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Abstract

The dependency of the timbre of musical soundson their fundamentalfrequency (F � )
wasexaminedin threeexperiments.In ExperimentI subjectscomparedthetimbresof stimuli

producedby a setof twelvemusicalinstruments with equalF � , duration,andloudness. There

werethreesessions, eachatadifferentF � . In ExperimentII thesamestimuliwererearrangedin

pairswith alwaysthesamedifferencein F � , andsubjectshadto ignoretheconstantdifference

in pitch. In ExperimentIII, instrumentswerepairedboth with andwithout an F � difference

within thesamesession,andsubjectshadto ignorethevariabledifferencein pitch. Experiment

I yieldeddissimilarity matricesthatweresimilar at differentF � s, suggesting that instruments

kept their relative positions within timbrespace.ExperimentII foundthatsubjectswereable

to ignorethesalientpitch differencewhile rating timbredissimilarity. Dissimilarity matrices

weresymmetrical,suggesting further that theabsolutedisplacementof thesetof instruments

within timbrespacewassmall. ExperimentIII extendedthis resultto thecasewherethepitch

differencevariedfrom trial to trial. Multidimensional scalingof dissimilarity scoresproduced

solutions(timbrespaces)thatvariedlittl e acrossconditionsandexperiments.MDS solutions

wereusedto testthevalidity of signal-basedpredictorsof timbre,andin particulartheirstability

asa function of F � . Taken together, the resultssuggestthat timbre differencesareperceived

independently from differencesof pitch, at least for F � differencessmallerthan an octave.

Timbredifferencescanbemeasuredbetweenstimuli with differentF � s.

PACSnumbers:43.75Cd,43.66Jh,43.66Hg
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I. INTRODUCTION

The word “timbre” hasseveralmeanings.In a musicalcontext it designatesaspectsof

soundthatallow aninstrumentto beidentifiedanddistinguishedfrom others.In thecontext of

psychoacoustic experiments,it designatesan elementarysoundquality akin to pitch or loud-

ness(the “Klangfarbe” of Helmholtz, 1885). In the next paragraphwe shall usethe words

“identity” and“quality” to distinguishthesetwo meanings, respectively. Theidentity of a mu-

sicalinstrumentobviously dependsin somewayon thequalityof thesoundsit produces(their

“timbre” in a psychoacoustic sense).However thisdependency maybecomplex.

For certaininstruments,quality variesasa function of the noteplayed,the intensityat

which it is played,andtime. This is obviousfrom casuallistening, andcorroboratedby mea-

surementsor calculationsthat show variations of signalpropertiesthat are known to affect

soundquality (spectralcentroid,harmonicity, etc.) (Martin, 1999). For example,notesof the

trumpetbecomebrighterwith increasedintensity(Luce andClark, 1967),while thoseof the

violin aresubjectto complex interactionsbetweenbodyresonancesandtheharmonicspectrum

of stringvibration (FletcherandRossing,1998).Thelattervarieswith fundamentalfrequency

(F � ) andthuswith thenoteplayed.Thetimbreof a wind instrumentmaychangeabruptlybe-

tweenthelow register(with theregisterholeclosed)andthehighregister(with theholeopen),

acharacteristicrevealedonly if theinstrumentis playedoverarangeof notes(RissetandWes-

sel,1999).Soundqualitiesproducedby aparticularinstrumentfollow aparticular“trajectory”,

andindeedwe couldformulatethehypothesisthatthis in partdeterminesits identity. In other

words,timbre (identity) might dependon the patternof variation of timbre (quality) specific
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to aninstrument. To testsuchahypothesisexperimentally requirescomparingtimbre(quality)

acrosstime,intensity, or F � . Thepurposeof thepresentstudywasto characterizevariationsof

timbre(quality) asa functionof F � .
Thestandardmethodology for studyingtimbreismultidimensionalscaling(MDS) (Grey,

1977).Typically, subjectsarepresentedwith pairsof soundsandaskedto ratetheirdissimilar-

ity on a continuousscale.Dissimilarity scoresareprocessedby anMDS algorithmto produce

modelsof “timbre space”thatgive insight into the natureof the timbre percept.It is usually

foundthat the timbrespaceinvolved in a taskis of smalldimensionality (2 to 4 dimensions),

thatdifferentsubjectsmayweightdimensions differently, andthat thesedimensionscanusu-

ally bepredictedby signal-based“descriptors”.Therelevantdimensions(and corresponding

descriptors)tendto vary betweenexperiments, no doubtasa functionof thesetof soundsin-

cludedin eachexperiment. Neverthelesscertaindimensions (e.g. “brightness”,predictedby

a “spectralcentroid”descriptor)tendto recurin all. MDS seemstheappropriatetool to study

variationsof timbre with F � .
Therearepotentialproblemshowever. A differencein F � producesa differencein pitch

thataddsto thedissimilarity betweensounds.Evenif this extra termis constant,its contribu-

tion setsa lower limit to every dissimilarity score,andso themethodcould be insensitive to

smallvariationsin timbre. Worse,if theF � -dependenttermvaries,thesevariationswould be

confoundedwith variations of timbre-relateddissimilarity andaffect the validity of cross-F �
timbrecomparisons.PaststudiesthatallowedF � to varygenerallyfoundthatpitchdominated

dissimilarity at theexpenseof timbre (Miller andCarterette,1975),with theresultthatMDS
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solutionswererelatively insensitive to F � -inducedvariationsof timbre.

Onesolution is to instructsubjectsto ignore pitch whenmakingtimbrejudgments.Un-

fortunatelywe arenota priori certainthatthey candoso.Pitchandtimbre might notbesepa-

rable, thatis, timbrecomparisonsmaybepossiblebetweensoundswith thesamepitch,but not

betweensoundswith differentpitch. This worry is reinforcedby thescarcityof F � -dependent

timbre studiesin the past. A first aim of our studywas to determinewhethersubjectscan

reliablymakecross-F � comparisons of timbrewhile ignoringdifferencesin pitch.

If they can,we mayhopeto bring anempiricalanswerto a questionsuchas: how does

timbre changewith F � ? Two sortsof changeare to be expected. First, instrument-specific

changessuchasevokedearlier, for exampledueto changesof resonatorgeometryasafunction

of thenoteplayed. Second,hypotheticalchangesof a morebasicnature,dueto a perceptual

interactionbetweenpitchandtimbre,or thepresenceof F � asacofactorin therelationbetween

signaldescriptorsandpsychophysical dimensionsof timbre.A secondaimof ourstudywasto

measureF � -dependenttimbrechanges,in particularof abasic,non-instrument-specificnature.

Therearereasonsto expectinteractionsbetweenpitchandtimbre. While pitch is defined

as“that attribute of auditorysensationin termsof which soundsmay be orderedon a scale

extending from low to high” (ANSI, 1960),morecomplex structureshavebeenproposedsuch

asaspiralinvolving botha lineardimension of toneheightandacirculardimension of chroma

(Shepard,1964;UedaandNimmo-Smith, 1987). Chromais relatedto fundamentalperiodic-

ity, while toneheightdependsmoreonthespectralenvelope(Patterson,Milroy andAllerhand,

1993). The envelopealsodeterminestimbre,so it couldbe that timbre andpitch arenot en-
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tirely distinct.Thismightresultin non-separability(if apitchdifferencedegradescomparisons

betweentimbre)or a systematic shift (if pitchandtimbrearepartlycolinear).

To afirst approximation, thespectralenvelopeof avowel doesnotchangewith variations

of F � , andvowel identity (anotherusageof “timbre”) is likewiserelatively invariant. Small

systematic variationshave neverthelessbeenobserved(seedeCheveigńe,1999,for a review).

