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This Chapter is about the sounds made by musisttiments and how we perceive those sounds. The
Chapter is intended to explain the basics of muisicte perception, such as, why a particular imsemt plays
a specific range of notes; why instruments comfiamnilies; and why we hear distinctive differencegvieen
members of a given instrument family, even whery taee playing the same note. The answers to these
questions might, at first, seem obvious; one cealgthat brass instruments all make the same Kisdund
because they are all made of brass, and the diffenembers of the family sound different becausy tre
different sizes. But answers at this level justnmpb more questions, such as: What do we mean wieesaw
the members of a family produce the same sound? Whtathat is actually the same, and what idiéttis
different, when different instruments within a faynplay the same melody on the same notes? To answe
these and similar questions, we will examine thatie@ship between thehysical variables of musical
instruments, like the length, mass and tension sifing, and the variables of auditgrgrception, like pitch,
timbre, and loudness. The discussion reveals llea¢ tare threacoustic properties of musical sounds, as they
occur in the air, between the instrument and tterier, that are particularly useful in summarizimg effect
of the physical properties on the musical toneg fireduce, and explaining how these musical tomedyze
the perceptions that we hear. Accordingly, thet fasction of the Chapter sets out the aspects ré to
perception to be explained, while the second seat@scribes the acoustic properties of tones gspbeain
to music perception. The third section explains tamtionship between the physical variables ofeton
production (length, mass, tension, etc.) and tlheistic variables observed in the sounds. The foggthion
describes the internal representation of musicahds in the auditory system to show that the a@oust
properties of sound are preserved in the auditepyesentation of musical tones. The fifth and feedtion
reviews the relationship between the acoustic klesaof sound and the auditory variables of tormeggsion,
and suggests how the standard definitions of mtuth timbre might be revised for use in discussminthe

perception of musical tones and musical instruments



1. Pitch, instrument family and instrument registéhin a family

The Chapter focuses on the sounds produced byusitailsed-tone instruments of the orchestra andushor
that is, the families of instruments referred tdlemively as brass, strings, woodwinds, and voitable |
shows four of the instruments in each of the famgjliordered in terms of their size or their regidtéth just a
little training, most people can learn to identifiese sixteen instruments from a simple monophowidy
(van Dinther and Patterson 2006). With regard toilfaand register, the purpose of the chapter iexplain
how auditory perception enables us to distinguish rmain families and the different instruments inith
family.

Imagine the sequence of tones you would hear iibmbonist, a cellist, a bassoonist, and a baritone
vocalist took it in turns to produce the same t@ag, C3 (the C below middle C on the keyboard). ¥ihthe
‘same’ about the four tones is their pitch. Whadlifferent, and what allows us to distinguish tbeds, is the
distinctive timbres of the different instrument flies. This is the traditional distinction betweéhe
perceptual variables, pitch and timbre. The pitch of a mustoale is effectively determined by the repetition
rate of the sound. The sound waves produced bgusiined-tone instruments of the orchestra (bsassg,
woodwind and voice) are complex and their spectea @dmplex; nevertheless the tones are essentially
periodic and the pitch that they produce is vensely related to the number of times that the souade
repeats in the course of one second. This aspeuntsic perception is entirely straightforward fastined-
tone instruments. Psychoacousticians have developeels to explain how the auditory system extrpitth
from sound waves, and the models have become Bingha elaborate as they attempt to explain thehpis
produced by exotic, computer-generated wavefornmg] #he relative salience of these esoteric pitch
perceptions. The models fall into two groups: thttest follow Helmholtz (1875) and attempt to explae
perception of pitch on the basis of the frequerpscta of the sounds, and those that follow Liadifll951)
and emphasize the distribution of time intervalsesied in the firing patterns that pitch-producstynds
generate in the auditory nerve. A brief overviewth# debate is presented in Section 4 of this enaptore
extensive discussions are provided in a recentrpaypérost (2009) and a recent chapter by de Cheeig

(2005). Despite the passion of the debate betweerspectral and temporal modellers, for readers avbo



simply interested in the relationship between thgsges of note production and perception, the pittithe
notes of the main orchestral instruments is simly psychological correlate of the repetition ratehe
waveform that the instrument produces.

With regard to timbre, the instruments of a givamily have similar physical shapes, they are mdde o
similar materials, and they are excited in simiarys, so it is not surprising that the instrumeofta family
produce tones with a similar sound quality, or tiejtthat distinguishes the family. The categoriesnobre
associated with instrument families are labellethwiords that describe some physical aspect o§dece.
So, the trumpet is @rass instrument, the clarinet is wood-wind instrument, and the violin is gring
instrument. Thdamily aspect of timbre is largely determined by the shafpthe envelope of the magnitude
spectrum of the tones that the instrument produtas aspect of musical perception is also relgtive
straightforward for sustained-tone instruments.

Within a family of instruments, the different membare distinguished physically by their size, and
perceptually by the effect that the size of thdérimaent’'s components has on the tones they produwere
are two different aspects to instrument size amy fbintly determine our perception of thegister of an
instrument within its family. In the string familyegister distinguishes the violin, viola, cellodadouble bass,
and the instrument names are normally used to fypiha instrument’s register. In the string famifs the
size of the instrument increases from violin to lewass, the lengths and masses of the stringsaise, and
so the tones of the larger instruments have lovtehgs (on average). The range of pitches thahstnument
produces is one of the properties that determinesdgister we perceive and what instrument we Wwehm
a family. The second aspect of instrument sizehés dize of the body and it also affects the regiate
perceive and the instrument we hear; larger bogliewith lower registers. The fact that registereatefs on
two acoustic variables means that the perceptioagéter is somewhat more complicated than thegpgion
of pitch and family timbre. Nevertheless, the pihes, as they pertain to the perception of mudiwads, are
readily comprehensible and they are a prominent topthis chapter. To begin with, register canrégarded
as the perceptual property that enables us tondigsh the size element of instruments within ailjam

(Table I) including the categorization of humanssapranos, altos, tenors, baritones, or basse® tHat



children, when they begin to sing, are sopranostiagyl progress down in pitch to their eventual eaag they
grow up.

In summary, the main purpose of this chapter idéscribe how thephysical variables of tone
generation are related to theoustic variables of tones as sounds in the air, and heset acoustic variables
are related to thperception of melodic pitch, family timbre, and register wiitan instrument family. There is
a secondary aspect of register, associated wittpéineeption of individual instruments, that allows to
distinguish the upper and lower notes by the sairttie tones, as coming from the upper or lowegister’
of a particular instrument, or voice. We will ratuto this secondary aspect of tone perception at¢he

chapter, once the acoustic properties of soundtteidprimary role in perception, have been sét ou

2. Pulse-resonance sounds and acoustic scale

The tones that one hears in the natural environasentypically ‘pulse-resonance’ sounds (Patteeton
al. 2008), for example, the calls that mammalgjdyifrogs, and fish use to declare their terrivode attract
mates (e.g. Fitch and Reby 2001). The vowels oédp@nd the sustained tones of orchestra instrsnaeat
also pulse-resonance sounds. So they are the ndomes that one hears every day in the man-made

environment and in the natural world.

2.1 Origin of pulse-resonance sounds

The production of a pulse-resonance sound is conaypsimple. The animal just has to develop someans
of producing an acoustic pulse which will, thersamate in one or more of the structures in the alénbody.
Once the basic mechanism arises in response toete: for communication, evolution can refine thensb
with successive modifications to make it more didive and efficient. In present-day animals, thése
generating mechanism typically produces a streapulsies that occur regularly in time, and in moaélone
production, the mechanism that produces the stafgmises is referred to as ‘the source’ of thensbuThe

resonances in the animal’'s body are collectivefgrred to as a ‘the filter’, and in most animalse ffilters



have evolved to give the animal’s call a distinetlimbre. The stream of pulses with their resonaifioens a
tone, and these tones provide the basis for antm@munication. They also broadcast the speciefief t

caller.

In almost allmammals, the source mechanism is the vocal folds in thgnbaat the base of the throat;
they produce pulses by momentarily impeding thevftd air from the lungs. The pulses of air thenitxc
resonant cavities in the airway between the lagmck the lips, and this filter of resonant caviteeseferred to
as the vocal tract. A short segment of a synthiticthat sounds like the vowel in ‘car’ is presenta
Figure 1la. The wave shows that the sound is per@ail each cycle contains an acoustic pulse fotlduyea
decaying resonance with a complex shape. A vowsbigally on the order of 100-300 ms in duratiantrse
complete waveform for the /a/ in ‘car’ would comt&0-60 of the pulse-resonance cycles shown inr€iga.
The waveform repeats every 5 ms so the ‘repetité@’ of the tone is 200 cps (cycle per second), this

value is used to specify its pitch.

These are the main characteristics of pulse-resensounds as they appear in the time domain. Many
birds and frogs also excite resonances in theipassages by momentarily interrupting the flow ioffam
the lungs, although the details of the source drel mechanisms are somewhat different. Fish ddawge air
passages but many of them have swim bladdersdbahate and function as the filter. The bladdexsted
by muscles in the wall of the swim bladder (e.g¢ theakfish,Cynoscion Regali) which produce brief
mechanical pulses referred to as ‘sonic twitch&his muscle source produces twitches in regulanhed
streams (Sprague 2000). A brief introduction toghkse-resonance sounds produced by animals isress

in Patterson et al. (2008).

Pulse-resonance tones are very different from enmiental noises like wind in the trees or waves on
the beach, or man-made noises like extractor f@hengines, or the boiling of a kettle. Noisesarirom
turbulent systems where the source vibrates randdddisé waveforms are not periodic and so they do not
produce salient pitch perceptions. The filteringhigdental and evolution is not involved in tunithg filter to

make the sound distinctive or improve communicat®ne continuous noise sounds much like anothenwhe



they have the same loudness. Perceptually, putssaace tones, with their pronounced pitch andhdiste
timbre, tend to capture the listener’s attentiohemeas continuous noises are commonly ignored.

Returning to musical sounds, the sustained tonassdingers produce when the voice is used as an
instrument are vowels, and so the singing voicelyces pulse-resonance tones. The instruments birdss,
string and woodwind families also produce puls@nesice tones (van Dinther and Patterson 2006). &ach
the families has a source mechanism that prodacpgar streams of pulses which are filtered bymasoes
in the instrument’s body (Fletcher and Rossing )J9%&veral examples are presented in Section 3. The
remainder of this Section describes the acoustipaties of pulse-resonance tones as they appetein
magnitude spectra of the sounds, and how the giepelo,or do not, vary with the size of the instrument or

singer.

