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"1/f Noise" in Music and

Speech

Loudness fluctuations in music and speech, and

pitch fluctuations in music,ethbit a 1/f spectrum.

Richard F. Voss

John Clarke

Department of Physics, University of California, and
Inorganic Materials Research Division, Lawrence Berkeley

Laboratory, Berkeley, California 94720



Richard F. Voss 2

The power spectrum of many physical quantities is "1/f-like",
varying as l/fY, where 0.55y<1l.5, over many decades. Thus vacuum
tubesl, carbon'resistorsz, semiconducting~devices3, continuous ’

. 7 .
or discontinuous6metal films , ionic solutions , films at the super-
. ... 8 . 9 10
conducting transition , Josephson junctions”, nerve membranes™ ,
.o 11 . .. 11
sunspot -activity™~, and the flood levels of the river Nile all ex-
. 12
hibit what has come to be known as ''l/f noise'. In this paper,

we report measurements of the power spectra of various fluctuating

quantities associated with music and speech. We have found that loud-

ness fluctuations in music and speech, and pitch (melody) fluctuations
in music, exhibit 1/f spectra. We discuss the implications of these

measurements.

Although most frequently used in the analysis of random-signals or
noise", the power spectrum is an extremely useful characterization of
the éverage behavior of any quantity varying in time. The power
spectrum, SV(f), of a fluctuating quantity, V(t), is a measure of the
average ''power", <V2>, in a unit bandWidth about the frequency f.

Sv(f) may be measured by passing V(t) through a tuned filter of .
frequency f and bandwidth Af. Sv(f) is then the average of the squared
output of the filter divided by Af. A second characterization of‘the
average behavior of V{(t) is the autocorrelatién function,<V(t)V(t+1)~>,
<V(t)V(t+T1)> is a measure of how the fluctuating quantities at times

t and t+T are related. SV(f) and <V(t)V(t+T)> are not indebendent, but

are related by the Wiener - Khintchine relations:13
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V()V(e+D)> #_IO'SV(f)cos(Z.‘rrfT).df,l RS
“and ‘ _SV(f) = 40<V(t)V(t+T)>cos(2ﬂfT)dT. _ (2)

.Maﬁy fluctuating quantitigs, V(t), may be characterized by a single
correlation time, T. In such a case, V(t) is correlated with'V(t+T)
- for |T]<Tc,_and is independent of V(t+t) for |T|?fc. From Eq.(2), it is
then possible to show that Sv(f) is "white" (independent of frequency)
in' the frequency range corresponding to time scales over which V(t) is
_independent (f<1/2ﬂTc); and is‘a‘rapidly decreésing fuﬁction of frequency,
usually l/fz, in the_frequency range over which V(t) is correlated
(ﬁ>l/2ﬂT;)- A quantity with a 1/f power speétrum cannot, therefore, be
characterized by a singlé correlation time. In fact, the 1/f power
spectrum implies some correlationvih V(t) over all time scales corres-
ponding to‘the frequency range for which Sv(f) is 1/f-—.like.14 In general,
a negative slope for Sv(f) implies soﬁe.degree.of correlation in V(t)
over time scales of roughly 1/2ﬂf.' A steep slbpe implies a higher degree
of correlation than a shallow slope.

