1.0], [-
1.0, 0.0] and [0.0, 1.0] in logarithmic scale in the figures), which corresponds to the
time ranges of [10-200s], [1-10s], and [0.1-1s], respectively. In each of the frequency
ranges, the slope of spectral density and its corresponding deviation are calculated.
Consequently, 8 indices are derived from the spectral density for both loudness and
sharpness, that is, slopes and deviations of frequency ranges of [0.005-0.1Hz], [0.1-
1Hz], [1-10Hz], and of [0.005-10Hz] as a whole. For recordings with a duration of
240s (75 recordings in total), the four frequency ranges are analyzed; for recordings
with a duration less than 240s, only the two frequency ranges [0.1-1Hz] and [1-10HZz]

are analyzed.

In contrast to the spectral density of loudness and sharpness variations, the
spectral density of tonality, pitch value and pitch strength generally turns out to be
relatively straight, without break points. Thus, single frequency ranges can be used to
describe the spectrum curves for these indicators. Considering the duration limits for
all the 102 recordings (30s for shortest ones), the frequency range of [0.05-10 Hz] is
used for the analysis of the 1/f structure of tonality, pitch value and pitch strength,
which corresponds to the time range of 0.1-20s. As a result, only two indices are
derived for these parameters, i.e., slope and deviation of spectral density in the

frequency range of [0.05-10Hz].

All the 1/f structure indices for analyses are shown in Table I. From the table, it
can be seen that the mean deviations of both loudness and sharpness of the full range
of [0.005-10Hz] are larger (about 1.5 to 7 times) than those of the three sub-ranges,
that is, it proves the effectiveness of the three sub-ranges in the analysis. Thus, in the
following analyses for both loudness and sharpness, only slope and deviation indices

of the three sub-ranges are used.
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B.  Correlations between 1/f temporal structure indices of the

psychoacoustic parameters

The Pearson’s correlations between the two 1/f temporal structure indices (slope and
deviation) of the psychoacoustic parameters as discussed above for the 102 recordings
are shown in Table 111, where high correlation coefficients (higher than 0.7) are
highlighted in bold numbers. It can be seen that the 1/f temporal structure indices of
sharpness and those of loudness are highly correlated. That is, slopes of sharpness in
the three different frequency ranges have high correlations respectively with those of
loudness in the same range. This could be expected because both are calculated on the
basis of specific loudness; only the weighting over the frequencies differs. Also, there
are high correlations between PV slope [0.05-10Hz] and PA slope [0.05-10Hz].

C.  Comparison of 1/f structure indices among sound categories

The significant mean differences among the sound categories considered in the 1/f
temporal structure indices are examined using a ANOVA. Levene's test of
homogeneity of variances of the four different categories shows that for N slope
[0.005-0.1Hz], N deviation [0.005-0.1Hz], S slope [0.005-0.1Hz], S deviation [0.005-
0.1Hz], and PA slope [0.05-10Hz], the assumption of homogeneity of variance has
been met (p values are greater than the a level of 0.05), that is, the variances of
different categories are equal; for the other indices, the variances are unequal. The
results of ANOVA shows that for the majority of indices, except for N deviation
[0.005-0.1Hz], S slope [0.1-1Hz], S deviation [0.005-0.1Hz], and PA deviation [0.05-
10Hz], the p values associated with the F ratio (the ratio of between-groups variance
to within-groups variance) are less than the a level of 0.05, suggesting there might be
some statistically significant differences between the means of at least two categories.
However, since the assumption of homogeneity of variances has not been met for a
number of indices, post hoc tests are further checked for verifying and examining

which of the specific categories differ.

According to the homogeneity of variances of the categories of each index,
different methods are used to produce post hoc tests: Tukey’s honestly significant
difference test and Dunnett’s T3 method are used respectively for indices with equal

and unequal variances between categories, considering the unequal sample sizes in
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groups (Stevens 1999). The mean and standard deviation of the indices for the four
categories are shown in Table I. The results of the post hoc tests, shown in Table II,
presents the pairwise differences among means of the categories, where asterisks
indicate significantly different group means at the a level of 0.05.

In the following sections, the 1/f structure dynamic characteristics of the four
sound categories and their differences are discussed respectively in terms of the four

different parameters.

