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I. Introduction

The‘time'corfeiations of a fluctuating quantity determine its

© power speétrum.‘ At low frequencies the power spectrum of a wide

‘range of physical quantities varies approximately as 1/f. Thus,

everything from semiconductors1 to nerve membranes? to the annual :‘
flood level of the river Nile3 exhibits what has come to be kndwh'as'

"1/f noise"™. Although this phenomenon has been extensively studied,

" there is as yet no single theory that satisfaétorily explains its origin.
In this paper; we show that the loudness and pitch flucﬁuatidns iﬁ

~common types of music also have a power spectrum that'varies as l/f,

The i/f spéctrum'implies some correlation in these fluctuating quantities

over all time scales corresponding to the frequency range for which the

‘ power spectruﬁ is 1/f. The observation of the l/f spectrum in ﬁusic

has implications for music compositional procedures. We have used a

.“1/f noise source in a simple computer algorithim to produce stochastic

muéic. Thé results suggest that this technique holds considerablé

- promise for computér composition.

" II. . Power Speétra and Time Correlations

t,fhé powér'spectrum is an extremely usefulvchéracterizétién ofiﬁhé;y
aVerége béhévior 6f a time-varying quantity. ‘The power sbecffum, Sﬁkf),.
of a fiucfﬁating qﬁantity, v(t), is avmeasure of . the average "powér"‘
(Vz), iﬁ é‘uniﬁ bandwidth about the frequency f. Sv(f) may béimeaéﬁred

By passing V(t) through a tuned filter of frequency f and bandwidth Af.

'Sv(f) is théﬁ'the average of the squared output of the filter divided - .
by Af. By using a bank of filters at different frequencies, or by
 changing'the frequency of a single filtef,-sv(f) may be meaéured"

ekperimentgily_as a function of frequency.
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Many fluctuating quantities, V(t), may be characterized by a single
correlation time, Tc. In such a case, V(t) is corrélated with
V(t + 1) for |t| < T and is independent of V(t + T).for |t} > %c' One
example of such a fluctuating quantity is the value of the uppermost
face of a dié; The correlation time is the average time between throws
of the'die. Successive throws are uncorrelated, but the value tremains-
the same betweeﬁ-throws. For this case, it is possible to show that
Sv(f) is "white" (independent of frequency) in the frequency range
correéponding‘to‘time scales over which‘V(t) is uncorrelated (f < l/éﬂTc);
and is a rapidly decreasing.function of'frequéncy,'usuélly’l/fz, in the
fréquency range over ﬁhich V(t) is correlated (f » l/2ﬂTc). A quantity
with a‘1/f power spectrum cannot, therefore, be characterized by a
single correiation time. In fact, the l/f power spectrum implies somé
correlation in V(t) over all time scales corresponding to the frequency
range for which Sv(f) is 1/f. 1In general, a negative_slope for Sv(f)'
. iméliés'some'degree o£ correlation in V(t) over time Scales of-rqugh1y ,
i/Zﬂf. A steep slope implies a ﬁigher degree bf.correiatidﬁ_thAn a
'jshallow slope.' Thus, a quantity with a 1/f2.power:spe;trum is'highl&
correlated. An .example of a quantity with a 1/f2 speétfum is the .-
distance from the starting poinﬁ of ? person performing a random walk'l
in one ‘dimension. A random decisibn is made at eacﬁ step (for example,
<b§ fossing a coin) whether the step Vill be to the right or to the
>1eft. The result is a slow erratic motion away from,-and‘pOSSiblé back
to, the starting point. If the pérson ié fér Eb the right of the starting
poiﬁt at some instant of time, he will most likely remain to the right
for é léﬁg time. Hence, therg is a high degree of corfélétion‘in ﬁis-

position as a functioh of time.
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Figure 1 shows samples of_white, 1/f, and 1/f2 noise. EaCh‘
fluctuating‘quantity was scaled to cover the same vertical range. The
lwhite.noiee has -the most random appearance and shows rapid uncorrelated
'changes; The_l/f2 noise is the most correlated showing only slow
changesr’cThe 1/f noise-iskintermediate, showing'structure on all time v
scales.‘ It is interesting to note that, although aimple computer
algorithms exist for a white or l/f2 noise source over arbitrarily 1ong
time scales, no such algorithm exists to produce 1/f noise. This |
inability to produce a generating algorithﬂ is' related to our incomplete
theoreticaltunderstanding of 1/f noise. 'Nature, however, has no such
problemzk‘anyrsemiconductor, for example, orovides a convenient”source
of 1/f noise.