2.2 Acoustic properties of pulse-resonance sounds

The set of vertical lines in Figure 1b shows thegkerm magnitude spectrum of the vowel, that is, the
distribution of energy across frequency, averageer A00 ms, or more, of time. The frequency axis is
logarithmic in this case, similar to the place,tonotopic,” dimension of the cochlea. The vertitaks show
that the energy is restricted to frequencies wigich integer multiples of a singleyndamental frequency,
designated FO. The fundamental of this harmonieseand the frequency spacing between the harsonic
(Fig. 1b), are the spectral representation of &petition rate of the sound, which is the inverkéhe period
observed in the waveform (Fig. 1a). In this examplie three of these acoustic variables have tHaeva
200 cpé. The dashed line connecting the tops of the haizadn the lower panel shows thgectral envelope

of the vowel.

The soft shouldered peaks that appear in the spemtvelopes of speech sounds are referred to as
formants. Individual formants are normally desigalaby the frequency of the peak in the envelopé thm
concept of a formant actually includes the shapkveidth of the envelope in the region of the peskwell as
the peak frequency. The shape that the set of fagneollectively impart to the envelope in the spsc

domain (Fig. 1b), is related to the shape of theymkd resonance following each glottal pulse in tthne



domain (upper panel). The resonators in the bodligausical instruments do not produce such distiact
formants as the resonances of the vocal tracttheuprinciples are the same for all pulse-resonaocads.
The shape of the spectral envelope correspondsajoesof the resonance in the waveform, and thesgesh
determine the distinctive sound quality, or timbod, an instrument family. The set of harmonics that
constitute the magnitude spectrum of a sound véllicbllectively referred to as tHene-structure of the
spectrum to distinguish the magnitude spectrumdsealrtical lines) from its envelope (grey line).

Now consider the changes that occur in the tones gppecific instrument family as the size of the
instrument increases. For example, consider whapdres to vowel sounds as children grow up intotadul
When children begin to speak they are about 0.8&nmneall, and their height increases by aboutctofeof
two as they mature. In humans (and other animhésyource and filter are components of the bodybei
the source and the filter increase in size as yooatyire into adults. With regard to the sourcetuiméans, the
glottal pulse rate (GPR) decreases by about aveetsithe child grows up and the vocal cords bedonuer
and more massive. The decrease in GPR is greatmrah octave for males and less than an octave for
females. With regard to the filter, vocal tractdédmincreases in proportion to height (Fitch anéddi 1999;
Turner et al. 2009, their Fig. 4), and as a re#iudt formant frequencies of children’s vowels dasesby about
an octave as they mature (Lee et al. 1999; Turnak €009). The effects of growth on the fine-stane and
envelope of the spectrum of a vowel are quite sentplcharacterize, provided the spectrum is plottec
logarithmic frequency scale. In this case, theo$dtarmonics that define the fine structure of sipectrum
(the vertical lines in Fig. 1b) movess a unit, towards the origin as the child matures into @mtaln speech,
the pattern of formants that defines a given votype remains largelyinchanged as people grow up
(Peterson and Barney 1952; Lee et al. 1999; Twhal. 2009). In other words, for a given vowek #hape
of the spectral envelope does not change as a wtatdres; rather, the spectral envelope just shiftaly
towards the origin, moving about an octave in temla child matures into an adult. Thus, in theetur
example, the vowel remains an /a/, and does natgehto an /e/, an /o/ or an /u/, as a child matur@san
adult.

The ‘position of the spectral envelope of a soumé dogarithmic frequency axis’ is a property cfaund as it

occurs in the air (Cohen 1993). For a pulse-resommme, this property is ttagoustic scale® of the filter that



defines the resonances, and in the case of therhuaiee, it is closely related to vocal tract ldnéa physical
variable). The ‘position of the fine-structure bétspectrum on a logarithmic frequency axis’ i® @gproperty
of a sound as it occurs in the air. For a pulsewrasce tone, it is thacoustic scale of the source, and in the
case of the human voice, it is closely relatedloitg pulse rate (a physical variable). The twoustic scale
variables are very useful for summarizing the effeaf physical variables like mass and length om th
perceptions produced by instruments, and, as dtréisay play a prominent role in the remaindertlod
Chapter. For brevity, ‘the scal8)(of the sourced)’ will be designateds,, and ‘the scaleS) of the filter )’
will be designateds. Turner et al. (2009) have recently reanalyseeérs¢Varge databases of spoken vowels
and shown that almost all of the variability inrfa@ant frequency data that is not vowel-type infoiorais S
information. In order to reduce confusion betweles two acoustic scale variabl&s,andS;, we use cycles
per second (cps) for the units of the scale okthece S, and Hertz (Hz) for the scale of the filt&, since it

is the position of the spectral envelope and thefanthe frequency dimension of the magnitudecspan is
Hertz.

In summary, the important distinctions for the remdar of the Chapter are as follows:

1. The pulse rate of the source is a physical bbiée.g., GPR). It determines the repetition cdtéhe
wave, which is known as the acoustic scale of thece,S;. Repetition rate anf§; are both acoustic
variables, and they in turn, determine the pitchagbulse-resonance tone, which is a perceptual
variablé.

2. The size of a resonator in the body of a pemscem instrument is a physical variable (like léngt
volume). It determines the rate at which the resoeascillates in the waveform (van Dinther and
Patterson 2006), and it determines pbsition of the spectral envelope along the frequency aikis
the magnitude spectrum. It is known as the acousisde of the filterS, and it is an acoustic
variable that affects the perception of source aimk the perception of register within an instrumen
family.

3. The shape of the spectral envelope determimeimstrument family aspect of timbre.

4. Register is the term used to describe the jaation of the acoustic variableS; and &, on the

perception of musical tones and instruments. ThaegaofS; and reflect the physical sizes of the
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source and filter in the instrument, respectivalyd so the perception of register is closely rdiabe
the perception of instrument size, or singer Site vocal terms ‘soprano’, ‘alto’, ‘tenor’ and ‘l3as
are commonly used to specify register within fagsijias in ‘tenor sax’ or ‘bass fiddle.’

5. Finally, note that the voice differs from otliestruments with respect to timbre, in one impadrtan
regard. When vowel type changes, say, from /al,tthé shape of the envelope changes. The shape
does not change with the size of the singer froitd ¢b adult, whereas the acoustic scale val@gs,
and S, do. So, different vowels are like different instrent families in the perception of musical
tones. One useful, and reasonable, way to thinkoafels is that they form a cluster of instrument
families (unified by the fact that they are peregiio come from humans) and that the differing
timbres of the members of this family are somehosvarsimilar to each other than they are to the

timbres of other musical instrument families.

3. The pulse-resonance tones of musical instruments

This section describes how the sustained-toneummsnts of the orchestra produce their tones, aed th
relationship between the physical properties ofittstrument on the one hand, and the three mainssico

properties of these sounds on the other hand.

3.1 The source of excitation and the acoustic-seali@able,S;

In general terms, the ‘source’ in these instruméasta highly nonlinear, resonant system that predua
temporally-regular stream of acoustic pulses. Theehmanism is conceptually similar for the voice,slkra
instruments and woodwind instruments; in theseunsents, the source momentarily interrupts the fbdwair
from the lungs, and it does so regularly in timbeTndividual mechanisms are, however, quite deeFor
example, the source is the vocal folds in the adsine voice; whereas, in brass instruments, théslips
coupled to the main tube via the mouth piece; antié woodwinds it is the lips coupled to the ntaipe via

the reed. In string instruments, the mechanismoraptetely different; it is the bow coupled to airgjt
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Despite the diversity of mechanisms, all of therees produce streams of very precise acoustic p(isass
and woodwinds), or abrupt changes in amplitudéns) that function in a similar way. As a restlie sound
waves produced by sustained-tone instruments Bpellak-resonance sounds. (In Fourier terms, tleetones
of the pulse rate are locked to the pulse time# lwtfrequencyand phase up to fairly high harmonic
numbers.)

The acoustic scale of the source of excitationeisnéd thesource scale or S it is effectively the
repetition rate of the wave as it occurs in thebatween the instrument and the listei®lis determined by
physical properties of the instrument, like lengtid mass, which are not themselves acoustic vaszhl
largely determines the pitch we hear, Buytis not itself an auditory variable. It is an inening, acoustic
variable that describes a property of the sourtierair, and it should be distinguished from pitdhich is the
auditory variable of perception. The relationshgivteenS; and the physical variables of the instrument will

be illustrated by comparing ho®¢ is determined in the vocal tract and in strindrinsents.

3.1.1 The source of excitation in the human voice

The vocal folds produce glottal pulses in bursts, @tthough the vocal folds are rather complicatedctures,
the effect of the physical variables on the ratguiSes can be described using the expression fense
string. The glottal pulse rate, GPR, is largelyed®ined by the length,, massM, and tensionT, of the vocal

folds, and the form of the relationship is

=
GPRO ‘/W (1)

Two of these physical variables are determinedhiaysize of the person — the length and mass o¥dbal
folds. Both of these variables increase as a gribvs up, and both of these terms are inddre@minator on
the right-hand side of the equation, so as thalc¢hdreases in height the pitch of the voicdecreases. The
average GPR for small children is about 260 cp#) fmr males and females. For females GPR justedses
with height throughout life dropping to, on averagkout 160 cps in adult women. For males, GPRedsess

with height until puberty at which point the vodalds suddenly increase in mass and the GPR dmpant
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average, about 120 cps in men. So the length asd wfathe vocal folds are a major determinant afalo
register, that is, whether a singer is a sopraltm, tenor, baritone or bass.

To produce a melody, a singer varies the tensidrisobr her vocal folds. So learning to sing inettis
largely a matter of learning to control the tensamfnthe vocal folds — holding the tension fixed idgr
sustained notes and changing it abruptly betweaasndension is in theumerator of the mathematical
expression (1), and so as yimgrease the tension, yoincrease the GPR. There is considerable overlap in the
note ranges of the soprano, alto, tenor, baritoiebass voices; in fact, the highest note of a isatypically a
note or two above the lowest note of a soprano.efteet of all three of these variablgs M, andL) on GPR
is constrained by the fact that the GPR valuel@ed to the square root of these variables. SegXample, a
singer has to change the tension of the voice faci@r of four to produce a one octave change atld
double the GPR.

