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Abstract

The dependeng of the timbre of mustal soundson their fundamentafrequeny (F)
wasexaminedin threeexperiments.In Experimentl subjectscomparedhetimbresof stimul
producedoy a setof twelve musicalinstrumensg with equalF,, duration,andloudness There
werethreesessionsachatadifferentF,. In Experimentl thesamestimuliwererearrangedin
pairswith alwaysthe samedifferencein F,, andsubjectshadto ignorethe constandifference
in pitch. In Experimentlll, instrunentswere pairedboth with andwithout an F, difference
within thesamesessionandsubjectdhadto ignorethevariabledifferencean pitch. Experiment
| yieldeddissmilarity matricesthatwere similar at differentF,s, suggestig thatinstrumens
kepttheir relative positiors within timbre space.Experimentll foundthatsubjectsvereable
to ignorethe salientpitch differencewhile rating timbre dissimilarity. Dissimilarity matrices
were symnetrical, suggestig further that the absolutedisplacemenbf the setof instrumens
within timbre spacewassmall. Experimentll extendedhis resultto the casewherethe pitch
differencevariedfrom trial to trial. Multidimensioml scalingof dissimilarity scoregproduced
solufons (timbre spaces}hat variedlittl e acrossconditionsand experiments.MDS solutions
wereusedo testthevalidity of signal-basegredictorsof timbre,andin particulartheir stability
asa function of Fy. Takentogetherthe resultssuggesthattimbre differencesare perceved
independery from differencesof pitch, at leastfor F, differencessmallerthanan octave.

Timbredifferencexanbe measuredhetweerstimui with differentF,s.

PACSnumbers43.75Cd43.66Jh43.66Hg
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I. INTRODUCTION

The word “timbre” hasseveralmeanings.ln a musicalcontet it designatesspectsof
soundthatallow aninstrunentto beidentifiedanddistinguishedrom others.In the context of
psychoacoust experimentsjt designatesn elementarysoundquality akin to pitch or loud-
ness(the “Klangfarbe” of Helmhotz, 1885). In the next paragraphwe shall usethe words
“identity” and“quality” to distinguishthesetwo meaningsrespectiely. Theidentity of amu-
sicalinstrunentobvioudy dependsn someway onthequality of the soundst producegtheir
“timbre” in apsychoacougt sense)However thisdependenc maybecomple.

For certaininstruments,quality variesasa function of the note played,the intensity at
whichit is played,andtime. Thisis obvious from casualistenirg, andcorroboratedy mea-
surementsr calculationsthat shov variations of signal propertiesthat are known to affect
soundquality (spectralcentroid,harmonicity etc.) (Martin, 1999). For example,notesof the
trumpetbecomebrighterwith increasedntensity (Luce and Clark, 1967),while thoseof the
violin aresubjecto complec interactiondetweerbodyresonanceandtheharmonicspectrum
of stringvibration (FletcherandRossing,1998). Thelattervarieswith fundamentafrequeng
(Fo) andthuswith the noteplayed. Thetimbre of a wind insrumentmay changeabruptlybe-
tweenthelow register(with theregisterholeclosed)andthehighregister(with theholeopen),
acharacteristicevealedonly if theinstrunentis playedover arangeof notes(RissetandWes-
sel,1999).Soundqualitiesproduceddy a particularinstrunentfollow a particular‘trajectory”,
andindeedwe could formulatethe hypothesisthatthisin partdeterminests identity. In other

words,timbre (identity) might dependon the patternof variation of timbre (quality) specific
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to aninstrument To testsucha hypothesisexperimenally requirescomparingimbre (quality)
acrosgime, intensity or Fy. The purposeof the presenstudywasto characterizerariationsof
timbre (quality) asafunctionof F.