In our measurements dn music and speech, the fluctuating quantity

of interest was converted to a voltage whose power spéctrum was measured

by an interfaced PDP-11 computer using a Fast Fourier Transform
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algorithm. The.mdst.éamiliar:fluctuating quantity associated with -
music is the audio signal; V(t), 'such as the voltage used to drive a
speakef-sYétém. Fig. 1(a) sﬁows'a linear-linear plot of the power
spectrum,.SV(f), of the audio signal from J. S. Bach's lst Brandenburg
Copcerto (Angel SB;3787)‘av¢faged over tﬁe entire concerto. The spec-
trum consists of a series of sharp peaks in thévfrequency range 100Hz
to 2kHz corresponding to the individual notes invthe concerto and, of
course, is not l/f—like. Although this spectrum contains much useful
information, our priﬁary interest is in more slowly varying quantities.
One suéh quantity is the loudness of the music. Thevaudio signal,
v(t), wés aﬁplified and passed through a bandpass filter in the range
100Hz ﬁo 10kHz. The filter output was squared and the audio frequencies
filtered off to give a slowly varying’éignal; Vz(t),'proportional to
the instanteous loudness of the muéic. (Vz(t) is thus similar to the
reading given by fecording level meters.) The power spectrum of the
loudness fluctuations of the lsﬁ Brandenburg céncerto, sz(f), averaged
over the entire concerto is shown in Fig. 1(b). On this iinear—linear
plot, the‘loudness fluctuations appear as'a'peak_close to zero frequency.
Figure 2 is a log-log plot of the same spectra as in Fig. 1. In
Fig. 2{a), the power épéctrum of the audio.signal,'SV(f),>is distributed
over the audio range. In Fig. 2(b), however,.the loudness fluctuation

spectrum, qu(f), shows the 1/f behavior below 1 Hz. The peaks between
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1 Hz and 10 Hz are due to‘the'rhythmic stfucture'of the music.

Fig. 3(a) shows the power spectfum of loudness fluctuations for a
recording of Scott Joplin piano fags‘(Nonesuch H—71248)'averaged over the
entire recording. Although this music has a more pronounced rhythm
than the Brandenburg Concérto, énd,consequently, has more structure in
the spectrum between 1 Hz and 10 Hz, the spectrum below 1 Hz is still
1/f-1like.

In order to measure sz(f) down to even lower frequencies an
audio signal of greater duration than a single record is needed, for
example, that from a radio station. The audio signal from an AM radio
was filtered and squared. sz(f) was averaged.over approximately 12
hours, and thus includéd many musical seleétions‘aslwell as announce-
ments énd commercials. Figures 3(b),‘3(c); and 3(d) show the'loudness
fluctuation spectra for three radio stations characterized by different
motifs. Figure 3(b)‘shows sz(f) for a classical station. The spec-
trum exhibits a smooth 1/f debendence. Fig. 3(c) shows sz(f) for a rock
station. The spectrum is 1/f like above 2x10_3Hz, and flaftens for
lower frequencies, indicatiﬁg thét the correlation of the loudness
fluctuations does not extend ovér_time scales longer than a single
seleétion, roughly 100 sec. Fig. 3(d) shows sz(f) for a news and
talk station, and is representative of sz(f) for speech. Once again

the spectrum is 1/f-like. In Fig. 3(b) and Fig. 3(d), SV,(f) remains
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1/f-like down to the lowest frequency mea;ured;>5x10_4ﬁz, implying
correlations over time scales of at least 5 min. In the case'of
classical music this time is less than the average length of each
composition.

Another slowly varying.quantity in speech and music is the in-
stantaneous pitch. A convenient means of measuring the pitch is by the
rate, Z, of zero crossings of the audi§ signal, V(t). Thus ;n audio
signal of low pitch will ﬁave few zero croésings per second and a
small Z, while a high pitched signal Qill have a high Z. For the case

~of music, Z(t) roughly follows the melody. Figure 4 shows .the power

- spectra bf the rate of zero'crossings, SZ(f), for three radio stations
averaged over approximately 12 hours. Figure 4(§) shows Sz(f)_for a
claséical station. The power spectrum isrélosely 1/£f. Figure 4(b)
showsvSZ(f) for a.jazz and blues station. Here the spectrum is 1/f-like
'down.to frequencies corresponding to the average selection length, ahd
is flat at iower frequencies. Although not shown here, Sz(f) for a

rock station is similar to Fig. 4(b): 1/f for frequencies greater than
the frequency corresponding to the average selection length. figure 4(c),
however, which shows Sz(f)'for a news and talk station, exhibits a quite
different spectrum.. The spectrum is that of a éuantity characterized -
by two correlatién.times: ﬁhe average length of ah‘iﬁdividual speeéh