In summary, for a specific individual, the size thé vocal folds (length and mass) determines the
individual's long-term average GPR, and it detemsitheS; component of the register of their voice. The
tension of the vocal folds is varied to produceeady. So, the long-term averagvalue, calculated over a
sequence of musical phrases, reveals the registle singer's voice; short-term deviations Qffrom the

longer-term average, in discrete steps with redir@ng, are the hallmarks of vocal melody.

3.1.2 The source of excitation in the string family

The excitation mechanism in stringed instrumentkdsstring pushed by the bow. As the musician drtng
bow across a string, the string is pushed or puledy from its resting position until the tensi@tbmes too
great, at which point, it snaps back, producin@larupt, uni-directional change in amplitude. Theclion is
opposite to the direction that the bow is movinlge Tesult is, nevertheless, a pulse-resonance soasichuch
as the harmonics are locked in phase, and thenaltegpresentation of the sound has a pulse-reserfarm
in any given frequency band. Although the bow-sgti$gstem is rather complicated physically (Mcintgteal.
1983), the relationship between pulse rate, PR,th@dnain physical variables is the same as fovtual

folds, namely,
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=
PRO 1/W )

In this case, howeveil, M, andL refer to the tension, mass and length of the gtriather than to the
corresponding properties of the vocal folds. The physical variables associated with the size efdaturce
(the length and mass of the string) are the magbitant excitation variables in this family of inghents and
they each havewo roles to play. Consider first the pulse rateshef dpen-strings on these instruments: Both
the mass and length variables are in the denommiatdhe right-hand side of the equation,iseases in
size, be they length or mass, leadi¢éoreases in pulse rate. For a given member of the familpl{(m, viola,
cello or contra bass), the length of the four gsiis fixed, and as the size of a family membereases, the
string length gets longer in discrete steps. Assallt, string length plays an important role inedetining the
register within the string family. The mass of #tgéng increases with its length, so it also cdmités to the
register we perceive. Mass also plays an impormaletin determining the range of notes that anviiodial
instrument can play; the mass is varied acrossainestrings to extend the range beyond that wieh be
provided on any one string. Finally, the musiciaries the length of individual strings to produte t
different tones within that string’s range.

Instrument makers are very adept at using masdeagih to vary the pulse rate of notes within a
family. If a musician depresses the lightest stonghe largest instrument (the contra bass) aira pear the
bridge on the neck, the pulse rate of the note agtbally be a little higher than the pulse ratehaf open-
string note of the heaviest string on the smat@stber of the family (the violin). In both casds hotes are

just below middle C on the keyboard.

3.1.3 Excitation mechanisms of the woodwind and$rastrument families

The excitation of woodwind and brass instrumentsldscribed in terms of fluid mechanical ‘valvesatth
momentarily close the flow of air through the instient. The closure causes a sharp acoustic pulsd wh
resonates in the tube beyond the mouthpiece. Fodwiod instruments, the valve is the reed in cocijion

with the lips. For brass instruments, the sourceoisclearly localised within the instrument. Tleusce of
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energy is the stream of air produced by the player whatrods the pressure with the tension of the ligse T
source of excitation is pulsatile because the nmete is coupled to the tube between the mouth@iadghe

bell (i.e. the body of the instrument), and theetwan only resonate at certain frequencies. Tlhesptises
originate from the lips, but the pulse rate is dateed by the effective length of the tube, and fainctional

tube length is varied by the valves (or the slidejontrol the pulse rate of the note.

Despite the complexities of excitation, these twmifies of instruments produce pulse-resonance
sounds in which the acoustic scale of the so8¢@®ntrols the repetition rate of the note, and gwdributes
to define the instrument’s register within its fmiThe pulsatile nature of the excitation geneatag these
systems, and the temporal regularity of the puisEam, mean that the dominant components of thetrspe
are strictly harmonic and they are phase lockedt¢fer and Rossing 1998). Fletcher (1978) provales
mathematical basis for understanding the origithefphase locking, which is referred to as modkitagin
musical instrument theory. Detailed descriptionghaf mechanisms are provided in Benade (1976)¢ldet

(1978), and Mclintyre et al. (1983); a brief ovewiis provided in van Dinther and Patterson (2006).

3.1.4 Summary of the role & in determining melody and register within a family

Comparison of the excitation mechanisms for théeddht instrument families shows that these mechnasi
are similar, inasmuch as they all produce regutaams of pulses and the pulse rate is affectaddersame
way by the size of the components in the sourcea Assult, pulse rate decreases as instrumeninsiases
in all of these instrument families. At the sammedj the method whereby the pulse rate is varigmtdduce a
melody is fundamentally different: the variabletthantrols pulse rate in the voice is the tensibthe vocal
folds, and the singencreases the tension toncrease the pulse rate; whereas the variable that confralise
rate in string instruments is string length, ane musiciardecreases the length tancrease the pulse rate. The
brass and woodwind instruments are like the strimggsmuch as the pulse rate is varied to producelady
by varying the length of part of the instrumentads and woodwind instruments are different fromstinegs

inasmuch as the length in this case is tube lergtier than string length.
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Although different instrument families employ vedifferent mechanisms to produce acoustic pulses
(and it is important for musicians to understandnaining of these mechanisms in order to play their
instruments properly), all of these instrumengsertheless produce pulse-resonance tones, and the melody
information in music is a sequence of pulse-rataegthat specify the momentary acoustic scaleetburce
of excitation. Although the relationship between fthysical variables involved in instrument examatand
the repetition rate of a given note is complex, riflationship between the acoustic-scale varighlewhich

summarizes the action of the source, and the pitcperceive is straightforward. .

3.2 The filtering of the excitation pulses and slteustic-scale of the filte&

The ‘filter’ in musical instruments is a set of oestors that increase in size with register widmninstrument
family, and together the resonators determine tbestic scale of the filte&. Each of the pulses produced by
the excitation mechanism of a sustained-tone ingni is filtered by body resonances within therimsent.

In the time domain, it is these resonators in thaylof the instrument that produce the resonarsappear
attached to each pulse in the waveform (e.g., ). In the frequency domain (e.g., Fig. 1b), tloelyb
resonances produce the distinctive shape of thelegpe of the magnitude spectrum, and consequehty,
determine the timbre of the family. In the casdhaf voice, the dominant resonances are associatedhsg
larger cavities of the vocal tract (Chiba and Kama 1941; Fant 1960). The tongue makes a conetricti
the vocal tract that divides it into a mouth cawtyd a throat cavity. These cavities resonatetiikes and/or
bottles and they introduce formant peaks into el spectrum (Fig. 1b). The tongue position idadito
produce the different vowels. This changes thdiveasizes of the cavities, and thus, the relatigsitions of
the formants in the spectrum (Chiba and Kajiyamdl1li9ant 1960). For stringed instruments, the most
important resonances are associated with the ptdtéise body (wood resonances), the body cavitigs (
resonances), and the bridge (structural resonalfBespde 1976). For brass and woodwind instrumeéims,
prominent resonances are associated with the sifahe mouthpiece, which acts like a Helmholtz regor,
and the shape of the bell which determines theieffcy with which the spectral components radiate the

air (Benade and Lutgen 1988). Woodwind instrumarts like brass instruments, but the materials are
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different. So, just as there are many source meéstmanfor generating the pulse stream, there areyman
systems of body resonances which lead in turn toyrdestinctive spectral envelopes.

Within a family of instruments, the most promineigtinction between the members of the family & th
size of the body of the instrument, and the primeffigct of instrument size on the perception ofigteg
within a family is straightforward (van Dinther afthtterson 2008): If the size of an instrumenthanged
while keeping its shape the same, the result isopgptionate change i§;, the acoustic scale of the filter
mechanism in the body of the instrument. Thaf e three spatial dimensions of an instrumeniraeased
by a factora, keeping the materials of the instrument the sahwenatural resonances decrease in frequency
by a factor of Jd. The shape of the spectral envelope is preseraddruthis transformation, and so, if the
spectral envelope is plotted on a log-frequencg,akie envelope shifts as a unit towards the qrigithout
changing shape, and the chang&iwill be the logarithm of the relative size of ttvéo instruments: log(d).
This uniform scaling relationship is called ‘thengeal law of similarity of acoustic systems’ (Fle¢c and
Rossing 1998), and it is used to produce muchefitfierence irs between the tones produced by different
instruments within a family. Numerical examplesisirating how the spatial dimensions of an instmnime
affect its resonances are provided by van DinthdrRatterson (2006).

Comparison of the filter systems of the differergtiument families shows that the spectral envelepe
affected in the same way by changes in the sizgheffilter-system components; specifically, theoremt
frequencieglecrease as body sizéncreases and so the spectral envelope shifts towards tigincas the sizes
of the components increase. So size affects ther filystem in the same way as it affects the diaita
mechanism. It is another example of the fact thggdr things vibrate more slowly. The wood-platel an
bridge resonances of the string-family filter syst@re complex, and they are fundamentally diffefenh the
bell and mouthpiece resonances of the brass-fafiigr system, which are also complex. Despite the
complexity of the relationship between the physigaiiables involved in body filtering and the shayehe
resultant spectral envelope, the relationship betvtbe acoustic properties and the perceptioneohttes is
fairly straightforward. The shape of the spectraladope determines the family aspect of timbre;abeustic

scale of the filterS, determines the register we perceive, and thusshathstrument within the family. In all
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of these instrument families, the register decreéigan soprano to bass as instrument size increawtshe

spectral envelope shifts toward the origin.

3.3 Constraints on the acoustic scale variablesahestral instruments

In sections 3.1 and 3.2, the relationship betwbenphysical variables involved in the productiomufsical
tones, and the acoustic scale of the sousgeand the filter,&, was presented in theoretical terms without
reference to the practicalities of constructing afaying instruments. In the real world, it turng ¢hat it is
not possible to simply scale the spatial dimensu@friastruments to achieve registers ranging froprano to
bass in most instrument families; the bass memloeridvbe too large and/or the soprano member todl.sma
This section reviews the spatial scaling problena describes how the instrument makers produces toita

a wide range of acoustic scale values without uskagssively large or small instruments.