Thestandardnethodolog for studyingtimbreis multidimensionabkcaling(MDS) (Grey,
1977).Typically, subjectsarepresentedvith pairsof soundsandasledto ratetheir dissimilar-
ity onacontinuausscale.Dissimiarity scoresareprocessedy anMDS algorithmto produce
modelsof “timbre space”that give insightinto the natureof the timbre percept.lIt is usually
foundthatthetimbre spacenvolvedin ataskis of smalldimensiolity (2 to 4 dimensims),
thatdifferentsubjectamay weightdimensios differently, andthatthesedimensonscanusu-
ally be predictedby signal-baseddescriptors”. The relevantdimensiongand corresponding
descriptors}endto vary betweenrexperimens, no doubtasa function of the setof soundsn-
cludedin eachexperiment Neverthelesgertaindimensios (e.g. “brightness”,predictedby
a “spectralcentroid” descriptor)endto recurin all. MDS seemghe appropriateool to study
variations of timbre with F.

Therearepotentialproblemshowever. A differencein F, producesa differencein pitch
thataddsto the dissinilarity betweersounds.Evenif this extratermis constantjts contriku-
tion setsa lower limit to every dissmilarity score,andso the methodcould be insensitve to
smallvariationsin timbre. Worse,if the F,-dependentermvaries,thesevariationswould be
confoundedwith variations of timbre-relateddissimilarity andaffect the validity of crossk,
timbre comparisonsPaststudieshatallowed F, to vary generallyfoundthatpitch dominated

dissmilarity at the expenseof timbre (Miller andCarterette 1975),with theresultthatMDS
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soluionswererelatively insensitve to Fy-inducedvariationsof timbre.

Onesoluion is to instructsubjectgo ignore pitch whenmakingtimbre judgments.Un-
fortunatelywe arenota priori certainthatthey cando so. Pitchandtimbre might notbe sepa-
rable, thatis, timbrecomparisonsnaybe possiblebetweersoundswith the samepitch, but not
betweersoundswith differentpitch. Thisworry is reinforcedby the scarcityof Fy-dependent
timbre studiesin the past. A first aim of our studywasto determinewhethersubjectscan
reliably make crossF, comparisos of timbrewhile ignoringdifferencesn pitch.

If they can,we may hopeto bring anempiricalanswerto a questionsuchas: how does
timbre changewith Fy? Two sortsof changeare to be expected. First, instrument-pecific
changesuchasevokedearlier for exampledueto change®f resonatogeometryasafunction
of the note played. Second hypoheticalchangef a morebasicnature,dueto a perceptual
interactiorbetweermitchandtimbre,or thepresencef F, asacofactorin therelationbetween
signaldescriptorandpsychophygal dimensimsof timbre. A secondaim of our studywasto
measurd-,-dependentimbre changesin particularof a basic,non-instument-specifimature.

Therearereasonso expectinteractiondetweerpitch andtimbre. While pitchis defined
as“that attribute of auditory sensatiorin termsof which soundsmay be orderedon a scale
extending from low to high” (ANSI, 1960),morecomple structureshave beenproposeduch
asaspiralinvolving bothalineardimensim of toneheightanda circulardimensiam of chroma
(Shepard1964; UedaandNimmo-Smth, 1987). Chromais relatedto fundamentaperiodic-
ity, while toneheightdependsnoreonthespectrakernvelope(PattersonMilroy andAllerhand,

1993). The envelopealsodeterminegimbre, soit could be thattimbre and pitch are not en-
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tirely distinct. Thismightresultin non-separabilityif a pitch differencedegradescomparisons
betweertimbre) or a systenatic shift (if pitchandtimbrearepartly colinear).

To afirstapproximatia, thespectrakrvelopeof avowel doesnotchangewith variations
of Fy, andvowel identity (anotherusageof “timbre”) is likewiserelatively invariant. Small
systenatic variationshave neverthelesdeenobsened (seede Cheveigng, 1999, for areview).
Slavson (1968) asked subjectsto adjustthe formant frequenciesof different+, vowels so
thatthey hadthe sametimbre. The bestmatchwas obtainedfor a 10% increaseof formant
frequenciedor a one-octae increasen Fy. This suggest that ervelope-relatedlimensims
of timbre might dependon F in additionto their dependengon ervelopecharacteristicsin
in otherwords, F, might be needto beincludedasa cofactorin the formulaeof signal-based
descriptorghatpredictthosedimensons.