Slawson (1968) asked subjectsto adjust the formant frequenciesof different-F � vowels so

that they hadthe sametimbre. The bestmatchwasobtainedfor a 10% increaseof formant

frequenciesfor a one-octave increasein F � . This suggests that envelope-relateddimensions

of timbre might dependon F � in additionto their dependency on envelopecharacteristics.In

in otherwords,F � might beneedto beincludedasa cofactorin theformulaeof signal-based

descriptorsthatpredictthosedimensions.

A third aim of our studywasto testthe validity of signal-baseddescriptorsacrossF � .
Signal-basedmeasuresthatcorrelatewell with perceptualdimensionsrevealedin MDS studies

(suchasspectralcentroid,log attacktimeor spectralflux) havebeenproposedas“descriptors”

for applicationssuchas the retrieval of multimedia data(Misdariis, Smith, Pressnitzerand

McAdams,1998;Peeters,McAdamsandHerrera2000). Suchapplicationsinvolve dataat a

widerangeof F � s,yet thesedescriptorshavebeentestedonly with arestrictedsetof F � s(often

only one).Thereis clearlyaneedto verify theirgenerality, andif necessaryto modify themto

improvetheirgenerality. Thismightentailadjustmentof theformulaeto removeaspuriousF �
dependency, or inclusionof anF � -dependentcorrective termor, in theextreme,establishement

of anarrayof F � -dependentformulae.

6



J.Acoust.Soc.Am. Marozeau,DeCheveigńe,McAdams,Winsberg

It is worth discussingthe forms of dependency of timbre on F � that we expectto find.

Supposing a ”timbre space”suchasrevealedin MDS studies,threehypothesescanbedistin-

guished: (1) Invarianceof instrumentpositionswith changesin F � , (2) Isometricdisplacement

keepingrelativepositionsinvariant,(3) Non-isometricdisplacement.

Accordingto Hypothesis(1), variations of timbre with F � arenegligible comparedfor

example to between-instrument differences.Hypothesis (2) allows for a rotationor drift in

timbre spacecommonto all instruments. Hypothesis (3) allows that timbresof individual

instrumentschangein arbitraryways.Theexperimentsweredesignedto decidebetweenthese

hypotheses.

Weusedrecordingsof naturalmusicalinstrumentsoundsasstimuli. By doingsowecon-

foundedtwosortsof F � -dependenttimbrechanges:thosespecificto instruments,andthoseof a

non-instrument-specificnature.Wereasonedthatnaturalinstrumentalsoundswouldguarantee

the musicalrelevanceof our sampling, while instrument-specific effectscould be interpreted

by apost-hocanalysisof thewaveformsof thestimuli.
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II. EXPERIMENTS

A. Experiment I

ExperimentI consistedof threesessions labeleda, b, andc. In each,subjectsratedthe

dissimilarity betweenstimuli with thesameF � . ThisF � variedfrom sessionto session.

1. Methods

a. Stimuli Ten natural and two syntheticinstrumentswere used. Each instrumentwas

playedat threenotes:B3 (247 Hz), C#4 (277 Hz) andBb4 (466 Hz), chosento explore the

effectsof asmalldifference(two semitones:B3-C#4)andamoderatedifference(elevensemi-

tones:B3-Bb4) of F � . Natural instrument sampleswereextractedfrom the StudioOn Line

(SOL) databaseof Ircam(IRCAM 2000): guitar (B3 wasplayedon theE string,C#4on the

A string,andBb4 on theD string),harp, violin pizzicato (B3 andC#4on theG string,Bb4on

theD string),bowedviolin (stringswerethe sameasfor theviolin pizzicato),boweddouble

bass(all noteswereplayedon theG string),oboe, clarinet, flute, horn in F, trumpetin C. In

thefollowing, theseinstruments will beabbreviatedasGu,Hr, Vp, Vl, Ba, Ob,Cl, Fl, Ho, Tr,

respectively. In addition to thesenaturalinstruments, synthetic instrumentsSA andSB were

createdusingfixedspectralenvelopesderivedfrom thatof thesaxophone.

Stimuli wereclippedto adurationof 1.5sby applyinga200mscosinusoidaloffsetramp.

Amplitudesweredeterminedby asking6 subjects(who did not participatein themainexper-

iments) to adjustlevels of stimuli presentedat approximately60 dB SPL for equalloudness.
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Stimuli weresampledatarateof 44100Hz with 16bit resolution,andpresenteddiotically over

Sennheiser520II headphones.

b. Subjects Twenty-sevensubjectsaged22to 30(14menand13women,15musiciansand

12nonmusicians),participatedin theexperiment.Musiciansweredefinedashaving playedan

instrumentfor at leastthreeyears.

c. Procedure Beforetheexperiment,thesubjectswereinformedthatthegoalof theexper-

iment wasto estimatethe similarity of timbre betweensounds.Timbre wasdefinedas“the

fourthcomponentof soundquality, thefirst threebeingpitch,loudnessandduration”.For each

pair, they wereinstructedto judgewhetherthetimbresweresimilar or different,usingtheentire

scaleof thecursor. Eventualdifferencesof pitch, loudness, durationor “recordingnoise”were

to be ignored.The identity of the instrument, if recognized,wasalsoto be ignored.Subjects

satinside anaudiometric booth. Presentationsoftwarewasbasedon thePsiExpenvironment

(Smith,1995).Thescreencompriseda mouse-controlledcursorlabeledfrom ’similar’ (coded

0) to ’different’ (coded1), andtwo buttons(oneto listento thepair again,theotherto validate

theresponse).Theexperimentconsistedof threesessionsthatwereperformedonthesameday,

separatedby five-minutebreaks.Beforeeachsessionthesubjectswerepresentedwith eachof

the12 stimuli in randomorderto acquaintthemwith therangeof timbredifferencesin theset

of instruments. They werethenpresentedwith thefull setof 66 pairsof differentstimuli. The

orderwithin pairsandtheorderof pairswererandom(a differentrandomizationwasusedfor
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eachsessionandsubject).

2. Results

a. Outliers, effectofmusicalexperience Correlationcoefficientsbetweendissimilarity scores

werecalculatedfor all pairsof subjects.Thesescoresweresubmittedto a hierarchicalcluster

analysisbasedonthenearest-neighbor(completelinkage)algorithm(KaufmanandRousseeuw,

1990).On thebasisof thisandasimilaranalysisfor Exp. II, threesubjectswerediscardedfor

bothexperiments. Analysiswasperformedondataof theremaining24subjects.

To revealaneventualeffectof musicalexperience,ananalysisof variance(ANOVA) was

performedfor eachsessionwith between-subjectsfactormusicalexperience(2) andwithin-

subjectsfactor instrumentpair (66), taking into accountthe fact that experiencelevels were

representedby variablenumbersof subjects(Abdi, 1987;WonnacottandWonnacott,1990).

No effect of musicalexperiencewasfound, eitherasa main effect [ 
�������������� ] or asan

interaction[ 
�������������� ��!�" ]. Datafor bothgroupsaresubsequentlycombined.

b. Dissimilarity matrices Dissimilarity scoresfor eachsubjectandsessionwereplacedin

a matrix of dimension #%$&# , where # is the numberof stimuli andthe ')( th entry ��'+*,(-� is

the dissimilarity betweenstimuli ' and ( . Sinceorderwasnot distinguished,only the lower

trianglewasfilled. Matricesaveragedoversubjectsareplottedin Fig. 1 for thethreesessions.

Averagedover F � s andsubjects,dissimilarities rangedfrom 0.146betweentheguitarandthe

harpto 0.872betweenthe trumpetandthe violin pizzicato. Onecandistinguishtwo groups
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of instruments: impulsive (Gu, Hr, Vp), andsustained (Vl, Ba, SA, SB, Ob, Cl, Fl, Ho, Tr).

Dissimilaritiestendedto besmallwithin eachgroup(upperleft andlower right triangles)and

largebetweengroups(lower left rectangle),apatternthatwasstableacrossF � s.