D. 1/f structure of loudness fluctuations

To analyze the 1/f characteristics of the four sound categories in terms of loudness,
the results for the 102 recordings are plotted in the two-dimensional coordinate
system with axes representing the slope and deviation indices of spectral density of
loudness in the different ranges, as shown in Fig. 2. In the figures, which display the
ranges of [0.005-0.1Hz] and [0.005-10Hz], that is Fig. 2 (a), (d) and (f), only two
urban sounds are shown, which are a music and a traffic sound, since only these have
a duration of 240s and thus are analyzed in the ranges in the urban category. From the
plots, and in particular from Fig. 2 (a) and (c), it can be seen that the water sounds can
be classified into two groups. Detailed data analysis showed that the recordings of
stream and river sounds in the water sound category are in one of the groups, while
the recordings of sea waves sound are in the other. Also, while the recordings in
water, wind and bird categories are generally apart from each other in Fig. 2 (e) and
(P, the recordings in urban category are more dispersive, mixed with many of the

recordings in the other three categories.

As shown in Table 11, the slopes over the ranges of [1-10Hz] (N slope [1-10Hz])
and of [0.1-1Hz] (N slope [0.1-1Hz]) show significant differences between the
categories of wind and bird sound, and between wind and urban sound categories.
From Table I, it can be seen that for N slope [1-10Hz], the mean values are -0.3 to -
0.5 for stream and river sounds and wind sounds, and -1.1 for sea waves, bird and
urban sounds. For N slope [0.1-1Hz], the mean values are 0.0 for stream and river
sounds, -2.1 to -2.4 for sea waves and wind sounds, and -1.1 to -1.2 for bird and urban
sounds. The slope over the range of [0.005-0.1Hz] (N slope [0.005-0.1Hz]) shows
significant differences between wind and water, and between wind and birdsongs. The
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mean values for N slope [0.005-0.1Hz] are -1.5 for wind category, and -0.3 to -0.5 for
water and bird categories. In terms of deviations from the slopes of spectra of
loudness, in the ranges of [1-10Hz] and [0.1-1Hz], the mean deviation values of the
urban category are generally higher than those of the other three categories, while
deviation of the range of [0.005-0.1Hz] does not show any significant difference

between the different categories.

From the results above, it can be summarized that the means of slopes of spectral
density of loudness over the different ranges mainly distinguish wind sounds from
bird and urban categories of sounds. Stream and river sounds in the water sound
category exhibit relatively random variations (slopes of 0.0 to -0.3) in loudness
compared to 1/f behavior in all the three frequency ranges, which correspond to 0.1-
200s. Sea wave sounds exhibit a 1/f behavior (slope of -1.2) in loudness fluctuations
in the short time range of 0.1-1s, more predictable variations (slope of -2.4) in the
medium time range of 1-10s, and more random variations (slope of -0.4) in the long
time range of 10-200s. Wind sounds exhibit relatively random variations (slope of -
0.5) compared to 1/f behavior on short time range, and more predictable variations
(slopes of -1.5 to -2.1) on medium and long time ranges. Birdsong sounds generally
exhibit a 1/f behavior (slopes of -1.1 to -1.2) in loudness on short and medium time
ranges, and more random variations (slope of -0.5) on long time range. Urban sounds

generally exhibit 1/f behavior (slopes of -1.1) on short and medium time ranges.

Among urban sounds in particular, for which the standard deviations of slopes
are high (0.6 to 0.8), speech sounds exhibit a 1/f behavior in loudness fluctuations in
the short time range, and more random variations in the medium time range. Sound
from traffic at a distance exhibits random variations in both the short and medium
time ranges, whereas close traffic exhibits a 1/f behavior in the short time range, and
more predictable variations in the medium time range. Some street machines exhibit
1/f behavior in the short time range, while some exhibit 1/f behavior in the medium
time range. Fountains exhibit relatively random variations (slopes of -0.2 to -0.4) in
the short time range similar to stream and river sounds, and 1/f behavior or
predictable variations (slopes of -1.0 to -1.8) in the medium time range. Church bells
exhibit predictable variations (slopes of -1.8) in the short time range, and 1/f behavior
or random variations (slopes of 0.0 and -1.1) in the medium time range. Footsteps

exhibit random variations (slope of -0.4) in the short time range similar, and 1/f
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behavior (slope of -0.9) in the medium time range. Street music in this study does not
show 1/f behavior in any of the time ranges, rather they exhibit predictable variations
(slopes of -1.5) in the short time range, and random variations (slopes of -0.3 and -0.6)
in the medium time range. Among birdsongs in the medium time range, for which the
standard deviation of slope is also high (0.6), the subcategories do not show any

distinct temporal structure.