The spatial scaling problem arises from the dewirgimultaneously satisfy three design criteria for
families of sustained-tone instruments: The firdtiedon is that the instruments should producesgathich
are heard to have a strong musical pitch, whos#ycknd salience provide for effortless communmatof
melodies and their variations. This places an itgmbrconstraint on the relationship between theustio
scale variablesss andS:. The instrument’s filter system must resonateedjuiencies corresponding to the first
ten harmonics of the pulse rate of each note Heainistrument is intended to play; that is, thérument must
emit significant amounts of acoustic energy in thege from the pulse rate of each note to threavest
above that pulse rate. This is necessary becaasgittth of notes where the energy is carried bynbaics
above about the tenth is not sufficiently salienstipport accurate perception of novel melodiesgé$titzer et
al. 2001; Krumbholz et al. 2000). The second dateis that the members of each instrument farhlyusd,
together, produce notes that cover a significantiggo of the musical scale, which for the keyboard
encompasses about seven-octaves from, say, 27epS2 When combined with the first criterion, the
second criterion effectively requires that the nmstents of a given family have match&dand$S values for
all of the registers in the range from sopranoassb This is a very demanding constraint, partitulahen

combined with the third criterion, which is thaetinstruments should be playable and portable. THsis
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practical constraint places limitations on the siaéinstruments which, in turn, means that therddgange
of notes cannot be achieved by simply scaling umsént size in accordance with the law of acoustic
similarity.

There are problems for the instrument maker at leoitis of the register range. For example, in the
string family, there is a limit to how short theckecan be on the smallest member of the family Yibkn) if
the contact points where the string is pressed th@aeck are to be far enough apart for a musicigray
the notes of a melody accurately and quickly. Abhdha other end of the range, if the instrument enak
attempts to scale up the soprano version of thédyfdmprovide the bass member, the instrumentimectoo
large to playand too large to carry. Hutchins (1967, 1980) desctitiee problems encountered when you try
to construct a family of eight stringed instrumetxsering the entire range of orchestral regidtersed on the
properties of the violin. The double bass membetheffamily would have to be six times the sizetha
violin, if simple scaling of instrument dimensiongre to be used to provide a shift of six octaveshe
spectral envelope. The length of a violin is ab@® meters, so the double bass in this hypothetirally
would have to be 3.6 meters tall. The lower noteshe strings of such a double bass would not dehable
for most musicians and the instrument would nopbgaable. So, the problem is this: Although insteuntn
makers can scale the dimensions of instrumentshiae much of the desired changeSirand§;, it is not
possible to use the scaling of spatial dimensionsits own, to provide the full range of registerseach
family, and at the same time, ensure that the pifckkach note is sufficiently strong to support uaate
melody perception.

So how do instrument makers solve this problem,baovd do they construct families of instruments that
produce tones with salient pitches over the fulige of registers from soprano to bass — instrumahtsh
are, at the same time, playable and portable? if$tecfiterion of instrument production is immutepthe
instrument must produce energy in the first threeaes of the pulse rate if the note is to haveekh defined
pitch. The third criterion is essential; the instents have to be playable and portable. So howhdo t
instrument makers provide a wide range of notesnstiuments with manageable sizes? This is wheze th
knowledge and craft of the instrument maker comehto fore. What is required is not that the soprano

instruments be excessively small and the bassumsints be excessively large; what matters is that t
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instruments produce tones with a wide rang&a&fndS; values, and that thg, andS values are coordinated
throughout the range. So what the instrument makave done is find ways of extending the rang&@ind

S values beyond what is practical with spatial-disien scaling, by adjusting other physical propsrtéthe
instruments such as the mass of the strings, thkniss of the plates or the depth of the voluméhefair
cavity. They scale the physical dimensions of thmily so that the largest member is portable amd th
smallest member is playable, and then they adjingr @hysical properties of the instrument to aahithe
desired acoustic scale values for the source mesrhand the filter system (e.g. Schelleng 1963).

Consider the case of the source scale in the staimgy: The strings on the larger members like the
cello and contra bass are not as long as the lagafstic similarity would require because it wonldke the
instruments unwieldy. The instrument makers in@dae linear mass of the strings (the mass perrjrigye
winding metal coils around the string. This incezhsnass causes the strings to vibrate more slowly a
illustrated by equation 2. The instrument makers ai€hange in mass to obtain the lower ranges teramn
the lower strings of any given member of the family

With regard to the filter scale in the string fayniT'he filter systems of the larger members offtraily
are not as large as the law of acoustic similagityld require, because it would make the instrus¢od
heavy and too large. The instrument makers adapthhracteristics of the instruments to presergestund
quality while making them usable at the same tilitee main resonance is driven by the cavity modthef
body which functions like a Helmoltz resonator. Modume of the instrument as well as the surfaea af
thef-holes are the key parameters. The open stringseatello are tuned to pulse rates three timesridhan
those of the violin. However, the plates of thdaislbody are only 2.1 times larger than thosehef violin
(Schelleng 1963), while the rib height of the cédl@bout four times that of the violin (FletchedaRossing
1998). Thus the volume of the cello is 17 timegdarthan that of the violin; this is equivalentuniform
spatial scaling by a factor of 2.6. To lower thelypoesonances to the desired values, the instrumekers
vary the mass, thickness and arching of the bodtepl Specifically, the body plate of the celloriade
proportionally thinner than that of the violin whidowers the body resonance frequency (e.g. Mdlial.e

1988).
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Having established that the acoustic scale vaisadnie balanced in the sustained-tone instrumentweof
orchestra, we can return to the secondary aspesgster, associated with the perception of tdn@s a
single instrument, i.e. the within-instrument reégis Register, in this sense, is ‘a part of antfimasent’s
range] having a distinctive tonal quality’ (Kennetl§85, p. 585). So we speak of the chest and hezisters
of an individual’s voice, or the upper and lowegister of an instrument’s range. In acoustic soaims, the
perception of register within an instrument’s rarigea perceptual distinction concerning the reéatialues of
Ss andS:.. When thess values of a succession of notes are high rel&iteeS of the singer or the instrument,
we perceive that the person is singing, or theunsént is playing, in the upper register, and vieese.

Finally, note that that the range of tones covdrgdhe registers of the voice, from soprano to pass
only about four octaves in total (from about C6 doiw a little over C2). The range of the string-figm
instruments (taken together) covers almost sevéawves (from just under C8 to just over C1). Thayisig
teacher can help a vocalist strengthen tones teathedends of their natural range, but they castmetch the
vocal tract length or add significant mass to theal folds.

In summary:

1. Although the physics of the source mechanismsedkeite the sustained-tone instruments are

complicated, and they vary markedly from familyfamily, the acoustic scale of the source,
S, provides a convenient summary of the action efdburce as it pertains to tone perception.
The source determines the repetition rate of theewar the position of the fine structure of

the magnitude spectrum (on a log frequency axig},this, in turn, determines the pitch of the

tone, and contributes to the perception of anunsént’s register within its family.

2. Although the physics of the resonance mechanisnag fitter the source waves are
complicated, and they vary markedly from familyfamily, the acoustic scale of the filtes,
provides a convenient summary of the action offilter with regard to its contribution to the
perception of an instrument’s register within asily.

3. Within a family, when source size is increasednirease the acoustic scale of the tones and
lower the pitch, the acoustic scale of the filtas ho be increased to maintain the distinctive

timbre of the family, and to ensure that the tooestinue to produce a strong pitch. At the
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same time, the increase in filter scale contributeshe lowering of the perception of the
register of the instrument within its family.

4, Within a family, it is not possible to produce teng&hose pitches span the entire range of the
keyboard simply by varying the spatial dimensiofissaurce and the filter, To achieve the
desired acoustic scale values, and the approfdatace between the acoustic scale values,
the instrument maker has to vary other physicap@riies like the mass of the strings and the

stiffness of the plates.

4. The auditory representation of pulse-resonaaouads and acoustic scale

This section presents a brief description of a titamain model of auditory perception to show how th
auditory system constructs our internal represimtatf musical tones, and to illustrate how theustic scale
variables appear in this representation of souhd.ifternal representation is referred to as ait@ydmage
and the stages of the auditory model are intendedinulate all of the auditory processing requited
transform a sound into our initial perception adittisound (Patterson et al. 1992; Patterson e98b)1 The
processes are analogous to those that the vissk@nsyuses to convert light entering the eye intar yuoitial
visual image of that light. Although the algorithensed to simulate the construction of the auditorgge are
straightforward in signal processing terms, auglitondels are not commonly used to explain the péiae

of tones in music and speech research. The mosmoanrepresentation of sound in these research
communities is the spectrogram, which is a temporafdered sequence of magnitude spectra. The
spectrogram is a linear-timenear-frequency representation of sound, and it is ndynpdotted with time on

the abscissa (x axis) and frequency on the ordifyagis) so that time progresses from left to tigh the
sound progresses. This section begins with a cdsgraof two auditory images (shown in Fig. 2) which
illustrate the essentials of the auditory imaget gertains to the perception of musical tones, hod this

representation of sound differs from the spectnogra
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4.1 Auditory Images

There are now a number of time-domain models oftarydprocessing that attempt to simulate the reura
response to complex sounds like musical notessatceession of stages in the auditory pathway, amdhwv
produce representations of sound that might berdedaas auditory images (e.g. Slaney and Lyon 1990;
Meddis and Hewitt 1991; see de Cheveigné 2005 foevéew). In these models, the auditory image is
typically constructed in four stages which respatyi simulate the operation of (i) the outer andldle ear,

(ii) the basilar partition, (iii) the inner hair lti along the basilar partition, and (iv) the temgddntegration
mechanism in the mid-brain. The Auditory Image Mo@ddM) (Patterson et al. 1992; Patterson et ab3)9
will be used to illustrate the construction of dady images and the form of acoustic scale infoiomain the
image, as we currently understand it. What diffeosn one time-domain model to another is the degpee
which they attempt to simulate the details of auglifprocessing in each stage, and the theoretasddfor
the mechanisms chosen to represent these auditocggses. The differences are not particularly mam
for present purposes, since the section is justnded to illustrate the general form of the interna
representation of sound and the form of the acosgstle variables in the internal representation.

The auditory image of a baritone singing the volaébn the note G2 is presented in Figure 2a, and f
comparison, the auditory image of a French horgipiathe same note is shown in Figure 2b; the &gsr
reproduced from van Dinther and Patterson (2006rhwprovides a more detailed description of thegena
construction process. The auditory images aredtge] two-dimensional, ‘waterfall’ plots; the dinsgmns of
the auditory image are time-interval on the absc{§®m 1-35 mgncreasing towards thdeft) and frequency
on the ordinate (from 0.1 to 6.0 kHz). The progstf the auditory image will be introduced witfierence
to the four stages of processing used to consthach, and the aspect, or aspects of the auditoagénthat
each stage of processing imparts to the imhagke vertical profiles to the right of each imaged the
horizontal profile below each image, will be inttmeéd once the description of the auditory imagelfitis
complete.