InsertFigure1 abouthere

InsertTable1 abouthere

To quantify theeffectsof F � , a repeated-measuresANOVA wasperformedwith factors

F � (3) x instrumentpair (66). Resultsareshown in TableI. Theeffectsof bothmain factors

weresignificant,aswastheir interaction.It is instructive to considereffect sizes.Thepercent-

ageof totalvarianceaccountedfor by eacheffect is indicatedby the .0/ coefficient,lastcolumn

in TableI (WonnacottandWonnacott,1990).Themaineffectof instrumentpair representsthe

partof inter-instrumentdissimilarity that is constantacrossF � . It accountsfor about47%of

thevariance.Theinteractionandmaineffect of F � togetherrepresentthepartof dissimilarity

thatvariesacrossF � . They accountfor only about5%. In agreementwith therelatively small

interaction,correlationcoefficientsbetweenmatrices(averagedoversubjects,consideringonly

thelower triangularparts)arerelatively large: 0.88between’a’ and’b’, 0.81between’a’ and

’c’, and0.89between‘b’ and‘c’ (df=64,p � 0.001for all threecoefficients).

It couldbearguedthatF � -relatedeffectsaredwarfedby thecontrastbetweenimpulsive

andsustainedinstruments. TableII shows the percentageof varianceaccountedfor by each
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effect for the full dataset(column2), or whendissimilarity scoresare restrictedto pairsof

impulsive,sustained,or impulsiveandsustainedinstruments(columns3 to 5). After removing

thismajorsourceof F � - independentvariance,asexpected,F � -independenteffectsrepresenta

smaller proportionof total variance.However they still arelargerthanF � -relatedeffects.

InsertTable2 abouthere

To summarizetheresultsof Exp. I, inter-instrumenttimbre dissimilarities variedsignifi-

cantlywith F � , but thevariationwasrelatively small. It wouldbeniceto concludethattimbres

themselveswerestableto thesamedegree[Hypothesis(1) of theIntroduction].Unfortunately

theresultsof Exp. I do notallow usto draw thatconclusion. As comparisonsweremadeonly

at constantF � , an eventualshift or rotationof the entiresetof instrumentsin timbre space

[Hypothesis (2)] couldnotbedetected.Furthermore,assubjectswereinstructedto usethefull

scaleof dissimilarities in eachsession,an eventualcompressionor expansionalsocould not

bedetected.Thenext experimentallows for a shift, rotation,compressionor expansionto be

detected.

B. Experiment II

In Exp. II subjectsratedthedissimilarity betweenstimuli with aconstantdifferenceof F �
( 1 F � ) of eithertwo semitonesor elevensemitones.In contrastto Exp. I, theresponsematrices

werefull, aseachinstrument pair wascomparedusingboth F � orders,andsame-instrument
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pairswere included. Subjectswere instructedto ignoredifferencesin pitch which, contrary

to Exp. I, were salient. Supposingthey can do so, this experimentallows us to refine the

conclusionsof Exp. I, andin particularto decidebetweenHypotheses(1) (invariance)and(2)

or (3) (isometricor non-isometric deformation).

If Hypothesis (1) is true,dissimilarity matricesshouldshow threefeatures.First, values

on thediagonalshouldbezero.Second,thematrix shouldbesymmetric: thelower triangular

part shouldbe the mirror imageof the uppertriangularpart. Third, the lower triangular part

should beidenticalto thatobservedat eachF � in Exp. I. To understandwhy thematrixshould

besymmetric,considertwo instruments( $ and 2 ) thatdiffer alongsomedimensionof timbre

space(abscissaof Fig. 2). The positions of $ and 2 alongthis dimension at two F � s are

representedby $43 , 253 and $ / , 2 / respectively. From Exp. I we know that distances$63�273
and $ / 2 / are approximately equal. If additionally the timbresthemselvesare stablealong

this dimension, thenwe musthave $83�2 /:9 $ / 253 (Fig. 2 a). If insteadthey shift alongthis

dimension, then $;3<2 /;=9 $ / 273 (Fig. 2 b). Equality thusmeanseitherthat timbresof $ and2 did not shift with F � , or that theshift wasin a directionorthogonal to thedimensionalong

which $ and 2 differ. Supposingthatthisholdsfor all instrumentpairs,it followsthattimbres

did not move in thetimbrespacethatspanstheinstrumentset. Symmetryof thedissimilarity

matrix, if observed,impliestimbreinvariancewith respectto F � [Hypothesis (1)].

InsertFigure2 abouthere
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1. Methods

Stimuli were thoseof Exp. I, pairedwith a constant1 F � of two semitones(B3-C#4,

session‘a’) or elevensemitones(B3-Bb4,session‘b’). All pairswereincluded,resultingin 144

stimuluspairspersession.Within asession,theorderof F � s(low-highor high-low) wasalways

thesame,soasto makeit easierfor subjectsto ignorethedifferencein pitch. Subjectswerethe

same27 thatparticipatedin Exp. I. Thethreesubjectsthatwereeliminatedfrom Exp. I were

alsoeliminatedhere.Theremainingsubjectsweredividedinto four groupsof approximately

the samesize(6 to 8 subjects)that differedin the orderof presentationof sessions(‘ab’ vs.

‘ba’), andin theorderof F � s within eachsession(low-first vs. high-first). Theproportionof

musiciansandnonmusicianswasapproximatelythesamein eachgroup. Subjectsperformed

bothsessionsonthesameday(approximatelyoneweekafterExp. I), separatedby a10-minute

pause.

2. Results

a. Dissimilarity matrices Matricesaveragedover subjectsareplottedin Fig. 3 for thetwo

sessions. Several featuresareobvious. First, ratingsalongthediagonalsarerelatively small.

Second,thematricesappearfairly symmetrical. Third, thetwo matricesresembleeachother.

Fourth,thelower triangularpartsof eachmatrix resemblethethreematricesof Exp. I.

To quantify theseeffects, the upperand lower triangularpartsof both matriceswere

excised,ignoring thediagonals.Theuppertriangularpartswerereflectedwith respectto the

diagonalsoasto havethesameshapeasthelowertriangularparts,andthedataweresubmitted
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to a repeated-measuresANOVA with factorsinstrumentpairs(66) X 1 F � (2) X F � orders(2).

Resultsareshown in Table III. The F � order factor (upperversuslower triangularparts)is

not interpretablein itself as it dependson the arbitraryway in which instrumentpairswere

combinedwith F � pairs.It is includedsoasto allow F � -dependentvarianceto bequantified.

InsertFigure3 abouthere

InsertTable3 abouthere

Main effectsand two-way interactionsweresignificant,the three-way interactionwas

not. Effect sizesarequantifiedby .>/ scores(last columnof TableIII). The pair effect rep-

resents43.8%of total variance,whereasF � -relatedeffectstogethersumup to a total of only

2.8%. As in Exp. I, it appearsthat timbre dissimilarity dependson F � differencesto a lim-

ited degree. Taking theaverageover lower and(reflected)upperpartsof thematrix for each

session, thecorrelationcoefficientbetweensessions is 0.95(df=64,p � 0.001). Averagingover

sessions within Exp. II andwithin Exp. I, thecorrelationcoefficient betweenexperimentsis

0.98(df=64,p � 0.001).

TableIV shows thepercentageof varianceaccountedfor by eacheffect for thefull data

set(column2), or whendissimilarity scoresarerestrictedto pairsof impulsive, sustained,or

impulsive andsustained instruments(columns3 to 5). The ratio of F � -invarianteffets (I) to
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F � -dependenteffects( 1 F � , etc.) is smallerfor restrictedsets(particularlypairsof sustained

instruments)than for the full set. Nevertheless,for eachsubsetF � -invarianteffects remain

largerthanF � -dependenteffects.