Overall, for water sounds and birdsongs, which are generally perceived as
pleasant in an outdoor context, only sea wave sounds and birdsongs in a limited time
range show 1/f behavior. Mechanical and traffic sounds, which are generally
perceived as unpleasant, also show 1/f behavior in some time ranges. That is, a 1/f
temporal structure is not necessarily present within environmental sounds that are

commonly perceived as pleasant.

Between water and wind sound categories, stream and river sounds and wind
sounds have similar random variations in the range of [1-10Hz]; sea waves sounds
and wind sounds have similar predictable variations in the range of [0.1-1Hz].
However, the whole water sound category differs from the wind sound category in the
range of [0.005-0.1Hz]. While water and wind sounds have been shown to have
similar psychoacoustic characteristics, making them not easy to be distinguished
(Yang and Kang 2013b), they are quite different in terms of the spectral density of

temporal fluctuations.

E.  1/f structure of sharpness fluctuations

Since the 1/f temporal structure indices of sharpness and those of loudness are highly
correlated as discussed above, the results of sharpness and those of loudness show a
similar 1/f structure for the different sound categories. The 1/f characteristics of the
four categories of sounds in terms of sharpness can be seen in Fig. 3, where the
recordings in different sound categories are located respectively at a similar location
as compared to those based on loudness, shown in Fig. 2 (e) and (f), although they are
somewhat more mixed based on sharpness. That is, the 1/f behavior of sharpness

generally resembles that of loudness.
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F.  1/f structure of tonality fluctuations

From Table 11, it can be seen that the slope of spectral density of tonality (Ton slope
[0.05-10Hz]) shows significant differences between the water and wind sound
categories and the bird and urban sound categories. As shown in Table I, the mean
slope values are 0.0 to -0.1 for water and wind categories, and -0.5 to -0.6 for bird and
urban categories. The mean deviation value (Ton dev. [0.05-10Hz]) of urban category
is higher than those of the other three categories. The 1/f characteristics of the four
sound categories in terms of the slope and deviation indices of tonality are also
presented in Fig. 4 (a). Overall, in the time interval of 0.1s to 20s, bird and urban
sounds exhibit relatively random variations in tonality compared to 1/f behavior,
while for water and wind sounds, which generally do not show any tonality (i.e. with
tonality values around zero) (Yang and Kang 2013b), the mean slopes of spectral

density are equal to about zero.

G.  l/fstructure of pitch fluctuations

Analysis of the slope and deviation of the spectral density of pitch value and pitch
strength fluctuations over the range of [0.05-10Hz] generally reveals significant
differences between the water and wind sound categories and the bird and urban
sound categories, similar to the results of tonality, as shown in Table II. In Table I, for
both pitch value and pitch strength, the mean slopes are about -0.3 for water and wind
categories, and -0.5 to -0.7 for bird and urban categories. There are generally no
significant differences between the categories regarding the deviations of the spectral
density. Fig. 4 (b) shows the characteristics of the four categories in two dimensions.
In the time interval of 0.1s to 20s, bird and urban sounds exhibit relatively random
variations in both pitch value and pitch strength, while for water and wind sounds, the
mean slopes of the spectral density are even closer to zero than those of bird and

urban sounds, and exhibit random variations as well.
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V. Temporal structure of specific loudness

A.  Frequency range of spectral density

Over the frequency range of [0.005-1Hz], excluding the range of [1-10Hz] that was
considered in the loudness analysis in Section 111.D, considering the time internal of
available data of specific loudness (0.40 s), the shapes of the spectral density of
specific loudness for the 102 recordings show breaks often occurring at points of
about -1.0 log(Hz). Therefore, similar to the case of total loudness, the 1/f structure of
specific loudness is analyzed over two frequency ranges separately, i.e., [0.1-1Hz]
and [0.005-0.1Hz], which correspond to the medium and long time internal ranges of
[1-10s] and [10-200s]. In each frequency range, the slope of the spectral density and
its corresponding deviation are calculated for each of the 19 critical bands. That is, 76
indices in total are derived for further analysis. The recordings with durations less
than 240s are analyzed only in the frequency range of [0.1-1Hz], and recordings with

duration of 240s are analyzed for both ranges.