A third aim of our studywasto testthe validity of signal-basediescriptorsacrosskF.
Signal-basedheasureghatcorrelatewell with perceptuatlimensonsrevealedin MDS studies
(suchasspectrakentroid,log attacktime or spectraflux) have beenproposeds“descriptors”
for applicationssuchasthe retrieval of multimedia data (Misdariis, Smith, Pressnitzeiand
McAdams,1998; PeetersMcAdamsandHerrera2000). Suchapplicationsnvolve dataat a
wide rangeof F(s, yetthesedescriptordhave beentestedonly with arestrictedsetof Fys (often
only one).Thereis clearlya needto verify their generalityandif necessaryo modify themto
improve theirgenerality This might entailadjustnentof theformulaeto remove a spuriousk
dependenyg or inclusionof anF,-dependentorrectve termor, in theextreme establisherant

of anarrayof Fy-dependentormulae.
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It is worth discussinghe forms of dependeng of timbre on F, thatwe expectto find.
Supposig a "timbre space”suchasrevealedin MDS studes,threehypothesesanbe distin-
guished: (1) Invarianceof instrunentpositionswith changesn F, (2) Isometricdisplacement
keepingrelative posiionsinvariant,(3) Non-isonetric displacement.

Accordingto Hypothesig(1), variatiors of timbre with F, are negligible comparedor
exampk to between-instruent differences. Hypothess (2) allows for a rotation or drift in
timbre spacecommonto all instrunents. Hypothess (3) allows that timbresof individual
instrumentschangen arbitraryways. The experimentsveredesignedo decidebetweerthese
hypotheses.

We usedrecordingf naturalmusicalinstrumensoundsasstimdi. By doingsowe con-
foundedwo sortsof Fy-dependentimbrechangesthosespecificto instrunments,andthoseof a
non-ingrument-specifinature.We reasonedhatnaturalinstrunentalsoundsvould guarantee
the musicalrelevanceof our sampling while instrument-pecific effects could be interpreted

by a post-hocanalysisof the waveformsof the stimul.



J.Acoust.Soc.Am. MarozeauDe Cheveigre, McAdams,Winsbeg

[I. EXPERIMENTS

A. Experiment |

Experimentl consistedf threesession labeleda, b, andc. In each,subjectgatedthe

dissmilarity betweenrstimuli with thesameF,. This F, variedfrom sessiorto session.

1. Methads

a. Stimuli Ten naturaland two syntheticinstrumentswere used. Eachinstrumentwas
playedat threenotes: B3 (247 Hz), C#4 (277 Hz) andBb4 (466 Hz), chosento explore the
effectsof a smalldifference(two semitames:B3-C#4)anda moderatealifference(eleven semi-
tones: B3-Bb4) of Fy. Naturalinstrunment samplesvere extractedfrom the StudioOn Line
(SOL) databasef Ircam (IRCAM 2000): guitar (B3 wasplayedon the E string, C#4 on the
A string,andBb4 onthe D string),harp, violin pizzicab (B3 andC#4 onthe G string,Bb4 on
the D string), bowedviolin (stringswerethe sameasfor the violin pizzicato),boweddouble
bass(all noteswere playedon the G string), oboe clarinet, flute, hornin F, trumpetin C. In
thefollowing, theseinstrumens will beabbreiatedasGu, Hr, Vp, VI, Ba, Ob, Cl, FI, Ho, Tr,
respectrely. In addition to thesenaturalinstrumens, syntheic instrumentsSA and SB were
createdusingfixedspectrakervelopesderivedfrom thatof the saxophone.

Stimul wereclippedto adurationof 1.5sby applyinga200mscosinusailal offsetramp.
Amplitudesweredeterminedy asking6 subjectgwho did not participatein the mainexper

imens) to adjustlevels of stimuli presentedat approximately60 dB SPL for equalloudness.