Thefirst stage of processing simulates the effect of the outet middle ear on incoming sound as it

travels from the air through to the cochlea. lihisse structures that determine the lower and upgguency
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limits for human hearing in young normal listenekscordingly, from the perspective of music peroapt
the first stage determines the range of frequenhbegsyoung people normally hear, which is fromw@t@ 1 to
12 kHz. The vertical dimension of the auditory iraag the frequency dimension and so the first sti#ge
processing determines the upper and lower boundseofuditory image and how activity dies awaytas i
approaches the edges of the image. In AIM, the lnrig function is based on the loudness model asdrg
and Moore (2002). In the case of speech and miligice is very little energy in the region abovewtt®kHz,
and what is there has very little effect on ourcpgtion of musical tones and speech sounds, saahef the
auditory image is normally limited to 6 kHz as retimages presented in Figure 2.

The second stage of processing simulates the spectral analysisopedd in the cochlea by the basilar
membrane in conjunction with the outer hair cefld ¢he tectorial membrane; these structures atectiokely
referred to as the “basilar partition”. The spdctnaalysis creates the tonotopic dimension alomghthsilar
partition, and it creates the acoustic frequenayedision of auditory perception shown as the vdrtica
dimension in the auditory image. In AIM, as in mtse-domain models of perception, the spectralyais
is simulated with a bank of “auditory filters”. Hafilter creates a “frequency channel” in the angitimage;
that is, the filter passes acoustic energy in aldneguency region about its “centre frequencyidaoutside
this “pass-band”, the filter progressively attemsafcoustic energy as the frequency of that erdikgyges
from the centre frequency of the filter. This ig #issence of an auditory filter. The width of thepband of
the auditory filter increases with its centre freqay, and the spacing of the filters along the desmpy
dimension increases with centre frequency. As altrethe tonotopic dimension of the cochlea is asiu
logarithmic frequency axis as shown in the auditongges of Figure 2. In the current version of Alftle
auditory filter is the compressive, gammachirp targi filter® (Irino and Patterson 2001; Patterson et al.
2003).

Each of the lines in the auditory image shows tment history of activity in a specific frequency
channel; the vertical position of the low-leveligity in the channel shows the centre frequencgauth filter.
The activity in adjacent channels is correlated, aagl a result, the set of filter outputs gives visual
impression of a surface in auditory image space. Sthface is AIM’s simulation of the internal repeatation

of sound that is assumed to be the basis of yatialiperception of a sound. The tones of musicdpoe
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distinctive structures in the auditory image assiitated in Figure 2; the structures are refermeast“auditory
figures” because they stand our like figures whess@nted in background noise (Patterson et al.)19%2
tonotopic dimension of the auditory image is similathe frequency dimension in Figure 1b insofaitas
quasi-logarithmic; it differs from the strictly lagthmic frequency dimension of Figure 1b inasmashthe
density of channels decreases somewhat below 8®kHz (e.g. Moore and Glasberg 1983).

Thethird stage of processing simulates neural transduction, ihate conversion of basilar partition
motion into neural activity in the cochlea at timput to the auditory nerve. In AIM, neural transiie is
assumed to take place separately in each frequaranynel. Specifically, the ‘amplitude versus timeive
that flows out of each auditory filter is (i) halfave rectified (that is, the negative values ateseero) and
(if) low-pass filtered to simulate the upper linoib the firing rate of auditory nerve fibres. Theuk is a
simulation of the aggregate firing of all of theénpary auditory nerve fibres associated with thgioe of the
basilar membrane (Patterson 1994a); the functisn®ferred to as a Neural Activity Pattern (NAPheT
rapidly oscillating function in Figure 3 shows tNAP flowing from a single auditory filter in respeamto an
/al vowel with a GPR of 116 cps and a period ofrB® The auditory filter is centered just abovekHa, so
the individual cycles of the NAP are just under 4 imduration. Each cycle of the vowel producesséntt
cycle of activity in the NAP. There is one of thé¢&P functions for each of the filters in the filbenk and
together they simulate the response of the coc¢blése vowel.

The fourth stage simulates the auditory temporal integration ancoiiverts the set of NAP functions
flowing from the auditory filterbank into AIM’s sialation of our auditory image of a sound, thathg, neural
representation that forms the basis of what wegdezovhen presented with a sound. In auditory nxdbls
fourth stage of processing is currently hypothéticethe sense that we do not precisely know howltere it
is performed. The reason why perceptual modelsinequ fourth stage is because the time scale dl lev
variation in the NAP functions is not compatibletiwour perception of sounds; it is clear that therest be
some form of temporal integration in the systenompto the neural representation that is the baskis o
perception. Consider the NAP function in Figurdt3shows the response to a little over three cyolethe
vowel (a total duration of only 0.03 seconds), sia second segment of the vowel with 116 cycleglavbe

about 30 times the length of the segment shownigar€ 3. If Figure 3 were a real-time display (littes
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neural representation that we perceive), thesey8les of the NAP would flow very rapidly from right left
across the display in the course of one secondjtamould just be a blur. So if the NAP functionene the
basis of perception, we would not be able to usefitie-grain temporal information in the NAP furoets.
However, perceptual research on pitch and timbdecates that at least some of the fine-grain, timerval
information in the NAP functions is preserved ie @uditory image (e.g. Krumbholz et al. 2003; Patte
1994a, 1994b; Yost et al. 1998). This means thattémporal integration process used to construet th
auditory image cannot be simulated by a runningpteal average process, like that used to consthect
spectrogram; the averaging process would blur émeporal fine structure within the averaging window
(Patterson et al. 1992, 1995).

Patterson et al. (1992) argued that it is the $imaeture of periodic sounds that is preserveceratiman
the fine-structure of aperiodic sounds (e.g. ngjsasd they showed that the fine-structure of mhcicounds
could be preserved by a form of ‘strobed temponskgration’ controlled by an adaptive thresholdeTh
adaptive threshold for the vowel NAP in Figure 3li@wn by the line with grey dots above the NARcfiom.

It is a form of temporal envelope which emphasizhsre the individual cycles of the NAP functionrs(ghe
dots). These strobe points are used to directeimparal integration process as indicated by thacatiines
and horizontal arrows above each strobe pointhAsstart of each new cycle of the NAP functiordeniified
(the dots), a section of the NAP function from #iebe point back to 35 ms prior to the strobe tpiime
horizontal lines), is copied and added as a umit the corresponding channel of the auditory imagehe
process the strobegme in the NAP function is subtracted from absolutediin the NAP and so, in the
auditory image, the activity associated with anyegi strobe extends from 0 ms in the auditory im&ag 2),
backwards for 35 ms. Since the activity in suceessiycles is very similar for pulse-resonance ssund
successive cycles sum to produce a stabilizedseptation of the pattern in the NAP.

The set of all image channels (one for each fidkakochannel) is AIM’s representation of our intérna
auditory image, and the auditory images in Figumee?e constructed in this way (Patterson 1994a4l99
Patterson et al. 1992, 1995). The image decayly fsliowly with respect to the rate of cycles in geH

resonance sounds (specifically with a half life36fms). So a stabilized version of the neural patgthin
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the cycle of the sound builds up in the auditorag® when the sound comes on and stays there aadahg
sound is stationary. When the sound goes off,aage away to nothing in about 100 ms.

More detailed descriptions of auditory image carcdton are presented Patterson et al. (1995), van
Dinther and Patterson (2006) and Ives and Pattgf20d8). The auditory image is similar in form feet
‘autocorrelogram’ (Slaney and Lyon 1990; Meddis &felvitt 1991; Yost 1996) but the construction of th
auditory image is more efficient and it preserves temporal asymmetry of pulse-resonance sounds. Th
similarities and differences between auditory insagad autocorrelograms are described in Pattensdn a

Irino (1998).

4.1 The spectral profile arfl

While the processing of pulse-resonance sound® ubpet level of our initial perception of them magem
complicated, the relationship between the acoysbperties of these sounds, as observed in theiesvand
log-frequency spectra, and the features that apjedine auditory images of pulse-resonance sousds i
relatively straightforward. In Figure 2, the spatprofile to the right of each auditory imagehs &average of
the activity in the image across time intervalsiibulates the tonotopic distribution of activityserved in the
cochlea and in neural centers of the auditory payhup to auditory cortéx The frequency axis is quasi-
logarithmic like the tonotopic dimension of the btea (Moore and Glasberg 1983). The three pealtisein
spectral profile for /a/ (G2) of the baritone irglie 2a show the formants of this vowel. Note, thatprofile
from AIM is similar to the envelope of the magniguspectrum of the child’s vowel, shown Figure hzept
that the pattern in Figure 2a is shifted towardsdtigin with respect to that in Figure 1b becandeigure 2a,
the singer is an adult.

The spectral profile of the auditory image is samih form to the envelope of the magnitude spectru
Both arecovariant representations of family and register informat{gan Dinther and Patterson 2006); the
family information is contained in the shape of #revelope, and register information is in the posiof the

envelope, S, along the frequency axis. Comparison of the spkgirofiles of the auditory images in
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Figures 2a and 2b show that, whereas the spectv@lape of the voice is characterized by threeirdist

peaks, or formants, the envelope of the French isarharacterized by one broad region of activity.

4.2 The time-interval profile ang,

The resolution of the auditory filter, at the souledels where we normally listen to music, is naffisient to
define individual harmonics of pulse-resonance deureyond the first three or four harmonics (e:gs land
Patterson 2008). As a result, the fine structurth@imagnitude spectrum a8gare not readily apparent in the
spectral profile of the auditory image for musicalunds. However, th& information is present in the
auditory image, in the form of the vertical ridgethe 10-ms region of the image. The ridge shoasttiere is
a concentration of activity at the period of thegdn most channels of the auditory images in Kig@a
and 2b. Thus, the acoustic scale of the sourcmaily observed in this simulation of the neurgkresentation
of sound, even thought the construction of the taugdimage includes a temporal integration procesis a
half life of 30 ms. This is because strobed tempargegration preserves the temporal fine structofe
periodic components of sounds like the sustaineid p& vowels and musical notes.