B.  Correlations between the 1/f temporal structure indices

The correlations between the 76 1/f temporal structure indices for specific loudness
are first examined. It is found that within a certain frequency range, correlations
between the slope indices are generally high, among which the correlation
coefficients are higher than 0.8 between the slopes of adjacent three to seven critical
bands in the range of [0.1-1Hz], and between the slopes of adjacent two to four
critical bands in the range of [0.005-0.1Hz]. The correlations between the deviation
indices within each frequency region are not high, generally below 0.6 for both the
frequency ranges. Relatively high correlations (about 0.5 to 0.8) exist between
adjacent critical bands. Correlations between slopes across the two different
frequency ranges, between the deviation indices across the two frequency ranges, and
between slope and deviation indices within or across the frequency ranges, are not
significant, with correlation coefficients of generally below 0.4. In addition, the
correlations between the 1/f temporal structure indices of specific loudness and those
of total loudness (as in Section I11.D) are examined; part of the results is shown in

Table IV. The results show that both the slope and deviation indices of specific
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loudness of the 19 critical bands have certain correlations with those of total loudness

only within each frequency range, with correlation coefficients of about 0.5 to 0.8.

As discussed above, within each frequency range, the variations of specific
loudness in adjacent critical bands show similar slopes and also somewhat similar
deviations of spectral density; the number of adjacent bands that have high
correlations depends on the frequency range. Also, the variations of specific loudness
have certain correlations with those of total loudness within each frequency range.
Thus, to analyze the characteristics of different categories of sound in terms of
variation of specific loudness, only part of the slope indices is presented in the
following sections (as well as in Table V), which includes the slopes of 3", 8" 13",
and 18" bands in both the frequency ranges of [0.1-1Hz] and [0.005-0.1Hz].

C.  1/f structure of specific loudness fluctuations

In order to examine whether variations of specific loudness in each of the frequency
bands considered exhibit 1/f behavior, and whether this 1/f behavior is more
pronounced than in the case of total loudness, a one-sample t-test is used here. Table
V shows the mean and standard deviation of the slope indices of each sound type,
where asterisks indicate a p-value greater than the alpha level of 0.05, that is, the
population means are not significantly different from the hypothesized value of -1.
From the results, it can be concluded that in the frequency range of [0.1-1Hz], the
temporal variation of specific loudness in some critical bands of wind sounds and
birdsongs, and of specific loudness in all critical bands of urban sounds, shows 1/f
behavior, as well as the temporal variation of total loudness of birdsongs and urban

sounds in this frequency range.

For wind sounds, while temporal variation of total loudness in the range of [0.1-
1Hz] does not show 1/f behavior, temporal variations of specific loudness in certain
critical bands do. For birdsong sounds, while temporal variation of total loudness does
show 1/f behavior in this frequency range, this is only the case for specific loudness
within a few critical bands. However, the results do not allow to conclude that the
variations of specific loudness are more likely to exhibit 1/f behavior than those of

total loudness.
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D.  Comparison of 1/f structure indices for specific loudness

among sound categories

With the 8 slope indices as discussed above, the sound recordings are plotted in the
two-dimensional coordinate system, shown in Fig. 5. From the results in both Fig. 5
and Table V, it can be seen that in the frequency range of [0.005-0.1Hz], for all the
three natural sound categories, i.e. water, wind and bird sounds, the characteristics in
1/f structure (in terms of slope values) do not differ much with different frequency
bands, and also do not differ much from those of total loudness discussed in Section
[11.D. In the range of [0.1-1Hz], however, while for water (including both stream and
river recordings and sea waves recordings) and urban sounds, the behavior of specific
loudness in different critical bands and of total loudness does not differ much, for
wind sounds and birdsongs, the behavior varies with different bands and differs from
those of total loudness. For example, for wind sounds, the mean slopes are -0.5 to -0.7
for the 3" and 18" bands and close to -1.0 for the 8" and 13" bands in specific
loudness, and -2.1 in total loudness. For urban sounds, the slope values of specific
loudness of the different critical bands and of total loudness are similar, all close to -
1; though the ranges of slope values are relatively wide compared to wind sounds and
birdsongs (the standard deviations are 0.7 to 0.8 for urban sounds, and 0.3 to 0.6 for

wind sounds and birdsongs as shown in Table V).

V. Discussion and conclusions

In this paper, the statistical characteristics of different categories of environmental
sounds have been explored, in terms of the 1/f structure of the spectral density of a
range of psychoacoustic parameters, including loudness, sharpness, tonality, pitch
value and pitch strength, as well as specific loudness, i.e. loudness within each critical
band.