I1I. 1/f Noise in Music

In our measurements on music and speech, the fluctuating quantity
. of interest was converted to a voltage whose>power spectrum was measured'
: by an interfaced PDP—ll computer. using a Fast Fourier Transform algorithm

: with-acts as a bank of filters. The most fam111ar fluctuating quantity

' zassociated with music is the audio signal, V(t), such as the voltage

used to drive a speaker system. Figure 2(a) shows a 11near—linearbplot‘
_of the”power spectrum;.sv(f); of the audio signai from J;_S..Bachis'
”lst Brandenburg Concerto (Angel SB-3787) averaged over*the entire |

dj ¢¢ncgr£o; Thevaoectrum‘consiata of a series of sharp‘oeaks in;the-
frequencyvrange 100 Hz to 2 kHa corresponding to the individual notes
in.the concerto  and, of course, is far from 1/f. Although thig.spectrum

contains much useful information, our primary interest is in more'sloﬁly

varying quantities.
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One such quantity is the loudness of the music. The audio signal,
V(t), was amplified and passed through a bandpass filter in the range
100 Hz to 10 kHz. The filter output was squared and the audio frequencies
filtered off to give a slowly varjing signal, Vz(t), proportional to
the instantaneous loudness of the music. (Vz(t) is thus similar to
the'réading giﬁen by recording level meters.) Tﬁe power spectrum of
the loudness fluctuations of the 15° Brandenburg Concerto,svz(j); averaged
over the entire.concerto is shown in Fig. 2(b). On this linear-linear plot,
~ the loudness fluctuation; appear as a peak close to zerobfrequency.

Figure 3 is the log-log plot of the saﬁe spectra as in Fig. 2. 1In
Fig. 3(a), the power spectrum of the audio signal, S§(f),>is distributed
over‘the‘audio range; In Fig. 3(b), however, the loudness fluctuation
spedtrum,sz(f), shows the 1/f behavior below 1 Hz. The peaks between
1 Hz and 10 Hz are due to the rhythmic structure of the music.

Figure 4(a) shows the power spectrum of loudness fluctuations for
a.rec0rding-df Scott Joplin piano rags (Nonsuch H-71248) averaged over
: the'gntire recérding.. Although ﬁhis music- has a more prbnounced‘
meﬁric strhcture than the Brandenburg Concerto,.and,lcénsequeptly5
has more structure in:the spectrum between 1 Hz and 10 Hz, the Specfrﬁm
below 1 Hz is still 1/f-like. |

In order to-measuresvg(f)down to eQen lower frequencies an'audio-
signal of greater duration than a single record is néeded, for.exampie,
that from a radio station; The audio signal from an AM rédio was |
.filtered and.squared. sz(f) was averaged over approximately 12 hr,fand
thus included many musical selections as well as announcements and

commercials. Figures 4(b) through (d) show:the loudness fluctuation
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spectra for three radic=stations characterized by &ifferent mctifs;
-Figure 4(h) Showssgz(f) fot a classical.station. The Spectrumiexhibits
a'smoothal/f'dependencei Figure 4(c)‘showsSV2(f) for a rock statipn..
Thehspectrum is l/f—like abone 25<10_3 Hz, and flattens fcr lower
frequencies, indicating that the correlation of the loudness fluctuations
does not extendvover time scales longer than a single selection, :roughly
160 sec. Figure 4(d) showssvz(f) for a news and talkvstation, and’is
repfesentative dfsvg(fs for speech. Once again the spectrum is l/f—like.
IntFig.'é(b) and'Figi 4(d),SV2(f) remains l/f-likevdonn'to the lowest -
frequenCy measuted, 5x10—4 Hz, implyingvcorrelations over'time_scales
of at 1east'5‘min. In the case of classical music thisltime is less
than-the avetage'length of each composition{.