Moreover, the temporal information associated \lith acoustic scale of the source is enhanced in the
time-interval profile of the auditory image. Thisofile appears below the auditory image and shdwves t
activity averaged across filter channels. In timsetinterval profile, the position of the largesta (in the
region to the left of 1.25 ms) provides an accuesgtmate of the period of the sound (for G2, 10s).
Moreover, the height of the peak, relative to tixel of the background at the foot of the peakyides a
good measure of the salience of the pitch percépst(et al. 1996; Patterson et al. 2000; Ives aateFson
2008). Thus, in time-domain models involving auditimages, the most obvious correlate of the a@oust
scale of the sourc&, in an instrument is a concentration of time idds at a particular value in the temporal
profile. This form of S information is more like the time between peakshie sound wave (Fig. 2a) rather

than the position of the fine structure in the magte spectrum of the sound (Fig. 2b).
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4.3 Summary of auditory image construction andat@ustic scale information in the image

In auditory models of perception, the auditory imaghich simulates the neural substrate of percepso
typically constructed in four stages: A spectralgliéing function, similar to the audiogram in foreimnulates
the middle-ear filtering that limits sensitivity t@ry high and very low frequencies. An auditofyefbank
simulates the spectral analysis performed in thehlea. Neural transduction is simulated with hadive
rectification and low-pass filtering. A sophistiedtform of temporal integration stabilizes the edjyey neural
patterns produced by pulse-resonance sounds arletesithe construction of the auditory intage

The main vertical ridge in the auditory image, dnel corresponding peak in the time-interval profile
are the auditory model’s representation of the siioscale of the sourc&;. They move left to longer time
intervals as the pulse rate of the sound decreaseésto the right to shorter time intervals as pihése rate
increases. When thiSs marker stands out clearly in the time-intervalfiigowell above the background
activity, the sound is effectively periodic and tioee is heard to have a strong pitch. When thie sifathe
filter, &, changes, the complex pattern in the auditory emsigiply moves up or down in frequenaithout
changing shape. Similarly, the distribution of activity in the eptral profile of the image moves up or down

without changing shape.

5. The acoustic properties of pulse-resonance soand the auditory variables of perception

The final section of this Chapter reviews the ielahip between the acoustic properties of sounttharee
variables of auditory perception, loudness, pitad &mbre, to illustrate how they relate to theiables of
music perception described in the sections aboamety, melody, instrument family and register witla
family. The American National Standards InstitudNSI) has provided official definitions of loudnegstch,
and timbre, and these definitions are widely quofuds Section begins with these definitions sitioey
might have been expected to specify just thosdimakhips between physical and perceptual variahlgtswe

require to explain the perception of musical notée definitions are:
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12.03 loudness. That attribute of auditory sensdtiderms of which sounds may be ordered on ascal

extending from soft to loud.

12.01 pitch. That attribute of auditory sensationtérms of which sounds may be ordered on a scale
extending from low to high. Pitch depends primatifyon the frequency content of the sound stimulus,
but it also depends upon the sound pressure angateform of the stimulus. Note — the pitch of a
sound may be described by the frequency or frequiewvel of that simple tone having a specified sbun

pressure level that is judged by listeners to ptedtie same pitch.

12.09 timbre. That attribute of auditory sensatigrich enables a listener to judge that two nonidaht
sounds, similarly presented and having the samdnkss and pitch, are dissimilar. Note - Timbre
depends primarily upon the frequency spectrumpafsh it also depends upon the sound pressure and

the temporal characteristics of the sound.
(ANSI 1994)

These definitions are useful, inasmuch as thegtitte the desire to relate properties of percepto
physical properties of sound, and they illustratainis regarded by auditory scientists as a priedipvay of
proceeding with this task. Unfortunately, the digifims focus on the perceptual properties with@uthe end,
specifying the relationship of each to the corresiing, acoustic, or physical variables, other tttasay that
both pitch and timbrelepend primarily upon the frequency content of the sound. While true, this is not very
helpful since it does not say which aspect of ttegdency information is associated with pitch arfdctv
aspect is associated with timbre. The discussioacolustic scale in Section 2 suggests that, foriqalus
sounds at least, we can be more specific aboutethgonship between the acoustic properties ohdand
the perceptions associated with musical notes amsttuments. In particulaiss, the position of the fine
structure of the magnitude spectrum, largely detemthe pitch of a musical note, and a melodynis a
ordered sequence 8f values. The shape of the spectral envelope iglgl@ssociated with the perception of
instrument family, or the family aspect of timb&o it is envelope shape that supports the genistahation
between, for example, brass and string instrumend, &, the position of the envelope of the magnitude

spectrum, combines with; to determine the register of the instrument withifamily. The acoustic scale
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variablesS; and$ are also prime determinants of our perceptiomefsize of an instrument or the height of a
singer. In this final section of the chapter, weiew the relationship between these acoustic ptigseof
sound and the traditional auditory variables, pitsid timbre, with a view to developing a more ukefu

description of the mapping between the acousticaarditory variables as they pertain to music pdioep

5.1 The effect of source size on pitch and timbre

Consider the definitions of pitch and timbre, ahd tjuestion of how we perceive the physical chatigss
take place in a vowel as a child grows up, or haperceive the physical changes that take plaaannsical
note as it is played on successively larger membgemn instrument family, for example, when a tratp
trombone, and tuba play C3, one after another.lddie of the ANSI definition of timbre is not ergiy clear,
but it would appear to involve a process of elirtiorg in which variables of auditory perceptionttda not
affect timbre are identified and separated fromrémaaining variables, which by default are partiwire.
The perceptual variables of particular interestdamnation, loudness and pitch.

Duration is the variable that is most obviously ezaple from timbre, and it illustrates the logic
underlying the definition of timbre (although thdsenot actually a standard definition of the petam of
duration). If a singer holds a note for a longeéheathan a shorter period, it produces a discaii@ change
in the sound but it is not a change in timbre. Blarahas no effect on the magnitude spectrum ajund,
once the duration is well beyond that of the terapaindow used to produce the magnitude spectruma. T
sustained notes of music are typically longer tB8@ ms in duration, and the window used to prodbee
magnitude spectrum is usually less than 100 mslusation is unlikely to play a significant role family
timbre or register timbre. In general, then, thecpptual change associated with a change in tregidarof a
sustained note is separable from changes in thediof the note.

Loudness is also largely separable from timbrewdf turn up the volume control when playing a
recording, the change will be perceived predomigas$ an increase in loudness. The pitch of angmgiv
vowel and the timbre of that vowel will be essdhtianaffected by the manipulation. The increasdaha

intensity of the sound produces a change in thenihade spectrum of the vowel — both the fine suetand
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the envelope shift vertically upwards — but ther@ad change in the frequencies of the componerttsedine
structure and there is no change in the relativplittdes of the harmonics. Nor is there any changee
shape of the spectral envelope. So, loudnessdsafsarable from timbre.

Thus, acoustic variables that do not affect eithershape of the envelope of the magnitude spearum
the frequencies of the spectral components do fiettathe timbre of the sound. The question is: avh
happens when a simple shift is applied to the posiif the fine structure, or to the position o thnvelope,
of a sound (on a log-frequency axis), that is, wiverchanges,, &, or both?’ The current definition of timbre
suggests that a change 3y which is heard as a change in pitch, does neicathe timbre of the sound,
whereas a change #, which is heard as a change in speaker size tuiment size, does affect the timbre of
the sound. This is where the current definitiortimbre becomes problematic, that is, when it tréfa¢stwo
aspects of acoustic scale differently with regartheir role in the perception of timbre.

Note, in passing, that shifting the position of fime structure of the magnitude spectrum, whiltlimg
the envelope fixed, produces large changes indlative amplitudes of the harmonics as they moveutyh
the region of a formant peak. So the relative ntagei of the components in the spectrum can change
substantially without producing a change in timhbog,the current definition. Note, also, that shidtithe
envelope of the magnitude spectrum while holdirggpbsition of the fine-structure constant produgisslar
changes in the relative amplitudes of the compofrequencies as they move through formant regiSnsh
shifts do not change the timbre category of a nalisiound (the family timbre); they change the appasize
of the source, and if the change is large enougf ¢thange the perceived register of the instrunvemth, of

course, is a timbre change, by the current defimiti

5.2 Acoustic-scale ‘melodies’ and the perceptiopitith and timbre

The discussion focuses on a set of four melodisigded to emphasize the role of the acoustic sealables
in the perception of vocal pitch and timbre. Theveloaspect of the melodies is that, in some catbes,
acoustic scale of the filte, varies over the course of the melody, eitherteroivn, or in conjunction with

changes irs,. The scale of the filter is normally fixed when iastrument plays a melody. A form of musical
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notation for the melodies is presented in Figuri 8hows that the melodies all have four bars aioing a
total of eight notes. The melodies are in ¥ timigh whe fourth and eight notes extended to givestrguence
a musical feel. The melodies have a ‘phonologieat,t that is, the notes are sung as syllablespgi,ko,
kuuu; ni, ne, mo, muuu), which emphasizes the huguaatity of the voice. As the timbre changes froowel
to vowel, it engages the phonological system alwivalus to distinguish the role of envelope shap@aeélody
perception, from the role & and the role 0&. The phonological text is the same for all fouladées.

The syllables were originally sung by an adult m@ethor RP) who has an average GPR of about
120 cps and a vocal tract length of about 16.58TMRAIGHT (Kawahara and Irino 2004) was used to vary
the scale of the sourc&; and the scale of the filte&, for each of the syllables, to simulate changethn
GPR and VTL of the singer. The matrix of tones usegroduce the melodies is shown in Figure 4. The
abscissa of the matrix (x-axis) is the acoustidesofithe sourceSs, and it was varied to produce an octave of
notes using the diatonic major scale of Westerniend$e ordinate of the matrix (y-axis) is the asiziscale
of the filter, &, and it was varied to simulate voices with an weteange of vocal tract lengths ranging from
about 10 to 20 cm. As with tH& dimension, the specific values &fwere determined by the diatonic major
scale of Western music. In other words, $eatio between any two notes has the same numeabaé as
the correspondings ratio, and the values of tt® ratios are indicated in musical notation by théeentames,

C, D, E etc. The manipulation & effectively extends the domain of notes from datic musical scale to a
diatonic musical plane as shown in Figure 4.

The arrows show the sequences of notes in eachdmeldis alternative notation for the melodies
illustrates the interaction of the acoustic scaeiables. Returning to Figure 3, for each melothg, black
notes show the progression of intervalsSg(or GPR) as each melody proceeds, and the greg isbiow the
progression of intervals f& (or VTL) as the melody proceeds. The sound filggtie melodies are available
at http://www.acousticscale.org/link/SHAR2009Derbe shaded note [E, E] on tBeS plane provides the

anchor for the notation; it has the same GPR anid Walues as the original syllables.