J.Acoust.Soc.Am. MarozeauDe Cheveigre, McAdams,Winsbeg

Stimul weresampledatarateof 44100Hz with 16 bit resolution andpresentediotically over

Sennheiseb20Il headphones.

b. Subjects Twenty-s&ensubjectsaged22to 30 (14 menand13women,15 musiciansand
12 nonmugians),participatedn the experiment.Musiciansweredefinedashaving playedan

instrumentfor atleastthreeyears.

c. Procedue Beforetheexperimentthesubjectsvereinformedthatthe goalof the exper
imentwasto estimatethe similarity of timbre betweensounds. Timbre was definedas “the
fourthcomponenof soundquality, thefirst threebeingpitch, loudnessandduration”. For each
pair, they wereinstructedo judgewhetherthetimbresweresimilar or different,usingtheentire
scaleof thecursor Eventualdifferenceof pitch, loudnessdurationor “recordingnoise”were
to beignored. Theidentity of theinstrunent,if recognizedwasalsoto be ignored. Subjects
satinside an audionetric booth. Presentatiosoftware wasbasedon the PsiExpervironment
(Smith,1995). The screencompriseda mouse-contro#td cursorlabeledfrom 'similar’ (coded
0) to 'different’ (codedl), andtwo buttons(oneto listento the pair again,the otherto validate
theresponse)Theexperimentconsisteaf threesessioathatwereperformedonthesameday;
separatedby five-minutebreaks.Beforeeachsessiorthe subjectsvere presentedvith eachof
the 12 stimuli in randomorderto acquainthemwith the rangeof timbre differencesn the set
of instruments They werethenpresentedvith thefull setof 66 pairsof differentstimuli. The

orderwithin pairsandthe orderof pairswererandom(a differentrandomizatiorwasusedfor
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eachsessiorandsubject).

2. Results

a. Outliers, effectof musicalexperience Correlationcoeficientsbetweerdissimlarity scores
werecalculatedor all pairsof subjects.Thesescoresveresubmttedto a hierarchicalkluster
analysidasednthenearest-neighbdcompletdinkage)algorithm(KaufmanandRousseeuw
1990).0nthebasisof thisanda similar analysisfor Exp. I, threesubjectsverediscardedor
bothexperimens. Analysiswasperformedon dataof theremaining24 subjects.

To revealaneventualeffect of musicalexperienceananalysisof variancelANOVA) was
performedfor eachsessionwith between-subjectiactor musicalexperience(2) and within-
subjectsfactorinstrumentpair (66), taking into accountthe fact that experiencelevels were
representedby variablenumbersof subjects(Abdi, 1987; Wonnacottand Wonnacott,1990).
No effect of musicalexperiencewasfound, eitherasa main effect [F'(1,22) < 1] or asan

interaction[ F'(65, 1430) < 1]. Datafor bothgroupsaresubsequentlgombined.

b. Dissimiarity matrices Dissimilarity scoresfor eachsubjectandsessionvere placedin
a matrix of dimenson nXn, wheren is the numberof stimul andtheijth entry (i > j) is
the dissimiarity betweenstimdi ¢ andj. Sinceorderwas not distinguished,only the lower
trianglewasfilled. Matricesaveragedover subjectsareplottedin Fig. 1 for thethreesessios.
Averagedover Fys andsubjectsdissinilarities rangedfrom 0.146betweenthe guitarandthe

harpto 0.872betweenthe trumpetandthe violin pizzicato. One candistinguishtwo groups

10
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of instrunents: impulsive (Gu, Hr, Vp), andsustaird (VI, Ba, SA, SB, Ob, CI, Fl, Ho, Tr).
Dissimilaritiestendedto be smallwithin eachgroup (upperleft andlower right triangles)and

large betweergroups(lower left rectangle) a patternthatwasstableacrosss.