Another slowly varying quantity in speech and music is the
_ instanteous pitch. A convenient means of measuring the, pitch is by‘
'the rate, Z, of=zero crossings of the_audio signal, V(t)._ Thus’an
vaudiofsignal of‘low pitch will have few zero crOSSings per-second anu;
a small Z, while a high pitched signal will have a high Z. E For the
'case of music, Z(t) roughly follows the pitch content. Figure 5. shows“s‘bl
,the power spectra of the'rate of zero crossings, Sz(f),lfcr_four
"radio stations averaged cver approximately‘l2 hr. Figure 5(a) shcus
S (f) for a- classical station. The power spectrum is closely 1/f |
‘above 4X10 4. Hz. Figures 5(b) and (c¢) show S (f) for a jazz and blues
‘'station and a‘rock_station. Here the spectrum is l/f—like‘down to |
‘frequenCies ccrreSponding to the average selection length, and is flat'
- at lowet irequencies; Figure 5(d), however, uhich shows SZ(f) fcrha

’.newsrand_talk:station, exhibits a quite different spectrum. hThe :
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- spectrum is tﬁat of a quantity characte:ized-by two corrélation.timesg
.The average length of an individual speeéh sound, roughly 0.1 sec., and
“the average length of time for which a given announcer talks, about 100 sec.
For>most musical selections the pitch content has correlations thaf |
extend over a lafge range of time scales, and has a 1/f power spectrum.
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 ffequenciés less than about 3 Hz, and falls as l/fz"fo;
f 2 3 Hz. In fact, in Figs. 5(a) through 5(c), one observes shoulders at
about 3.Hz'corresponding to speech averaged in with the music. ‘The
prominence of this shoulder increases as the vocal content of the music
incfeasgs,-or és the commercial interruptions become more frequent.

The 1/f sﬁectrﬁm fér quantities associated with music and speech
~is, perhaps, not so surprising. We speculate that megsures of "intelligent"
behavior should show a 1/f—like power spectrum. Whereas .a quantity
wi;h:a white power spectrum is uncorreléted with its past, and a quantigy.V
with'g llfz'power spectrum depends very strongly on.iﬁs'pas;, a §dgptity.
with a 1/f power spéétfﬁm has an intermediate'behaviqf, ﬁith some"
cdrrélagion on all time scales, yet not depending too stréngiy oﬁ-its.
'Jpést. Hﬁménvcommunication is one.example where céfrelations exﬁgnd
over variqué timé scales. In music much of the communication is directly
by the pitch content whiph exhibits a 1/f speétrum. In.EngliSh speech,
§n theétherAhand, the communication is not directly related to thevpitCh
of the indi?idual sounds. The ideas communicated may have long time |

correlations even though the pitches of successive sounds are unrelated.:
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IV. 1/f Noise and Stochastic Composition

The_observation of 1/f péwer spectra for thé loudness and pitch
fluctuationsfin music hés impiications for stochastic.muSic composition.
In the past, stéchastic compoéitions have been based on a random'nqmber

_generator (white noise sourcé) which is uncorrelated in time. in”tﬁe.
simplést’case the white noise source dan be uséd to determine the
pitch and duration_(quantized‘in some standard manner) of successive

: notés. :The ?esulting music is and sounds strugtureieSs. (figure 6

shows an eiample‘of this "white music" ﬁhich we have prod@ced uéing a
white noise éoﬁrée.j ‘Most work on stochastic compositioh has been
concefnedeith ways of adding the time étfuCture that the random number
generator could not.provide. Low level Markov processes (iﬁ whicﬁ'the
pfobability of a given note depends on its immédiate predecessors) were
abie to impose-éoﬁe local struéture but lacked 1ohg time correlaﬁioﬁs./
Atﬁempts at iﬁcreasing the ﬁumber‘of'preceeding notes on which the given
qote dependéd gave:incfeasingly repetitidus résults réthér thaq_

' iﬁ#erésting 16ﬁé:term structure;a By adding rejection’ruleévfdr thé'.

: ‘raﬁdom.chéiges‘(a trial nofe is réjectedvif it violates-one of thé »
fules), ﬁiilef'and Igaacson were alsé ablg to qbtéin ldcal struétuxe '
buﬁ néflong te?m correlations.5 J.  C. Tenney has.déveléped aﬁ.élgoritﬁﬁf
'@éhat introduéés 1oné term strucfure by slowly varying the disﬁribution'
of random numbefs from which the notes were selected;6 Thus, although
it has Been‘éossible-to impose.some structure on a specific time scale,
,the'stochastic.mqsic ﬁas been unable to matchbthé corrélations énd

structure found in music over a wide range of time scales.