Melody 1: The first melody simulates the normal situatiomevein a singer with a fixed vocal tract length

(VTL) varies the tension of the vocal cords to v&yin accordance with the black notes in Staff (1) of
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Figure 3. The grey notes (f&) do not vary in this melody, indicating that th&Vof the singer is fixed. The
VTL is relatively long, so the singer is heard ® dn adult male. The pitch of the voice drops byetave
over the course of the melody from about 200 cgschvis well above the original pitch, down to abou
100 cps, which is a few notes below the origin&thpi This descending melody is within the normalgefor

a tenor, and the melody sounds natural. As the dygdooceeds, the fine-structure of the spectraynshifts,
as a unit, with each change in GPR, and over theseoof the melody, it shifts an octave towardsdtigin.
The ANSI definition of timbre implies that thesdatévely large S; changes, which produce large pitch
changes, daot produce timbre changes, and this seems entirehpatble with what we hear in this melody.
So, this melody illustrates the commonly held bekenbodied in the ANSI definitions, that pitchlasgely

separable from timbre, much as duration and lowglaes

Melody 2: Problems arise when we extend the example antiesize a version of the same melody but with
a singer that has a much shorter vocal tractthileé of a small child [Fig. 3, Staff (2)]. Thererie problem at
the start of the melody; it just sounds like a@lsinging the melody. The starting pitch is low floe voice of

a small child but not impossibly so. As the melqutgceeds, however, the pitch decreases by a ftdveg
which takes it beyond the normal range for a chilgl.a result, in the latter part of the melody, hear the
voice quality change and, by the end of the meldidg,child comes to sound rather more like a dwine
ANSI definition of timbre does not provide any ksafir understanding the voice quality change froahiid

to a dwarf; within the tradition framework the clgas that we hear as the melody proceeds are jict pi
changes. But traditionally, voice quality changssoaiated with a change in speaker changed aredezhas
timbre changes. This is the first form of problerthwthe standard definition of timbre — changed thie

nominally pitch changes producing what would notynbé classified as a timbre change.

Melody 3: The next example [Fig. 3, Staff (3)], the roldstlee acoustic-scale variableS; and &, are
reversed. The position of the fine structi8g s held fixed while the position of the envelofg,shifts by an
octave towards the origin. The changeSjrsimulates a doubling of the VTL, from about 1®2tbcm, which

would normally be associated with a doubling ofghei The& ratios between successive notes of the melody
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have the same numerical values as $heatios of the first two melodies. As Melody 3 peeds and the
envelope shifts down by an octave, the child setenget ever larger, the voice comes to sound santetike
that of a counter tenor, that is, a tall persorhveib inordinately high pitch. The ANSI definitioi timbre
does not say anything specific about how changdhdnposition of the spectral envelope affect tienbr
voice quality; the acoustic scale variab®, was not recognized when these standards wergemvrit
Nevertheless, the definition gives the impresstuat any change in the spectrum that produces aiblaud
change in the perception of the sound, without pcody a change in duration, loudness or pitch, pced a
change in timbre. Experiments with scaled voweld syllables show that the just noticeable changs ia
about 7% for vowels (Smith et al. 2005) and 5%dgtables (lves et al. 2005), so all of the intésvia the
melody would be expected to produce perceptlehanges. Since traditionally, voice quality changee
thought to be timbre changes, the fact that thgesiat the start of the melody (a child) is diffaréom the
singer at the end of the melody (a counter tenegjns compatible with the definition of timbre; tiager
changes and the timbre changes. However, we arwitbf the problem that large changesSnand S both
seem to produce changes in voice quality, but vesetiee perceptual changes associated with lar§is shi
the fine-structure along the log-frequency axisraetimbre changes, the perceptual changes assbaidth
large shifts of the envelope along the same logtfeacy axis are timbre changes, according to th&IlAN
definition. They both produce changes in the redatamplitudes of the spectral components, but eeith
changes the shape of the envelope and neither dbishift alters the phonological values of the vndiial

syllables.

Melody 4: The problems involved in attempting to unify ferception of voice quality with the definition of
timbre become more complex when we consider medodikere bothS; and S change as the melody
proceeds. Consider the melody produced by co-varSirand S to produce the notes along the diagonal of
the SvS plane (Fig. 4). The musical notation for the mglagl shown in Figure 3, Staff (4). This melody is
perceived to descend an octave as the sequencseds@nd there is a progressive increase in ticeiped
size of the singer from a child to an adult malél{\ene momentary reversal at the start of the rs@gphrase).

It is as if we had a set of singers varying in &gen 4 to 18 in a row on stage, and we had therh sty
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their assigned syllable in order, and in time, todoice the melody. This melody, in combination witie
others, makes it clear that there is an entiregplErsingers with different vocal qualities definag different
combinations of the acoustic scale variablRsand ;.. The realization that there is a whole plane dteo
gualities makes it clear just how difficult it walube to produce a clean definition of timbre thatledes one
of the acoustic scale variablé€}, and not the othe&:. If changes in voice quality are changes in timken
changes in pitchS)) can produce changes in timbre. This would seemmttermine the utility of the current

definitions of pitch and timbre.

5.3 Fitting the concept of acoustic scale in thientt@n of pitch and timbre

5.3.1 The second dimension of pitch hypothesis

At first glance, there would appear to be a fagiyple way to solve the problem; we could desigrihé&é
perceptual dimension associated with the acousttesf the filter,&, to be a second dimension of pitch.
Then, this second dimension of pitch could be aaiufrom the definition of timbre along with thesfi
dimension of pitch. For the singing voice, manigiola of S on its own would sound like the change in
perception that occurs over the course of Melodyl¥reS; is fixed on the upper C arffl decreases by a
factor of two over the course of the melody. Thi®sl however, lead to several problems. Firstlyjiteme
changes in the scale of the filt&, are not large enough to clear differences inatbsociated perception so
this second version of pitch would not support aaiperception of novel melodies, in the way thatfirst
form of pitch does (e.g., Pressnitzer et al. 200&s and Patterson 2008). The salience of chang8sis
more like the salience of the wed& pitch that arises when the energy in a tone ifricesd to high,
unresolved harmonics, and pitch discrimination nexpuSs changes of four semitones, or more. The second
form of pitch would, in some sense, satisfy the AN&inition of pitch which is not concerned withetodies,
and which only requires that the attribute of aangitsensation can be used to order notes on a extaeding
from low to high. It seems reasonable to say thattbnes at the start of Melody 3 sound “highegntlthe

tones at the end of the melody, which would supih@rtsecond dimension of pitch’ hypothesis.
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The ‘second dimension of pitch’ hypothesis alsal$eto another problem. To determine the pitch of a
sound, it is traditional to match the pitch of tkaund to the pitch of either a sinusoid or a ctieln, that is,
to a perception that is based on the scale of dlece,S;. Moreover, it seems likely that if listeners were
asked to pitch match each of the notes in Melodhn3)ng a larger set of sounds that diverted atteritbm
the orderly progression & in the melody, they would probably match all of tbnes with the same sinusoid
or the same click train, and the pitch of the magtstimulus (bound to a§ value) would be the upper C.
This would leave us with the problem that the sddonm of pitch, based o&, changes the perception of the
sound but it does not change the pitch to whichsthend is matched (itS; value). So the “pitch” change
associated with a change $hwould have to be segregated from a normal pit@ngh and given a separate
definition. It would also require changes in the SINdefinitions of pitch and timbre because currend
change in perception (like that associated witgea inS ) that does not produce a changeirmpitch (or
loudness, or duration) is a change in timbre. brisithe ‘second dimension of pitch’ hypothesis ldoappear
to lead us back to the position that changes produce changes in the timbre of the sound.

The ‘second dimension of pitch’ hypothesis alsoliegpthat if we play a random sequence of notes on
the musical plane of Figure 5, the voice qualitgradres that we hear are all pitch changes, andrkielve no
change in timbre. This seems unreasonable wheacthgstic scale changes are sufficiently large ¢olypee a
clear change in the perceptionvaio is singing.

Finally, there is the problem that many people hbarperceptual change in Melody 3 as a change in
speaker size, and they hear a more pronounced eharspeaker size when change&iare combined with
changes ir5, as in Melody 4. To ignore the perception of speadize, is another problem inherent in the
‘second dimension of pitch’ hypothesis; source gizan important aspect of perception, and pretenthat
changes in the perception of source size are jtedt phanges seems like a fundamental mistake foocel

of perception.
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5.3.2 The scale of the filte®, as a dimension of timbre

Rather than co-opting the acoustic scale of therfi, to be a second dimension of pitch, it would sesone
reasonable to think of it as an internal dimensabriimbre — a dimension of timbre which for voicess
associated with vocal register, singer sex andesisige. This, however, leads to a different pnoblehich is,
in some sense, the inverse of the ‘second dimerefipiich’ problem. Once it is recognized that 8hd the
position of the fine structure of the spectrumisdrently similar to shifting the position of thevelope of the
spectrum, and that the two position variables aiferdnt aspects of the same property of soundusten
scale), then it seems unreasonable to have oreeé variables, within the realm of timbre and the other,
S;, outside the realm of timbre. For example, consitle issue of voice quality; both of the acoustiale
dimensions affect voice quality and they interactthe production of a specific voice quality (emgan,
woman, child, dwarf, counter tenor). Moreover, swmle of the sources, affects the perception of the
singer’s size, in a way that is similar to the pptoal effect of the scale of the filt&, (Smith and Patterson
2005). Thus, if we define the scale of the filgr,to be a dimension of timbre, then we need to idenghat
the scale of the sourc&;, may also need to be a dimension of timbre. Aflérlarge changes i affect

voice quality which is normally considered to beaspect of timbre.

5.4 The independence of spectral envelope shape

There is one further aspect of the perception egeimelodies that should be emphasized, whickaisgither
of the acoustic scale manipulations causes a chantie perception of the phonology of the syllablee
always hear ‘pi, pe, ko, kuuu; ni, ne, mo, muundependent of the VTL and GPR values of the sinddrat
is, the changes in timbre that give rise to theg@gtion of a sequence of syllables are unaffecgethbnges in
Ss and$S;, even when these scale changes are large (Snath2€05; Ives et al. 2005). The changes in timbre
that define the phonology are associated with chsungthe shape of the envelope, as opposed fmositon
of the spectral envelope or the position of thecspéfine structure. Changes in the shape of theslepe

produce changes in vowel type in speech and changestrument family in music. Changing the pasitiof
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the envelope and changing the position of the $imecture both produce substantial changes inelative
amplitudes of the components of the magnitude spctout they do not change the timbre categothese

sounds, that is, they do not change the vowel itygpeech or the instrument family in music.