The environmental sounds considered in this paper show different slopes of the
spectral density of loudness over different temporal ranges. The results for sharpness
fluctuations show similar tendencies to those of loudness; however, the differences
among the categories are not that clear. For both loudness and sharpness, stream and
river sounds and sea waves sounds in the water sound category show clear differences

in terms of the spectral density slope. Stream and river sounds exhibit relatively
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random variations (slopes of 0.0 to -0.3) compared to 1/f behavior in the full time
interval of 0.1s to 200s; sea waves sounds exhibit generally 1/f behavior (slopes of -
1.0 to -1.2) in the short time range of 0.1-1s, predictable variations (slopes of -2.1 to -
2.4) in the medium time range of 1-10s, and random variations (slopes of -0.2 to -0.4)
in the long time range of 10-200s. Wind sounds exhibit relatively random variations
(slopes of -0.5 to -0.6) compared to 1/f behavior in short time range, and more
predictable variations (slopes of -1.4 to -2.1) in medium and long time ranges.
Birdsongs exhibit generally 1/f behavior (slopes of -1.0 to -1.2) in short and medium
time ranges (1/f behavior on only short time range in sharpness), and more random
variations (slopes of -0.5) in long time range. Urban sounds generally exhibit 1/f
behavior (slopes of -0.9 to -1.1) in short and medium time ranges. While the results
for water, wind and bird sound categories are generally clearly distinct, the results for
sounds within the urban category tend to have a much greater spread, and overlap

with the results of the other three categories.

The slopes of the spectral density of tonality, pitch value, and pitch strength all
show significant differences between the water and wind sounds and the bird and
urban sounds, over the time interval range of 0.1s to 20s, roughly corresponding to the
short and medium time ranges of loudness and sharpness. Bird and urban sounds
exhibit relatively random variations in tonality, pitch value and pitch strength. Water
and wind sounds generally do not show any tonality; the mean slopes of the spectral

density were found to be close to zero.

When results of specific loudness within critical bands are considered, similar
characteristics of 1/f structure are found as compared to those found for total loudness,
for all the sound categories in general. However, there are some differences, e.g., in
the temporal range of 1-10s, the spectral density characteristics of wind sounds and
birdsong sounds vary with critical band, and differ from those of total loudness. For
wind sounds, temporal variations of specific loudness in certain critical bands do

show 1/f behavior, though that of total loudness does not.

Generally, these results demonstrated the certain ability of the 1/f temporal
structure indicators in making the distinction between the environmental sounds; for
example, the slope in the range of [0.005-0.1Hz] shows clear difference between
water and wind sounds, which are difficult to be distinguished by psychoacoustic

indicators (Yang and Kang 2013b). However, the 1/f temporal structure indicators do
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not have a direct link with preference of environmental sounds as that in music. The
results show that a 1/f temporal structure is not necessarily present in environmental
sounds that are commonly perceived as pleasant. Among the different categories of
sound, only sea wave sounds, birdsongs and a number of urban sounds (such as
speech, traffic, and street machine sounds), generally exhibit 1/f behavior in loudness

and sharpness, on short and/or medium duration time scales.

These results also confirm the theoretical expectations of 1/f noise of loudness
and pitch fluctuations in many activities in soundscape (De Coensel et al. 2003),
although with some divergences. Based on local wind velocity dynamics (an
approximate 1/f dependence from seconds to minutes obtained from theoretical
considerations and experimental data) and the relation between wind velocity and
wind induced noise, a dependence approximating 1/f* was expected for wind induced
vegetation sound level (De Coensel et al. 2003). In this study, wind sounds (in
vegetation) exhibit slopes of about -2.0 to -1.5 in loudness in the time interval of 1s to
200s, which accords with the theoretical considerations. For bird song, 1/f dynamics
of loudness and pitch fluctuation were expected (De Coensel et al. 2003), since the
necessary ingredients were present to create SOC. In this paper, it is found that
birdsongs have slopes of about -1 in loudness in time interval of 0.1s to 10s (but about
-0.5 in the time interval of 10s to 200s), and slopes of about -0.6 in pitch in time
interval of 0.1s to 20s. The results confirm that birdsong loudness fluctuations exhibit
generally 1/f behavior in short to medium time intervals, but relatively more random

variations of pitch.
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TABLE I. Descriptives of 1/f structure indices of loudness, sharpness, tonality, and
pitch for the four categories