sound, roughly 0.1 sec., and the average length of time for which a
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given announcer talks, about 100 sec. For most musical selections the

pitch or melody has correlations that extend over a large range of time

scales, and has a 1/f power specfrum. For normal English speech, on the

other hand, the pitches of the individual speech sounds are unrelated.
As a result, the power spectrum is "white" for frequencies less than
about 3 Hz, and falls as l/fzfor £23Hz. In fact, in both Fig. 4(a)

and Fig. 4(b), one observes shoulders at about 3 Hz éorreépénding to the
announcements averaged in with ﬁhe music.

It is remarkable that quantities associated with music and speech
exhibit the same 1/f power spectrum and have the same sort of corre-
lations extending over all time scales as so many physical variables.
The most successful theories of 1/f noise in physical systems have
focused on the mechanism of the noise generation, rather than on the
exact shape of the spectrum. For example,l/f noise in continuous metal
filmss, superconducting films biésed'at TCS,'and Josephson junctions9
has recently been shown to be due to temperature fluctuations with a
1/f spectrum. A different éhysical mechanism dominates in semiconductors
where the most accepted theory is that surface traps with various
trapping times modulate the conductivityls. In neither case is the i/f
spectrum fully explained. Although we make no attempt to associate
a physical mechanism with the 1/f spectra in speech and music, we
speculate that various mensufes of "intelligent" hehavior should

show a 1/f-like power spectrum. Such behavior is expected to show
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some correlation over all time séales.yet not depend:too strongly on
its past. The power spectrum, therefore, should lie somewhere between
the "white''spectrum of an uncorrelated quanﬁity and the l/f2 spec-
trum of a quantity which depeﬁds strongly on its past (such as the
position of a particle undergoing Brownian motion). Human communi-
cation is one.exémple whefe correlatibns extend over various'time
scales. In musi;_much'of the communication is directly by the melody
which exhibits é 1/f spectrum. In speech, on the other hand, the communi~-
cation is not directly related to the pitch of‘the indiyidual sounds but
rather to the meanings attached to them by the listener. The ideas
communicéted may have long time correlations even though the pitches of
successive sounds are unrelated.

The observation of 1/f-like power spectra for various musical
quantities also has implications for stochastic music composition.
Most stochastic compositions are based on a random nuﬁber generator-:
(white noise source), which pfoduées unrelated notes, or on a low levelt
Markov pfocess, in which there is correlation over only a few successive
notes. Neither of these techniques, héwever, apﬁroximaté the 1/f spectrum
and the long time corrélations reported hefe in music. We have used in-
dependent 1/f noise sources in a simple algorithm to determine the
durétion (quantized as half, quarter, or eighth notés) and pitéh
(quantized in various standard scales) of successive notes of a melody.
The music obtained by this method was judged by most listeners to be

much more pleasing than that obtained using either a white noise source
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Richard Voss 9

(which produced music that was 'too random'") or a l/f2 noise source
(which produced music that was 'too correlated"). Indeed, the
sophistication of this '1/f music" (which was "just right") extends far
beyond what one might expect from such a simple algorithm, suggesting
that a "1/f noise'" (perhaps that in nerve membranes?) may play an

essential role in the creative process.
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Bach's 1st Brandeanrg Concerto (linear scales):

a) Power spectrum of audio signal, Svtf) versus f;

b) Power spectrum of loudness fluctuations, Svg(f) versus f.
Bach's 1st Brandenburg Concerto (log scales): |

a) SV(f) versus f; (b) SV2(f) versus f.

Loudness fluctuation spectra, sz(f) versus f for:

a) Scott Joplin piano régs; (b) classical radio stations

c) rock station; (d) news and talk station.

- Power spectra of pitch fluctuations, SZ(f) versus f, for

three radio stations: a) Classical; (b) jazz and blues;

(c) news and talk.



“Sy(f) (orbitrary units)

S,2(f) (arbitrary units)
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