5.5 Summary

The ANSI definitions of pitch and timbre are notchihelp in understanding the perception of mugmads,

in the sense of understanding what gives rise ¢optrception of melody, instrument family and regis
within a family. The ANSI definitions simply assaté both pitch and timbre with unspecified aspette
frequency content of a sound. In music and speeséarch, it is traditional to segregate one aspletite
frequency information, namely, FO (the repetitiaterof the sound), from the remainder of the infatiom
which is represented by the spectrogram. FO is #issnciated with the pitch of the instrument orgheh of

the voice, in the same way that we have assocthtedcale of the sourcs;, with pitch. Thus, in music and
speech research there is, at least, the segregdtitte main determinant of pitch from the disttibo of
frequency information across the acoustic frequahyension. The difference between these approaateds
the acoustic-scale approach presented in this ehapt illustrated in Figure 6. The lower row shdwsy the
frequency information is (or is not) divided up each case, and the upper row shows the compongents o
auditory perception; the arrows indicate the asdmris between the components of the frequencyrrdton
and the components of perception. In the firstwoluwhich corresponds to the ANSI definition, thisrenly
one arrow associating all of the frequency conteliscriminantly, with both pitch and timbre. Tkecond
column, corresponding to music and speech resegincliys how FO is segregated from the spectrogram an
associated with pitch.

The third column shows how the scale of the sousgeand the scale of the filte®, are segregated
from the shape of the envelope of the magnitudetapa in the current approach. The scale of thecsois
directly related to musical pitch and melody. Thape of the envelope is directly related to theilfaaspect
of timbre, and for the human voice this is furtsabdivided into different vowel types. These aspettthe

mapping from acoustic properties to perceptualaidess are straightforward. The mapping betweensimou
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properties and register within a family is a littkeore complicated; both of the acoustic scale e
contribute to the perception odgister. Both of the acoustic scale variables also couteilho the perception of
instrument size and singer size, which are relpdeptions in different contexts. It is also tlsethat the
relative magnitude of the acoustic scale varialdestributes to our perception of whether a specific
instrument is a good, or bad, example of its cladihough the division of frequency information anthree
components, and the mapping from these componeritetperception of musical tones, is somewhat more
complicated than in traditional descriptions, ihi® excessively complicated, and it does provateaf much
better understanding of how the physical properdfdaastruments, and the acoustic properties ohdaelate,

to the auditory perceptions that musical tones yced

6. Conclusions

Recent research on the role of acoustic scale én prception of sound suggests that the frequency
information observed in the magnitude spectrum eband is segregated by the auditory system imaeth
parts: the spectral envelope shape, the acoustie s€ the source, and the acoustic scale of the filt&y,

The spectral envelope shape determines the badicdicategory of a sound, which in music is thérimsent
family, and in the singing voice expands to prodtlee different vowel types. These timbre categoaes
largely independent of the acoustic scale varial3esndS:. In speech, these two acoustic scale variables
jointly determine much of the static voice qualitiithe speaker, and thus our perception of a spsakex

and size (e.g., Smith and Patterson 2005). Thigesig that it would be useful to distinguish betwéee
‘what’ and ‘who’ of timbre in speech, that is, whatbeing said, and who is saying it. With regardtte
timbre of musical tones, the distinction betweewedope shape and the acoustic scale variablesda®an
explanation for the distinction between family tirl{envelope shape) and register timi&eadS;). In both
speech and musi&; exhibits a limited degree of independence fronbtennasmuch as (a) variation of GPR
to produce prosodic distinctions does not changeptrception of who is speaking, and (b) variabbrhe

pulse rate in musical instruments to produce a dyettoes not change the perception of the instrunhents
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playing. There are, however, limits to the indepmu; large changes in pulse rate produce changb® i

perception of who is speaking or which member oingtrument family is playing.
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Footnotes:

1. Use of the word ‘source’: Note that there amnynmeanings of the word ‘source’ in the descriptid
sounds and how they are produced. To avoid confusimus on what the ‘source’ is a source of. Seenv
listening to an orchestra, an individual instrumémicombination with the musician playing it, issaurce’ of
some of the musical tones and melodies that yotheaging. In contrast, the ‘source’ of the enemyyhe
tones and melodies is the arm of the musiciandrcise of string instruments and the diaphragrheoginger
in the case of vocalists. The ‘source’ in a soditer system is a mechanism in between the soafdabe
energy and the complete instrument in combinatidh the musician. In the source-filter descriptimintone
production, the word ‘source’ means the mechanfsah produces the stream of abrupt amplitude chamges
pulses which in turn excite the set of resonancdbke body of the instrument, or the vocal tracthef singer.

It is a very specialised meaning of the word ‘seuirbut it is the only use of the word in this ctexp

2. Use of the word ‘noise’: Throughout the currelmapter, we use the word ‘noise’ as an acoustis tehich
refers to the fact that the waveform is aperiodid ¢he amplitude varies randomly with time. Thesensls
are typically heard as background sounds and dalnaet your attention. There is, of course, anotrss of
the word ‘noise’ which can occur in a musical cahté&or example, when there are competing sounds in
environment, perhaps a Mozart symphony on the radiéba rock concert on television, an individustiener
might say, ‘Turn off that noise!’, referring to tlseurce which is interfering with the source thes tying to
hear. The current chapter is not concerned witliraaurce environments and so the latter use ag&@oes

not arise in the chapter.

3. The units of pitch: Because the relationshipveen the physical, acoustic and auditory variaideso
simple and direct, the units of acoustic frequendy, (the dimension of the magnitude spectrum)cadten
used indiscriminately for all of them. It is aldmetcase that the variable names are often integelsarand
people refer to the pitch of a note when the disiomsis actually focused on either a physical aspesound

production or an acoustic property of the sounalaserved in a plot of a sound wave. The substitutib
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‘pitch’ for one of the other variables, and theitdny use of Hz for frequency of any sort, is Uguaot a

serious error, but it can cause confusion.

4. Use of the word ‘scale’: In the phrase ‘acaustiale’ the word ‘scale’ is being used in the reatatical
sense, rather than the musical sense. In mathesmatscale factor’ is a number that tells you hag dne
value is relative to another. A musical scale isea of frequency intervals within an octave. Thiyea
connection between the two uses of scale inasmsitiheaintervals of a musical scale (like a fifthg defined
by specific scale factors (~1.5 in the case ofth)fibut acoustic scale refers to a single vahatbar than a set

of musical scale values.

5. There are multi-panel figures in van Dinther &adterson (2006) which show how the auditory irsage
Figure 2 were constructed, and how they changéeasdoustic scale of the source and the acoustie st

the filter vary.

6. The gammachirp filter is asymmetric and the amginy varies with stimulus level, as dictated byniaum
masking data (Unoki et al. 2006). In the dynamicsia of this gammachirp filter (Irino and Patter2006),
a form of fast-acting compression is incorporatetd the auditory filter itself. The compressionpasds to
level changesvithin the individual cycles of pulse-resonance soundk am a result, the filter restricts the
amplitude of the pulse and amplifies the resonaalzive to the pulse in each cycle (see Irino Ratterson

2006, Fig. 7 and 9).

7. The spectral profile of the auditory image isifar to the ‘excitation pattern’ describe by, fxample,
Zwicker (1974) and Glasberg and Moore (1990). Theth simulate the distribution of activity alongeth

tonotopic axis in the auditory system at a poirjdoel the cochlea.
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Figure 1. The waveform and magnitude spectrum ohill’s vowel /a/. (a)Higher panel: The waveform,
which is a plot of acoustic pressure as a functibtime, shows a repeating pattern that starts wighulse.
The repetition period, or pulse period, is shownHhgyblack arrow. Each pulse is followed by a resme that
decays in time, as shown by the grey arrow.L@)yer panel: The long-term magnitude spectrum, i.e. the
distribution of energy across frequency, is comgose harmonics represented by the vertical blankdi
which form thefine-structure of the spectrum. The frequency axis is logarithead scaled in number of
octavege 100 Hz. The position of the fine-structure, i.ee ffosition of the set of harmonics taken as a imit,
the acoustic scale of the soui®e This quantity is related to the pulse period sham the waveform. The
spectral envelope, shown in grey, depicts how #swmators in the vocal tract filter the pulses.shape

determines the vowel type. Its position on theflegiuency axis is the acoustic scale of the filger,

Figure 2. Auditory images of the note G2 (198 assung by a baritone (a) and as played by a Frieorch
(b). The waterfall plot represents the strobe-fitadal neural activity as a function a time intergaice strobe
point for each frequency channel (see text and Figr details). The lower profile on each paneths
summary temporal profile. The peaks in this profl®w the repetition rate of the sound. The heaghhe

peaks relative to the baseline represents piteimgtih. (From van Dinther and Patterson 2006).

Figure 3. Detail of the neural activity pattern ¢gwoed by an /a/ vowel at the output of the audifidtgr

centered at 1018 Hz. The grey line shows the adgaftreshold used to calculate the grey dots, whidw
the strobe points. The vertical lines and backvaardws show how time intervals are calculated feaoh of
the strobe points backwards in time to earlier {xoim the pattern, and generate the NAP segmenistadded

into the corresponding channel of the auditory ienmgproduce the stabilized version presenteddargi2.

Figure 4. Musical notation for four short melodigbe black notes show the acoustic scale of thecepg,,
and thus, the melodic pitch during the course efrtiusical sequence. The grey, flipped, notes reptebe
acoustic scale of the filte§, on a musical scale. The original speaker’s vdiefnes the note E (the bottom

line on the staves) for both acoustic scales.
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Figure 5. TheS-S plane, or GPR-VTL plane. The abscissa is the dwossale of the sourc8, increasing
from left to right over an octave. The ordinatéhis acoustic scale of the filt& doubling from top to bottom.
The plane is partitioned into squares that reptetten musical intervals. The square associated thi¢h
original speaker is highlighted in grey. The daslimes show the progression of notes in the foulodies of

Figure 4.
Figure 6. The relationship between the acousti@lbes (higher row) and the perception variablésted to
the perception of a musical tone (lower row) asnaef in the ANSI standard (ANSI 1994), in music and

speech research and using the acoustic scale esriab

Table I. Sixteen common instruments illustratingrfoegisters within each of four instrument fanslie

Register /Family Brass Strings Woodwind  Voice

High Trumpet Violin Soprano sax Alto voice
Mid-High Trombone Viola Alto sax Tenor voice
Low-Mid French Horn Cello Tenor sax Baritone voice

Low Tuba Contra bass Baritone saBass voice
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