Water Wind Bird Urban
Stream Sea
Number of recordings | 14 20 23 28 17
oo | 1 s 2 2 z
Mean ;t:\;. Mean ;t:\;. Mean SDt:\;. Mean SDt:\;. Mean SDt:\;.
N N slope [0.005-10Hz] -0.15 0.08 -1.31 0.16 -1.64 0.12 -0.81 0.15 - -
N slope [1-10Hz] -0.30 0.25 -1.16  0.45 -0.50  0.40 -1.13 041 -1.05 0.55
N slope [0.1-1HZ] -0.04 0.25 -2.41 0.73 -2.05 0.37 -1.21 0.62 -1.11 0.80
N slope [0.005-0.1Hz] -0.15  0.42 -0.39 033 -1.51  0.45 -0.50 0.45 -0.99 0.43
N dev. [0.005-10Hz] 036 0.05 058 0.11 0.47  0.08 045  0.07 - -
N dev. [1-10Hz] 0.08 0.02 0.09 0.01 0.08 0.01 0.11  0.03 0.19 0.07
N dev. [0.1-1Hz] 0.22 0.03 0.24  0.03 021  0.03 0.24  0.03 0.31 0.09
N dev. [0.005-0.1Hz] 0.23  0.07 0.25  0.05 0.24  0.06 0.26  0.05 0.25 0.05
S S slope [0.005-10Hz] -0.13 0.2 -1.08 0.14 -1.45  0.22 -0.86  0.16 - -
S slope [1-10Hz] -0.19  0.09 -0.96  0.30 -0.63  0.25 -1.01 041 -0.87 0.51
S slope [0.1-1Hz] -0.04 0.28 -2.14  0.51 -1.61  0.55 -1.37  0.49 -1.07 0.59
S slope [0.005-0.1Hz] -0.22  0.37 -0.15  0.51 -143 048 -0.51  0.45 -1.00 0.08
S dev. [0.005-10Hz] 0.39 0.06 056 0.11 0.43  0.06 0.44  0.07 - -
S dev. [1-10HZ] 0.09 0.03 0.08 0.01 0.08 0.02 0.11  0.03 0.19 0.08
S dev. [0.1-1Hz] 0.25 0.02 0.24  0.04 0.22  0.02 0.24  0.03 0.28 0.07
S dev. [0.005-0.1Hz] 0.27  0.07 0.28  0.06 0.25  0.06 0.25  0.06 0.21 0.01
Ton Ton slope [0.05-10Hz] -0.01  0.06 -0.06  0.08 -0.07  0.07 -0.50 0.14 -0.59 0.33
Ton dev. [0.05-10Hz] 0.29 0.04 0.27  0.03 0.26  0.03 031 0.04 0.40 0.10
P PV slope [0.05-10Hz] -0.03  0.17 -042  0.22 -031  0.22 -0.60 0.29 -0.46 0.36
PA slope [0.05-10Hz] -0.09 0.16 -042  0.26 -0.27  0.25 -0.59 0.28 -0.65 0.28
PV dev. [0.05-10Hz] 037 0.04 035 0.06 033 0.04 0.38  0.05 0.40 0.07
PA dev. [0.05-10Hz] 034 0.04 037  0.05 034 0.04 035 0.06 0.39 0.08
N [0.1-1s] Random 1/f behavior Random 1/f behavior -
[1-10s] Random Predictable Predictable 1/f behavior -
[10-200s] Random Random Predictable Random -
S [0.1-1s] Random 1/f behavior Random 1/f behavior -
[1-10s] Random Predictable Predictable Predictable -
[10-200s] Random Random Predictable Random -
Ton [0.1-20s] - - - Random Random
PV [0.1-20s] Random Random Random Random Random
PA [0.1-20s] Random Random Random Random Random




TABLE II. Multiple Comparisons of 1/f structure indices of loudness, sharpness, tonality, and pitch for the four categories