-8-

We prépose that the natural méans of adding this structure is
with the use of a 1/f noise source rather than by imposing consﬁraints
upon a white noise source. The 1/f noise sourcé itseif has thevsame
time correlations as we have measured in various types of music. To
illustrate this process at an elementary level, we present short
typical selections composed by white, 1/f, and 1/f2 nbise.

fin éach-caée a physical noise source was used to produce a
fluctuating Voltage of the_desiredvspectrum. The voltage was sampled
. and digitized by the PDP-11 computer to produce a Seriés of random
numbers stored iﬁ the computer whose power spectrum was tﬁe same és
that of thg noise source. The series was then scaled so‘thét succeésive

numbers determined the pitch of successive notes over a two octave range:

-

=

‘A high number specified a high pitch and vice versa. This process was -
then repeated to prbduce an independent series of stored random humBers o o
-whose value corresponded to the duration of successive notes.

 _The PDP-11 wasbthen used to "perform" the stochastic ¢ompositiph

by controlling a single amplitude modulated voltage controlled oscillatpr.’
" The comﬁuter was also used ﬁo'put the stochastic compoéitioné,in mdre
':coﬁVentional form. Samples of these computer "scores" are sbown in

Figs. 6 through 8. Accidentals apply only to the notes they_precedef_

In Fig. 6 a white noise source was used to determine pitch and duration.

In Fig. 7 a 1/f noise source was used, while in Fig.8 a 1/f2 noise source
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‘Qas‘used.; Althougthigs. 6.throﬁgh 8 are not intendedbas compleﬁe'fbrmal
compositiohs, they.ére reﬁreSentatiVe of the types of correlation fhat
-can_be.achieved,wheﬁ the three t&pes of noiée éources of Fig. ilare used
fo control vérious musical parameters. 1In each case the noise s@urcés wvere
'"Gaﬁséiah"”implying that values near the mean were mdre iikely than‘ |
extreﬁe va1uéé.' | |
Our 1/£Imusi§ was judged byvﬁost listeners to be far'more intefesting
~ than either the white music (which was "too random") of1the scalé—like'.
vvl/fz musici(which ﬁés ftoo correlated"). Indeedvthe surprisiﬁg
uédphisticétion of thevl/f music (which was_close to being "just right")
'guggeéts thatvtﬁe i/f noise source is an excellent method Qf édding‘
fiﬁe-céfrglatieﬁé. |
V. Discussion
. ’Thére:is,vhowevef,-mofé'to music than 1/f noisé.:'Alfhoﬁghlour

vsimplé_algOfithms were éuffiéient to demonstrate the superiority’Of a
-11/f'noise sdurée over a white'npise source in éféchésfic composition,
thé;variaﬁion of>only two parameters (pitch and duration of the notes '
 0£;é:singie Véicéj can, at best, produce only a very simple_fbrm_of o
_muéic, ‘More étrucﬁuré is needed, not all of which caﬁ.be providéd»by 
1/£ néise-soﬁfggs3 ‘We improved‘on éhis'eléﬁentary‘cqmppsition by'using 
fWo.vdiées that Qere.either iﬁdependent or partially cofrelated”(nofeé
”hgving the»sémevduratiOn bﬁt inaepehdent pitches;or vice vefsa), ahd..
iby vérying théfoverall ioudness with an additional 1/f ndise source.

Wé added more structure to the music by_introducing |

v‘either a simple, constant rhythm, or a variable
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‘rhythm determined by another 1/f noise source. We suggest the use of

1/f noise sources on various structural levels (from the chafacterization
6f’individual notes to that of entire movements) coupled with exterhal
constraints (for example, rhythm or the rejeétion rules of Hillér) as
offering promising fossibilities for stochastic composition. A further
possibility is the use of 1/f noise sources to control various synthesizer
inputs prdviding.correlated but random variations. |
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Figure Captions -

Samples of white, 1/f, and 1/f2 noise.

Bach's 1St Brandenburg.Concerto (linear scales): (a) power
spectrum of audio signal, SV(f) vs f; (b) power spectrum of
loudness fluctuations,sz(f)vs f.

Bach's 1°¢ Brandenburg Concerto (log scales): (a) Sv(f) vs f3;

'(b)svz(f)vs f. -

Loudness fluctuation spectra, Sy2(f) vs £ for: (a) Scott Joplin
piano rags;-(b) classical radio station; (c) rock station;

(d) news and talk station.

Power spectra of pitch fluctuations, Sz(f) vs £, for four radio

stations: (a) classical; (b) jazz and blues; (c) rock;
(d)_news and talk.

Pitch and duration determined by a white noise source.

.  Pitch and duration determined by a 1/f noise source.

Pitch and duration determined by a 1/f2 noise source.
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