InsertTable4 abouthere

Whenthediagonalsof thematrices(not includedin thepreviousanalysis)wereaveraged

over instruments,dissimilarity was0.11at two semitonesand0.20at elevensemitones.Single

samplet testsshow that themeanis significantly differentfrom zero[t(287)=10.7,p � 0.0001

for 2 ST; t(287)=15.4,p � 0.0001for 11 ST]. Further, in a repeated-measuresANOVA with

factorsInstrument(12) x 1 F � (2), the main factorsweresignificant [F(11,253)=5.3,? =0.43,

p=0.0001andF(1,23)=16.1,p=0.0005,respectively], but their interactionwasnot. Thesere-

sults suggestthat the pitch differenceaffectedthe dissimilarity judgments andthat the effect

increasedwith increasingpitchdifference.Theeffectwasindependentof instrument,however.

Supposing timbre invariance,we expectedthe diagonalsto be zero. To somedegree,

the non-zerovaluesobserved canbe attributed to an edgeeffect due to the fact that the re-

sponse rangehada lower boundof zero(variablity of responsesthennecessarilyresultsin a

non-zeromean). However given the significanteffectsof instrumentand 1 F � this explana-

tion is at bestincomplete: we mustadmit a shift of timbre with F � (or a contaminationof

dissimilarity responseswith pitch dissimilarity). The valueson the diagonalarenevertheless

small. Averagedover 1 F � s, same-instrument dissimilarities weresmaller(mean:0.16) than

different-instrumentdissimilarities (mean: 0.59). The largestsame-instrumentdissimilarity
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(0.25for theflute) wassmallerthanevery different-instrumentdissimilarity scoreexceptone

(0.1for Gu/Hr).

To summarizetheresultsof Exp. II, a first outcome is thatsubjectscancomparetimbre

acrossF � despitesalientpitch differences.Subjectsapparentlyperformedthe tasksof Exp. I

andII in similar fashion.As asecondoutcome,wecanruleout thehypothesisof a largeglobal

shift of timbrespacewith F � , asdissimilarity matricesweresymmetrical andtheir diagonals

small. Thisextendstheconclusionof Exp. I thatinstrumentsretaintheirrelativepositionsasF �
changes:they alsodonotshift asa group. Howeverbeyondtheseconclusionsvalid in thefirst

approximation,bothexperimentsrevealedeffectsthatweresignificant,albeitsmall. It wouldbe

niceto infer from theseeffectsthenatureof shiftsof individualintruments. Unfortunately, each

scorereflects thetimbreof two instruments,andit is notobviouswhichof thetwo determined

achangein dissimilarity. ExperimentIII introducesa new form of analysisthatrevealstimbre

changesof individualinstrumentswith F � .
C. Experiment III

In ExperimentIII subjectsratedtimbredissimilarity betweenpairsof instrumentswith

andwithout a differencein F � . The aim wasto extendandgeneralizethe resultsof Exp. I

andExp. II, andin particularto seewhethersubjectscouldmake reliabletimbredissimilarity

judgmentsbetweensoundsthatdifferedby avariableamountalongthepitchdimension.
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1. Methods

To keepthe stimulus setsizewithin reasonablelimits, nine instruments wereselected

amongthetwelveusedin Exp. I andII. ThesewereGu,Hr, Vp, Vl, SA, Ob,Cl, Ho, Tr. Each

wasplayedat two F � s,resultingin asetof 18soundsthatwerepaired(excludingcomparisons

betweenthe sameinstrument at the sameF � ) to produce153 pairs that werepresentedin a

single sessionwith a five-minutepausehalf-way. Thereweretwo sessions:‘a’ with notesB3

andC#4 (two semitones),‘b’ with notesB3 andBb4 (eleven semitones).Within a session,

different-F � pairswerepresentedin the sameorder, low-high or high-low (dependingon the

subject).Otherwise,presentationconditionsandinstructionswerethesameasfor Exp. II.

Session‘a’ involved25subjectsaged19to 30,15menand10women,13musiciansand

12nonmusicians.Nonehadparticipatedin Exp. I or II. Session’b’ involved18subjects,(11of

which hadtakenpart in session’a’), aged19 to 30,eightwomenandtenmen,ninemusicians

andninenonmusicians.

2. Results

a. Outliers Among the twenty-five subjectsof session’a’, threegave answersthat were

poorly correlatedwith the rest [r � 0.33] andwereexcludedfrom the analysis. Nonewere

excludedfrom session’b’.

b. Dissimilarity matrices Dissimilarity scoresaveragedover subjectswere placedin the

lower triangularpartof a matrix asshown in Fig. 4 (a) for session’a’. This matrix hasthree
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parts:anupper-left triangle(instrumentscomparedat B3), a lower-right triangle(instruments

comparedat C#4),anda 9 x 9 square(instruments comparedacrossF � s). The two triangles

areanalogousto thematricesof Exp. Ia andb, thesquareto thatof Exp. IIa.

To compareresultswith thoseof Exp. I andII, a triangular matrix similar to the one

justdescribedwaspopulatedwith scoresfrom correspondingconditionsof Exp. Ia (upperleft

triangle),Exp. Ib (lower right triangle)andExp. IIa (square).The correlationbetweenthis

composite matrix andthatobtainedfrom Exp. IIIa was0.95[df = 151,p � 0.0001]. Similarly,

a triangularmatrix waspopulatedfrom scoresof Exp. Ia andIc andExp. IIb. Thecorrelation

betweenthiscompositematrixandthatobtainedfromExp. IIIb was0.92[df = 151,p � 0.0001].

This indicatesa high degreeof similarity betweendatasetsdespitethedifferencein taskand

subjects. Overall ANOVAs are not reportedhere(they supportconclusionssimilar to Exp.

I and II). Instead,a differentanalysisis presentedthat assignseffects to timbre changesof

individual instruments.

InsertFigure4 abouthere

c. Instrument-specificANOVAs

InsertFigure5 abouthere

Eachof the9 instrumentswasanalyzedin turn. For each,the8 otherinstrumentswere
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usedas“anchors”with respectto whichmeasureits timbrechanges.

To illustratethe principle, take an instrument $ anddenoteits timbre at two different

F � s as $@3 and $ / , assimilatedto two points in timbrespace.We wish to know if $A3 and $ /
aredistinct, andfor this we usea secondinstrument 2 asanchor. We ignoreeventual shiftsof2 itself for themoment. Thedisplacementof $ towardsor away from 2 canbeestimatedby

comparing$@3�2 and $ / 2 . In geometricterms,theequality$43�2 9 $ / 2 (1)

implies that $ hasfollowed a hyperspherecenteredon 2 (illustratedasa circle in Fig. 5).

If a similar equalityholds for anotheranchorinstrument B , then $&3 and $ / belongto the

intersectionof two hyperspheres.In theplane(Fig. 5) the intersectionconsists of two points

ona line perpendicularto 2CB . In threedimensionsit wouldbeacircle in aplaneorthogonalto2DB , andin higherdimensionsa sphereor hyperspherein a hyperplaneorthogonalto 2DB . In

everycasethedisplacementis orthogonal to thetimbredimension alongwhich 2 and B differ.

If Eq. 1 holdsfor everyanchor, takingthemtwo by two it followsthatthedisplacementof $ is

orthogonal to thesubspacethatcontainstheanchors.Supposingthattheanchorstogetherspan

thewholeof timbrespace,$ did notmove in thisspace.