Mean Difference (I-J) Water Wind Bird Urban
Dependent Variable Wind Bird Urban | Water Bird Urban | Water Wind Urban | Water Wind Bird
N N slope [1-10Hz] -0.31 0.33 0.25 0.31 .64* .56* -0.33 -.64% -0.08 -0.25 -.56* 0.08
N slope [0.1-1HZ] 0.62 -0.22 -0.33 -0.62 -.84* -.94% 0.22 .84* -0.10 0.33 .94%* 0.10
N slope [0.005-0.1Hz] 1.20* 0.20 - | -1.20* -1.00* - -0.20  1.00* - - - -
N dev. [1-10Hz] .01* -.03* -11% -.01* -.04* -.12% .03* .04* -.08* A1* 12%* .08*
N dev. [0.1-1Hz] 0.02 -0.01 -.07* -0.02 -.03* -.10* 0.01 .03* -0.06 .07* .10* 0.06
N dev. [0.005-0.1Hz] 0.00 -0.01 - 0.00 -0.01 - 0.01 0.01 - - - -
S S slope [1-10Hz] -0.01 .36* 0.23 0.01 .37* 0.24 -.36% -37% -0.13 -0.23 -0.24 0.13
S slope [0.1-1Hz] 0.34 0.10 -0.21 -0.34 -0.24 -.54* -0.10 0.24 -0.30 0.21 .54* 0.30
S slope [0.005-0.1Hz] 1.26* 0.33 - | -1.26* -.93% - -0.33 .93* - - - -
S dev. [1-10HZ] 0.00 -.02* -.10* 0.00 -.03* -11%* .02* .03* -.08* .10* Ja1* .08*
S dev. [0.1-1Hz] .03* 0.01 -0.03 -.03* -0.02 -.06* -0.01 0.02 -0.04 0.03 .06* 0.04
S dev. [0.005-0.1Hz] 0.02 0.03 - -0.02 0.01 - -0.03 -0.01 - - - -
Ton Ton slope [0.05-10Hz] 0.03 46* .55% -0.03 43* .52%* -.46% -43% 0.09 -.55% -.52% -0.09
Ton dev. [0.05-10Hz] 0.02 -0.03 -12% -0.02 -.04%* -.13% 0.03 .04* -.09% .12* .13* .09*
P PV slope [0.05-10Hz] 0.05 .34* 0.20 -0.05 .29*% 0.15 -.34% -.29% -0.14 -0.20 -0.15 0.14
PA slope [0.05-10Hz] -0.01 .31* .37* 0.01 .32* .38* -.31% -.32% 0.06 -37% -.38% -0.06
PV dev. [0.05-10Hz] 0.03 -0.02 -0.04 -0.03 -.05* -.07* 0.02 .05* -0.02 0.04 .07* 0.02
PA dev. [0.05-10Hz] 0.01 0.00 -0.04 -0.01 -0.01 -0.05 0.00 0.01 -0.04 0.04 0.05 0.04
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L\‘Iope i\llope i\llope N dev. N dev. N dev. Sslope Sslope Sslope Sdev. S dev. S dev. IIZ:)e ;ZC. :I\cljpe splgpe Z\e/v. Z:v.
[1- [0.1- [0.005- [110'HZ] [1?4; E)Oi(?—(i)zs]- [11(;Hz] [1?4; E)Oi(?—(i)zs]- [11(;Hz] [10H§] E)O'l(ﬁ)j' [0.05-  [0.05- [0.05- [0.05-  [0.05-  [0.05-
10Hz] 1Hz] 0.1Hz] ) ) ) 10Hz] 10Hz] 10Hz] 10Hz] 10Hz] 10Hz]

N slope [1-10Hz] 1.000

N slope [0.1-1HZ] -0.005 1.000

N slope [0.005-0.1Hz] -0.336 0.270 1.000

N dev. [1-10HZ] -0.273 0.165 0.195 1.000

N dev. [0.1-1Hz] -0.280 0.091 0.174 0.577 1.000

N dev. [0.005-0.1Hz] -0.101 -0.082 0.154 0.100 0.031 1.000

S slope [1-10Hz] 0.828 0.162 -0.131 -0.141 -0.234 -0.065 1.000

S slope [0.1-1Hz] 0.140 0.900 0.204 0.055 -0.042 -0.121 0.239 1.000

S slope [0.005-0.1Hz] -0.307 0.059 0.737 0.173 0.296 0.101 -0.135 0.024 1.000

S dev. [1-10Hz] -0.185 0.140 0.115 0.914 0.482 -0.006  -0.064 0.082 0.131 1.000

S dev. [0.1-1HZ] -0.128 0.147 0.392 0.398 0.458 -0.045 -0.032 0.165 0.358 0.436 1.000

S dev. [0.005-0.1Hz] 0.199 -0.094 0.140  -0.203 0.004 0.054 0.177 -0.068 0.168  -0.072 0.278 1.000

Ton slope [0.05-10Hz] 0.468 -0.128 -0.146  -0.666 -0.485 -0.099 0.387 -0.008 -0.041 -0.591 -0.332 0.245 1.000