Actually, eachinstrumenthastwo positions, e.g. 2E3 and 2 / for 2 . Eithercouldbeused

astheanchor, but thereis a difficulty. Testingfor $;3�253 9 $ / 273 , instrumentson the left have

thesameF � but thoseon theright differ. Thecomparisonis thussensitive to eventual effects

of an F � differenceper se(for exampleif subjectsfailed to completelyignorepitch). Using2 / insteadastheanchorwe have a similar problemin theotherdirection.However by adding
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termto term: $43�2735F $43G2 /H9 $ / 2737F $ / 2 / (2)

F � -relatedeffectsapplyequallyto bothsidesandthusbalanceout. Equation2 canbeusedin

placeof Eq. 1 for the previous analysis.To summarize, if Eq. 2 holdswhenan instrument

is comparedto eachof the8 others,we mayassumethat that instrument’s timbredid not not

changewith F � .
d. Twosemitones For eachinstrument $ , termsof Eq. 2 werecomparedusingaarepeated-

measuresANOVA with factorsanchor(8) x F � (2). To be precise: the F � factorcontrasted

timbres$I and $J� at two differentF � sby comparing$K3�273LF $@3G2 / to $ / 273LF $ / 2 / . Thean-

chorfactorcontrastedthevariousanchorinstruments2 . NinesuchANOVAs wereperformed.

Themaineffect of anchorwas,asexpected,highly significantfor all instruments,andwill not

be consideredfurther. For seven instruments (Gu, Hr, Vl, SA, Ob, Cl, Ho) , the effect of F �
andits interactionwith anchorwerenot significant.For thetrumpet,themaineffect of F � was

significantbut tiny ( .M/ =0.4%,ascomparedto 65.5%for anchor).For theviolin pizzicato,both

themaineffect of F � andits interactionwith anchorweresignificantandrelatively large. The

otherinstrumentsremainedessentially stablewhenF � changedfrom B3 to C#4.Theseresults

aresummarizedin columns2 and3 of TableV.

e. Elevensemitones SimilarANOVAs wereperformedfor session’b’. Effectsizesaresum-

marizedin thelasttwo columnsof TableV. Theseeffectswerenon-significant for Gu,Hr, and

21



J.Acoust.Soc.Am. Marozeau,DeCheveigńe,McAdams,Winsberg

Ho, andverysmallfor Cl. They weresignificantandlargerfor Vp, Vl, SA, Ob andTr.

InsertTable5 abouthere

To summarizetheresultsof Exp. III, subjectssucceededin makingtimbredissimilarity judg-

mentswhile largely ignoringa differencein pitch thatwaspresenton sometrials andnot on

others.Exp. I andII hadfound timbre dissimilarity to befairly stablewith F � changes.Exp.

III refinedthisconclusion:timbre itself wasstablefor someinstruments (eightfor 2 semitones,

four for 11 semitones,out of nineintruments).Timbresof othersappearedto changeslightly.

Thenext sectionpresentsanMDS analysisthatallowsthesechangesto beinterpretedin terms

of displacementwithin amodelof perceptualtimbrespace.
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III. MDS ANALYSIS

For eachsessionof Exp. III, thedissimilarity matricesfor all subjectswereprocessedby

theEXSCAL MDS program(Winsberg andCarroll, 1989).We chosea two-way MDS model

without individual differences,asthis modelis rotationallyinvariant,allowing solutionsto be

rotatedand their dimensions comparedto physical descriptors,as well as comparedacross

experiments. The two-way EXSCAL modelpostulatesthat the distance,NPORQ , betweenthe ' th
and( th stimuli is given by:N�ORQ 9 SUTVW<X 3 ��$:O WUY $ZQ W � / F[��\%O�F]\PQ^�`_bac (3)

where $:O W is the coordinateof the ' th stimulus on the d th dimension and . is the number

of dimensions. In this model,in additionto . commondimensions, the stimuli have unique

dimensions not sharedby otherstimuli. The specificityor uniquenessof the ' th stimulus is

denoted\eO . Sincea maximumlikelihood criterion is usedto estimatethe fit of the modelto

thedata,BIC statistics (Schwarz,1978)canbeusedto choosethedimensionality . anddecide

whetheradditionaluniquedimensionsshouldbeincluded.

TheBIC criterionsuggestedthree-andtwo-dimensionalmodelswithout specificitiesfor

Exp. IIIa andExp. IIIb respectively. For non-linearmodelslike MDS, BIC statistics have a

heuristic valueanddo not precludeconsiderationof othermodels. We thereforealsoexam-

ined two-, three-andfour-dimensional modelsin searchof a modelinterpretablein termsof

dimensions relatedto signaldescriptors. In eachcase,the solution was rotatedwith a pro-

crusteanprocedureto a target matrix of signaldescriptorsdescribedin Sec. IV.. Only the

four-dimensionalsolutionswill bedescribedin detail.

23



J.Acoust.Soc.Am. Marozeau,DeCheveigńe,McAdams,Winsberg

Solutions for sessions‘a’ (two semitones)and‘b’ (eleven semitones)are illustratedin

the upperand lower partsof Fig. 6 respectively. For eachinstrument, the position at B3 is

representedby thesymbolandthatat theotherF � (C#4or Bb4) by theextremity of the line.

Thefirst threedimensions of the spacesarewell correlatedbetweensessions(0.99,0.95and

0.94, respectively). A large scorefor Dim. 1 is to be expectedbecausethe salientcontrast

betweenimpulsive andsustainedinstrumentsis unlikely to dependon F � . However, thegood

scoresfor Dim. 2 and3 suggestthatadditionaldimensions of timbrearestableacrossF � . The

fourthdimensionwaspoorlycorrelatedbetweensessions(0.31).

Filled symbolsin Fig. 6 areinstrumentsfor whichweknow (onthebasisof theANOVAs

of theprevioussection)thattheir timbrechanged.Wewouldexpectthelinesto beof non-zero

length(in at leastoneprojection)for themandof zerolengthfor opensymbols. Suchis not

alwaysthecase.A possible explanationfor thisdiscrepancy is thatthedatausedfor ANOVAs

excludeddissimilarities betweenthe sameinstrument at differentF � s, whereasthe MDS in-

cludedthem. Even if the timbre of an instrument did not changeacrossF � , the measured

dissimilarity waslikely to take a non-zerovalueasa resultof anedgeeffect (Sec. II B 3a) or

a residualpitch dissimilarity that thesubjectsfailedto ignore.This hastheeffect of “pushing

apart” thecorrespondingpointsof theMDS solution. Whatever theexplanation,this discrep-

ancy weakenstheusefulnessof interpretingthedetailedpatternof F � -inducedshiftsweobserve

in Fig. 6.
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InsertFigure6 abouthere
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IV. COMPARISON WITH SIGNAL DESCRIPTORS

In the spirit of previousstudieson timbre, this sectionattemptsto relateperceptualdi-

mensions revealedby MDS to descriptorsof the signal(sometimescalled “physical dimen-

sions”). A featureof the presentstudyis that this relationis testedover several fundamental

frequencies.On thebasisof our datawe canformulatethreeconstraints for a signal-basedde-

scriptor:(1) at eachF � , thedescriptorshouldpredictthecorrespondingperceptualdimension;

(2) for instrumentswhosetimbre did not vary acrossacrossF � , descriptorvaluesshouldnot

vary; (3) for instruments whosetimbredid varyacrossF � , andto thedegreethatthisvariation

is reliablydescribedin termsof changealongaperceptualdimension,weshouldobserveacor-

responding changeof thedescriptor. We consideronly datafor Exp. IIIb (elevensemitones).

A. Dimension 1

To predict the first dimensionwe usea measureof impulsivenessproposedby Susini

(1996),definedasfollows. The instantaneouspower fg/h is smoothedby convolution with an

8-ms squarewindow. The durationduring which the smoothed power is above 40% of its

maximum valueis thendividedby thedurationfor which it is above10%,andoneminusthis

ratio is takenasthemeasureof impulsiveness.It is closeto onefor impulsive soundsandto

zerofor sustainedsounds.

Figure7(a) plots this descriptorasa function of Dim. 1 for Exp. IIIb. The descriptor

doesa goodjob of predictingtheclusteringof impulsive andsustainedinstrumentsinto well

separatedgroups.Correlationcoefficientsare0.98for Exp. IIIa and0.99for Exp. IIIb (df=16,
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p � 0.01 in both cases).As a comparison, previous studies(e.g. Krimphoff, McAdams,and

Winsberg, 1994)suggestedthe log of attacktime asa descriptorfor impulsiveness.Thatde-

scriptorgave correlationscoresof 0.95and0.94(df=16,p � 0.01in bothcases),for Exp. IIIa

andExp. IIIb respectively whentheMDS solutionswererotatedtowardsvaluesdeterminedby

it.

InsertFigure7 abouthere

B. Dimension 2

To predictDim. 2 weusedaspectralcentroiddescriptorsimilar in spirit to thedefinition

of sharpness(Zwicker andFastl,1990;Hartmann,1997). The waveform wasfirst filtered to

modelthedrop in sensitivity at low andhigh frequenciesduemainly to outerandmiddle ear

filtering (Killion, 1977).Thenit wasfilteredby a gammatonefilterbank(Patterson,Robinson,

Holdsworth, Zhangand Allerhand, 1995; Slaney, 1993) with channelsspacedat half-ERB

intervalsonanERB-ratescale( i ) calculatedaccordingto theformula i 9 ���jk�:l�m�ne�� ojk � �����p�q5F�� between25 Hz and19 kHz (Hartmann,1997). Instantaneouspower wascalculatedwithin

eachchannelandsmoothedby delayingit by �rg�sq � (where q � is thecharacteristicfrequency of

thechannel),addingit to theundelayedpower, andconvolving thesumwith an8-mswindow

correspondingroughly to the equivalentrectangulardurationof power integrationmeasured

by PlackandMoore (1990). Smoothedpower was thenraisedto the power 0.3 to obtaina

roughmeasureof “partial loudness” for eachchannel.Thepartial-loudness-weightedaverage
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of ERB-rate was taken over channels,the result being an “instantaneousspectralcentroid”

functionof timeaccordingto iL�utG� 9 V�v i�w v ��tG�Gr V�v w v ��tG� (4)

where w v ��tG� is the “partial loudness” of the channeli at instant t . Finally, the instantaneous

centroidiL��tG� wasweightedby “instantaneousloudness”(sumoverchannelsof partialloudness)

andaveragedover time to obtainasingledescriptorvalue, i , to characterizetheentiresignal.

Figure7 (b) shows the valueof spectralcentroidasa functionof Dim. 2. Datapoints

arerelatively well aligned.Weexpectthedisplacementsof thoseinstrumentsthatsignificantly

changedin timbre(filled symbols) to follow this trend.Suchis roughlythecasefor Vl andTr,

but not for SA, Vp or Ob. Thedescriptorthuspredictstheoverall trendbut notall details.The

correlationbetweendescriptorvaluesandprojectionsalongDim. 2 is 0.93and0.90for Exp.

IIIa andIIIb, respectively (df= 16,p � 0.01in bothcases).

Our definitionof spectralcentroidis oneof many thathave beenproposed.A common

definitionis thefollowing: x
9 Vzy xo{ y r Vzy { y

(5)

where

x
is the rank of a partial and

{ y
its amplitude(on a linear, power or log scale). If the

spectralenveloperemainedconstantwhenF � varies(approximatelythe casefor mostof our

instruments),thisdefinitionwould leadto an inversedependency of

x
with F � , a variationof a

factor1.9 betweenB3 andBb4. Sincetimbrewasinsteadratherstable,this definitioncanbe

ruledout,asconcludedearlierby Slawson(1968)or Plomp(1976).A betterdefinitiondefines
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thecentroidasa weightedsumof frequencies(e.g. Kendall,CarteretteandHajda,1999),for

example: q 9 Vzy q y { y r Vzy { y
(6)

where

x
is therankof apartialor discreteFouriertransformcoefficient, q y its frequency and

{ y
its amplitude (on a linear, power or log scale).For a constantspectralenvelopethis definition

leadsto valuesof q that areapproximatelyconstantasF � varies. However, thereareseveral

ways of implementing this definition accordingto whether

{ y
designatesthe linear, power

or log amplitude, whether

x
designatesthe rank of a partial, a DFT coefficient, or a filter

band,whetherthefrequency scaleis linearor warped(log or ERB-ratescale),whethera non-

linearity is appliedaftersumming coefficientswithin channels,etc. Our definitionof spectral

centroidwaschosento make all operationsand parametersexplicit in a psychoacoustically

reasonableway, andavoid hiddenparameterssuchaswindow sizeor samplingrate, or the

implicit assumptionof a line spectrumneededto applyEq. (6).

As acomparison,thedefinitionof Eq. (6) implementedaccordingto Peetersetal. (2000)

gave correlationcoefficientsof 0.95 and0.85 for Exp. IIIa andIIIb, respectively, whenthe

MDS solutions wererotatedusingthatdefinition(df=16,p � 0.01in bothcases).

C. Dimension 3

Dimension 3 was found to be relatively well correlatedwith a measure|i of spectral

spreaddefinedas: |i 9~} V�v ��i Y is� / w v r V�v w v (7)
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Figure7(c) shows the valueof spectralspreadasa function of Dim. 3 for Exp. IIIb.

Datapointsareroughlydistributedalonga line. Two instruments thatsignificantlychangedin

timbre(Ob andVp) move roughlyalongthis line, asexpected.However two instrumentsthat

did notchangetimbre(Ho andGu)alsoshow relatively largechangesin descriptorvalue.Such

is alsothecasefor Vl, thatdid changetimbrebut (accordingto theMDS analysis)not along

this dimension. Thedescriptorwould bebetterif suchchangescouldbeavoided.Overall, the

correlationbetweendescriptorvaluesandprojectionsalongDim. 3 was0.94and0.87for Exp.

IIIa andIIIb, respectively (df=16,p � 0.01in bothcases).

As a comparison,thedefinitionof spectralspreadof Peeterset al. (2000),analogousto

thespectralcentroiddefinitionof Eq. (6), gavecorrelationscoresof 0.83and0.65,respectively

whenthe MDS solutions wererotatedto that descriptor. Our descriptorwasalsoappliedto

the stimuli usedby McAdams,Winsberg, Donnadieu,De Soeteand Krimphoff (1995)and

comparedto the coordinatesalongthe third dimension of their MDS space.The correlation

foundwas0.87,asopposedto 0.54for thespectralflux descriptorusedin thatstudy.

D. Dimension 4

Dimension 4 was found to be well correlatedwith F � (0.90) for Exp. IIIb. For Exp.

IIIa thecorrelationwith F � waspoorandno betterdescriptorwasfound. Figure7(d) plotsF �
asa function of Dim. 4 for Exp. IIIb. Displacementsof all instrumentsareroughlyparallel

with theregressionline, consistentwith thegoodcorrelation.Subjectsthusbasedtheir timbre

dissimilarity judgments in partupona dimension relatedto F � . This is theonly evidencewe
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foundof apitch-likedimension.

Tosummarize,thesignaldescriptorsreviewedroughlysatisfytheconstraintof F � -invariance

for instrumentsthatdid not changetimbre. For instrumentsthatdid changetimbre,theminor

changesin descriptorvaluewith F � werein somecasesconsistentwith theminor changesin

timbre,in othercasesnot. Overall, thedescriptorsdid averygoodjob of predictingperceptual

dimensions.They comparedfavorablywith previouslyproposeddescriptors,but variability of

datais suchthat we cannotreliably concludeon this basisalonethat onegiven descriptoris

superiorto another.
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V. DISCUSSION

A first outcomeof this study, not obviousfrom the start,is that timbresof instruments

playedat differentnotescanbe compared.ClassictechniquessuchasMDS canbe applied,

andthis openstheperspective for moredetailedandextensive studiesof timbrevariationsof

specificinstrumentsacrosstheir register. Subjectsperformedthetaskin avery similar fashion

with or withoutF � differencesbetweenstimuli, andhadlittl edifficulty ignoringtheverysalient

pitch differencesthataccompaniedthem. Timbre behavedasif it wereseparablefrom pitch,

andtherewasonly slight evidenceof a smallperceptualinteractionbetweenpitch andtimbre

dimensions.