Ton dev. [0.05-10Hz] -0.251 0.264 0.053 0.673 0.506 -0.114  -0.110 0.213 0.017 0.722 0.483 0.011 -0.575 1.000

PV slope [0.05-10Hz] 0.439 0.264 -0.042 -0.189 -0.167 -0.140 0.461 0.349 -0.095 -0.120 0.012 0.180 0.426 -0.081 1.000

PA slope [0.05-10Hz] 0.555 0.108 -0.101 -0.382 -0.351 -0.168 0.543 0.184 -0.164  -0.301 -0.137 0.176 0.592 -0.264 0.742 1.000

PV dev. [0.05-10Hz] -0.185 0.279 0.238 0.277 0.286 0.033 -0.155 0.226 0.277 0.159 0.152 0.036  -0.287 0.121 -0.022 -0.293 1.000

PA dev. [0.05-10Hz] -0.184 0.073 0.041 0.181 0.141 -0.177  -0.123 -0.005 0.112 0.138 0.317 0.023 -0.169 0.102 -0.122 -0.150 0.274 1.000




TABLE 11V. Correlations between 1/f structure indices of specific loudness and of
loudness

N slope [1-10Hz] N slope [0.1-1HZ] N slope [0.005-0.1Hz]
N3 slope [0.1-1Hz] .318** 672%* -131
N8 slope [0.1-1Hz] .305%* .693%* -.035
N13 slope [0.1-1Hz] .258** .830** -.052
N18 slope [0.1-1Hz] 347%* .641%* -.316%*
N3 slope [0.005-0.1Hz] -.256* .274%* .706**
N8 slope [0.005-0.1Hz] -.225 .268* T71%*
N13 slope [0.005-0.1Hz] -.290%* 141 781%*

N18 slope [0.005-0.1Hz] -.163 .166 722%*




TABLE V. Statistics of one-sample test (test value = -1) of 1/f structure indices of specific loudness and loudness

Stream Sea Wind Bird Urban

Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.
N slope [0.1-1HZ] -0.044 0.252 -2.407 0.730 -2.052 0.370 -1.210* 0.616 -1.108* 0.799
N slope [0.005-0.1Hz] -0.151 0.424 -0.386 0.335 -1.506 0.451 -0.505 0.453 - -
N3 slope [0.1-1Hz] -0.020 0.226 -1.637 0.623 -0.692 0.438 -0.478 0.331 -0.962* 0.789
N8 slope [0.1-1Hz] 0.067 0.249 -1.724 0.718 -0.865* 0.361 -0.619 0.554 -0.803* 0.655
N13 slope [0.1-1Hz] -0.097 0.194 -1.885 0.702 -1.069* 0.490 -1.030* 0.477 -1.054* 0.652
N18 slope [0.1-1Hz] -0.002 0.198 -1.811 0.675 -0.511 0.444 -1.256 0.448 -0.793* 0.778
N3 slope [0.005-0.1Hz] -0.136 0.541 -0.404 0.391 -1.356 0.539 -0.841* 0.465 - -
N8 slope [0.005-0.1Hz] -0.010 0.188 -0.302 0.425 -1.410 0.459 -0.567 0.585 - -
N13 slope [0.005-0.1Hz] -0.080 0.519 -0.172 0.415 -1.473 0.411 -0.524 0.498 - -
N18 slope [0.005-0.1Hz] 0.086 0.504 -0.137 0.429 -1.264 0.405 -0.560 0.521 - -




Figure legends

FIG. 1. Time series of loudness, and spectral density of loudness, respectively
corresponding to the sound recording of (a) a river, (b) sea waves, (c,d) two

examples of the sound of wind, and (e) the sound of birdsong.

FIG. 2. Characteristics of the four categories of sound in terms of the 1/f structure of

instantaneous loudness.

FIG. 3. Characteristics of the four categories of sound in terms of the 1/f structure of

instantaneous sharpness.

FIG. 4. Characteristics of the four categories of sound in terms of the 1/f structure of (a)

tonality and (b) pitch.

FIG. 5. Characteristics of the four types of sound in terms of the 1/f structure slope

indices of specific loudness in the ranges of [0.1-1Hz] and [0.005-0.1Hz].
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FIG. 1. Time series of loudness, and spectral density of loudness, respectively

corresponding to the sound recording of (a) a river, (b) sea waves, (c,d) two examples

of the sound of wind, and (e) the sound of birdsong.
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FIG. 5. Characteristics of the four types of sound in terms of the 1/f structure slope
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