Cross-F � timbre comparisonbeingpossible,a secondoutcome is therelativestabilityof

timbre with respectto F � changes.For several instruments therewasno measurablechange

in timbre, so we canexcludethe hypothesisof a basic,non-instrument-specificdependency

of timbre uponF � . The hypothesisthat sucha dependency doesexist, but wasbalancedby

opposite changesof instrumentcharacteristics,is unlikely to be simultaneously true for four

out of nine instrumentsacrossall F � s, andeight betweenB3 andC#4. Lack of measurable

changeis notdueto lackof sensitivity of ourmethods: for otherinstrumentswedemonstrated

significanttimbrechangesof relatively smallsize.

The“anchor-based”analysistechniqueintroducedin Sec.II C2 revealedsmallbut sig-

nificant timbrechangesfor certaininstruments. TheMDS analysesprovidedaninterpretation

of thechangesin termsof displacementalongparticulardimensionsof timbrespace.However,

relatively largedisplacementswerealsoobservedfor instrumentsknown not to have changed
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timbresignificantly, sowe mustnot give too muchweightto suchdetailedfeatures,asargued

in Sec. III. MDS solutions weregenerallystableacrossexperimentsandconditions,andthe

correlationsbetweentheir dimensionsandphysical descriptorswashigh,asfoundin previous

studies.

Stability of timbreasa functionof F � for certaininstruments putsa strongconstrainton

signaldescriptorsfor predictingtimbre: they toomustdemonstratethesamedegreeof stability.

Suchwas the casefor the descriptorswe used,but othermethodsproposedin the literature

may not be so stable. Theseconclusionsarevery importantfor applicationsthat usesignal

descriptorsfor content-basedindexing of audioandmultimediadata.So far, suchdescriptors

hadbeenvalidatedonly at particularF � s. Our resultsdemonstratethat they generalizewell to

theF � s we tested,althoughthequestionremainsopenfor thewider rangeof F � s.

We usedrelatively small F � stepsbecausewe expectedthe task of comparingtimbre

while ignoring pitch to be difficult (Miller andCarterette,1975). The pitch differencesare

neverthelessquite salient. The smallerstep(two semitones,a major second)is onethird the

maximum distancealongthe chromacircle. The larger step(11 semitones,a major seventh)

is both larger in termsof toneheightandsmallerin termsof chroma,and thusoffered the

opportunity to teaseaparttheeventualcontributions of each. It is alsoaboutonethird of the

rangeof typical instrumentssuchastheviolin, andthusprobesinstrument-specific variations

to someextent. Obviously, a wider rangeof notesis neededfor a morecompletestudyof

instrument-specifictimbre variations.The presentstudyshowed that sucha studyis in prin-

ciplepossible.Thereis however evidencethatinstrumentidentificationperformancedegrades
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beyondanoctave (HandelandErickson,2001).

Thegeneralityof ourresultsis alsolimitedby ourchoiceof instruments.Previousstudies

foundthatcriteriavary accordingto thestimulusset,leadingto MDS solutionsthatcorrelate

with ratherdifferentphysical dimensions. Oneor bothof our first two MDS dimensionswere

usuallyalsosalientin thosestudies,but onecannotexcludethatfor certainstimulussets,other

dimensionsmightberelevantthataremoresensitive to F � changes.
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VI. CONCLUSIONS

(1) Subjectsmadetimbre dissimilarity judgmentsbetweennaturalmusicalinstrument

soundsthatdifferedin F � byzero,twoor elevensemitones.Resultswereorderly, evenwhenthe

stimulussetcomprisedbothsame-F � anddifferent-F � soundpairs.Thesalientpitchdifference

producedby theF � differencesdid notpreventtimbre comparisons.

(2) As a first approximation, timbre dissimilaritiesdependedlitt le on F � . Dissimilarity

scoresvariedmorebetweendifferent-instrumentpairs thanacrossF � s. ExperimentI (same

F � ) showedthat instruments kept their relative positionsin timbrespaceat differentF � s, and

Experiments II andIII showedfurtherthatthey did notshift asagroup.

(3) As a secondapproximation,small but significant timbre changeswere observed.

Instrument-specificANOVAs in ExperimentIII foundthatthechangesaffectedcertaininstru-

mentsandnot others. It is likely that thesetimbre changesweredue to instrument-specific

changesin, for example,resonatorgeometry.

(4)Thelackof significanteffectsfor certaininstrumentsin theinstrument-specificANOVAs

of ExperimentIII, togetherwith thesymmetry of dissimilarity matricesin ExperimentII, sug-

gesttheabsenceof any basic,non-instrument-specificchangeof timbre with F � .
(5)Multidimensionalscalingyieldedlow-dimensionallinearmodelsof perceptualtimbre

spaces(four-dimensionalwithoutspecificities).After anappropriaterotation,dimensionswere

foundtobewell correlatedwith asetof signal-baseddescriptors.Projectionsoneachof thefirst

threedimensions wererelatively stablewith F � . The projectionon the fourth wascorrelated

with F � for aneleven-semitone(but nottwo-semitone)step.Thisis theonly evidencewefound
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for apitch-like dimension in a timbrespace.

(6) Signal-baseddescriptors“impulsiveness”,“spectralcentroid”,“spectralspread”,and

F � wereused.Thefirst describesthetemporalenvelope.Thesecondtwo describethespectral

envelope in termsof the first two momentsof a “partial loudness” spectrum(cubic root of

power within channelsof a cochlearfilter bank). Thesethreedescriptorsappearedto begood

predictorsof thefirst threetimbredimensionsover therangeof F � sused,while thefourth(F � )
is known asa goodpredictorof pitch.

This studyopenstheway for moreextensive studiesof timbrechangewith F � , suchas

instrument-specifictimbre changesacrosstheir register. Theanchormethodappliedin Exper-

iment III seemsparticularlypromising to distinguishtimbrechangesfrom fluctuationsdueto

experimental noise.
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naturalandsynthetic orchestralinstrumenttones,” MusicPercept.16, 265–294.

Killi on, M. C. (1977). “Revisedestimateof minimum audiblepressure:Whereis the

’missing 6 dB’?,” J.Acoust.Soc.Am. 63, 1501–1508.

Krimphoff, J., McAdams,S. andWinsberg, S. (1994). “Caract́erisation du timbre des

sonscomplexes. Analysesacoustiqueset quantificationpsychophysique. (Caracterizationof

the timbre of complex sounds.Acousticalanalysesandpsychophysical quantification),” J.

Physique4, 625–628.

Luce, D. and Clark, M. (1967). “Physical correlatesof brass-instrument tones,” J.

Acoust.Soc.Am. 42, 1232–1243.

Martin,K. D. (1999). ”Sound-SourceRecognition:A TheoryandComputationalModel,”

Massachusetts Instituteof Technology, unpublisheddoctoraldissertation.

McAdams,S., Winsberg, S., Donnadieu,S., De Soete,G. and Krimphoff, J. (1995).

“Perceptualscalingof synthesizedmusicaltimbres: Commondimensions,specificities,and

latentsubjectclasses,” Psychol.Res.58, 177–192.

Mil ler, J. R. and Carterette,C. (1975). “Perceptualspacefor musicalstructures,” J.

Acoust.Soc.Am. 58, 711–720.

Misdariis,N., Smith,B., Pressnitzer, D., Susini,P. andMcAdams,S.(1998). “Validation

of a multidimensional distancemodelfor perceptualdissimilarities amongmusical timbres,”

J.Acoust.Soc.of Am. 103, 2812.

Patterson,R. D., Milroy, R.,andAllerhand,M. (1993). “What is theoctaveof aharmon-

ically rich note?,” ContemporaryMusicReview 9, 69–81.

39



J.Acoust.Soc.Am. Marozeau,DeCheveigńe,McAdams,Winsberg
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TableI: ANOVA tablefor Exp. I. S: Subjects,F � : Fundamentalfrequency, I: Instrumentpairs,

SS:Sumof Squares,MS: MeanSquare,F: F-values,? : Greenhouse-Geissercorrectionfactor

appliedto the degreesof freedom,p: correctedP-Value, .>/ : percentageof total variance

accountedfor by eacheffect. Addinga totalof 48.5%dueto intersubjectdifferences,variance

scoressumto 100%.

Source df SS MS F ? p .�/
S 23 32.02 1.39

F � 2 0.93 0.46 5.72 0.90 0.008 0.3

F � * S 46 3.73 0.08

I 65 167.65 2.58 53.97 0.10 0.0001 46.6

I * S 1495 71.45 0.05

F � * I 130 16.53 0.13 5.65 0.122 0.0001 4.6

F � * I * S 2990 67.29 0.02

Table.I
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TableII: Percentageof varianceaccountedfor by eacheffect in Exp. I, for thecompletedata

set(All) or for datarestrictedto pairsof impulsive or sustainedinstruments,or to mixedpairs

(impulsive andsustained). The first line (F � -related)representsthe sumof the F � effect and

its interactions.Thelastline (other)representsvariancedueto disagreementbetweensubjects.

Eachcolumnsumsto 100.

.�/ (%)

Source: All Impulsive Sustained Mixed

F � -related 4.9 10.2 9.5 3.8

I 46.6 26.2 16.4 17.1

other 48.5 63.6 74.1 79.1

Table.II
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TableIII: ANOVA tablefor Exp. II. S:Subjects,I: Instrumentpairs, 1 F � : F � difference,O: F �
Order, SS:Sumof Squares,MS: MeanSquare,F: F-values,? : Greenhouse-Geissercorrection

factorappliedto thedegreesof freedom,p: correctedP-Value, .>/ : percentageof totalvariance

accountedfor by eacheffect (inter-sujectdifferencesamountedto 53.4%)

Source df SS MS F ? p . /
S 23 54.5 2.371 F � 1 1.01 1.01 5.31 1 0.03 0.21 F � * S 23 4.37 0.19

O 1 0.69 0.69 10.48 1 0.003 0.1

O * S 23 1.52 0.07

I 65 221.4 3.41 51.5 0.08 0.0001 43.8

I * S 1495 98.9 0.071 F � * O 1 0.23 0.23 7.54 1 0.012 0.041 F � * O * S 23 0.68 0.031 F � * I 65 5.58 0.09 3.62 0.21 0.0001 1.11 F � * I * S 1495 35.45 0.02

O * I 65 4.14 0.06 2.3 0.2 0.006 0.8

O * I * S 1495 41.33 0.031 F � * O * I 65 2.47 0.04 1.71 0.19 0.06 0.51 F � * O * I * S 1495 33.28 0.02

Table.III
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TableIV: Percentageof variancebetweendissimilarity scoresaccountedfor by eacheffect of

Exp. II, for the entiredataset(All) or for datarestrictedto pairsof impulsive, sustained,or

impulsive andsustained(mixed) instruments. The last line (other)representsvariancedueto

disagreementbetweensubjects.Eachcolumnsumsto 100.

.�/ (%)

Source: All Impulsive Sustained Mixed1 F � -dependant 2.8 6.3 4.6 2.8

I 43.8 29.2 15.2 9.1

other 53.4 64.5 80.2 88.1

Table.IV
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TableV: Effect size ( .�/ ) of factorsF � andF � X anchorfor eachinstrument at both 1 F � s.

Only effectssignificantat thep � 0.05level areshown. Thesefiguresquantify themagnitude

of displacementof eachinstrumentin timbrespaceasa functionof F � .
.�/ (%)

2 semitones 11semitones

Instrument: F � F � X anchor F � F � Xanchor

Gu - - - -

Hr - - - -

Vp 2.79 2.51 - 4.28

Vl - - 1.17 -

SA - - 0.55 1.52

Ob - - 1.23 1.92

Cl - - 0.59 -

Ho - - - -

Tr 0.40 - 1.66 1.92

Table.V
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Figure Captions

Figure1. Dissimilarity matricesfor thethreesessions of Exp. I. Within eachmatrix,each

squarerepresentsthedissimilarity betweentwo instruments. Darkermeansgreater

dissimilarity. Thefirst threecolumnsof eachmatrixcorrespondto impulsive instruments(Gu,

Hr, Vp). Dissimilaritiesaregreaterfor pairsthatassociateanimpulsive instrumentwith a

sustainedinstrument, thanfor pairsof instruments within eithergroup.Patternsof

dissimilarity aresimilarat eachF � .
Figure2. Exp. II. Illustrationof thehypothetical effectof F � onadimensionof timbrespace

(abscissa)alongwhich two instruments $ and 2 differ. Theinstrumentsarerepresentedat

two differentF � sas $@3 , 253 and $ / , 2 / respectively, andit is supposedthat $83G253 9 $ / 2 / , as

foundin Exp. I. Theleft plot illustratesHypothesis(1) (invariance)andtheright Hypothesis

(2) (isometric shift). Thelatterimplies $63G2 /M=9 $ / 273 .
Figure3. Dissimilarity matricesfor thetwo sessionsof Exp. II, eachcorrespondingto a

differentF � pair. Thelower triangularpartcorrespondsto pairsfor which theinstrumenton

theabscissawason thelowerF � andtheinstrumenton theordinateon thehigher. Theupper

triangular partcorrespondsto theoppositeorder. Thediagonalrepresentsinstruments

comparedto themselveswith anF � difference.

Figure4. Dissimilarity matricesfor Exp. IIIa andIIIb. For theaxislabels,indices1 and2

meanthatinstrumentswereplayedat B3 andC#4,respectively (Bb4 in Exp. IIIb).
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Figure5. Exp. III. Schemaillustratingtheanchormethodof analysisof timbrechange.The

planerepresentsahypotheticaltwo-dimensionaltimbre space,2 and B are“anchor”

instruments,and $ is aninstrumentwhosedisplacementwith F � is beingconsidered.If the

dissimilarity of $ with respectto 2 doesnotchangewhentheF � of $ is changed,$@3 and $ /
mustbeonacirclecenteredon 2 . Similarly if dissimilarity with respectto B doesnot

change,$43 and $ / mustalsobelongto a circlecenteredon B . Thedisplacementof $ is

thereforeona line orthogonalto 2CB . If thesameis truefor all anchorpairs,thedisplacement

of $ is orthogonalto thespacethey span(or elseit is zero).

Figure6. Timbrespacesfor Exp. IIIa (top)andIIIb (bottom).Thesymbol representsthe

position of theinstrumentat thelowerF � (B3), theendof theline representsthepositionof

thesameinstrumentat theotherF � (C#4or Bb4). Thesymbolis filled for instrumentsfor

whichasignificanttimbrechangewasfoundin Sec.C. andopenfor others.

Figure7. Exp. IIIb (elevensemitones).Scatterplotsrelatingeachsignaldescriptorto the

MDS dimensionthatit explainsbest.(a) Impulsivenessvs Dim. 1. (b) Spectralcentroidvs

Dim. 2. (c) SpectralspreadvsDim. 3. (d) F � vs Dim. 4. For eachinstrument,thesymbol

representsits positionat noteB3, andtheoppositeendof theline representsits position at

noteBb4. Filled symbolsindicateinstrumentsfor which thetimbre changedsignificantly

accordingto theanalysisof C. Opensymbols representinstruments for which it did not.

Dottedlinesrepresentregressionlines.
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