InsertFigurel abouthere

InsertTablel1 abouthere

To quantify the effectsof Fy, a repeated-measurdgNOVA was performedwith factors
Fo (3) x instrumentpair (66). Resultsareshavn in Tablel. The effectsof both mainfactors
weresignificant,aswastheir interaction.lIt is instructive to considereffect sizes.The percent-
ageof total varianceaccountedor by eacheffectis indicatedby the R? coeficient,lastcolumn
in Tablel (WonnacotiandWonnacott,1990). The maineffect of instrumentpair representshe
partof inter-instrunentdissimlarity thatis constantacrossk,. It accountdor about47% of
thevariance.Theinteractionandmain effect of F, togetherepresenthe partof dissimilarity
thatvariesacrosg-y. They accountfor only about5%. In agreementvith therelatively small
interaction correlationcoeficientsbetweermatriceqaveragedver subjectsconsideringonly
thelower triangularparts)arerelatively large: 0.88betweena’ and’b’, 0.81betweena’ and
'c’, and0.89betweerb’ and‘c’ (df=64,p<0.001for all threecoeficients).

It couldbe arguedthatF,-relatedeffectsaredwarfedby the contrastbetweenmpuldve
andsustainednstrunents. Tablell shavs the percentagef varianceaccountedor by each

11
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effect for the full dataset(columnz2), or whendissmilarity scoresare restrictedto pairs of
impulsive, sustainedpr impulsive andsustainednstrunments(columns3 to 5). After remaoving
thismajorsourceof Fy- independenvariance asexpected F,-independeneffectsrepresena

smalkr proportionof total variance However they still arelargerthank,-relatedeffects.

InsertTable2 abouthere

To summarizeéheresultsof Exp. |, interinstumenttimbre dissimlarities variedsignifi-
cantlywith Fq, but thevariationwasrelatively small. It would be niceto concludethattimbres
themseleswerestableto the samedegree[Hypothesigq1) of the Introduction]. Unfortunately
theresultsof Exp. | do notallow usto draw thatconclusion As comparisonsveremadeonly
at constantF,, an eventualshift or rotation of the entire setof instrunentsin timbre space
[Hypothess (2)] couldnot bedetected Furthermoreassubjectsvereinstrucedto usethefull
scaleof dissmilaritiesin eachsessionan eventualcompressioror expansionalso could not
be detected.The next experimentallows for a shift, rotation,compressioror expansionto be

detected.

B. Experiment ||

In Exp. Il subjectgatedthedissimlarity betweerstimuli with aconstantifferenceof F,
(AF,) of eithertwo semitoresor elevensemitonesin contrasto Exp. |, theresponsenatrices

werefull, aseachinstrunent pair wascomparedusingboth F, orders,and same-instrurent

12
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pairswereincluded. Subjectswere instructedto ignore differencesn pitch which, contrary
to Exp. |, were salient. Supposinghey cando so, this experimentallows us to refine the
conclusimsof Exp. I, andin particularto decidebetweerHypothesegl) (invariance)and(2)
or (3) (isometricor non-isometic deformation).

If Hypothess (1) is true, dissimlarity matricesshouldshaov threefeatures.First, values
onthediagonalshouldbe zero. Secondthe matrix shouldbe symnetric: thelower triangular
part shouldbe the mirror imageof the uppertriangularpart. Third, the lower triangulr part
shoutl beidenticalto thatobseredateachF, in Exp. . To understanavhy the matrix should
besymmetric.considetwo instrurrents(X andY’) thatdiffer alongsomedimensiorof timbre
space(abscissaf Fig. 2). The positiors of X andY alongthis dimenson at two Fgs are
representedy X, ¥; and X5, Y, respectiely. From Exp. | we know that distancesX;Y;
and X,Y, are approximagly equal. If additionallythe timbresthemseles are stablealong
this dimensim, thenwe musthave XY, = X,Y; (Fig. 2 a). If insteadthey shift alongthis
dimenson, then XY, # X,Y; (Fig. 2 b). Equalitythusmeanseitherthattimbresof X and
Y did not shift with F, or thatthe shift wasin a directionorthogoral to the dimensionalong
which X andY differ. Supposinghatthis holdsfor all instrumengairs,it follows thattimbres
did not move in the timbre spacethatspangheinstrumentset. Symmetryof the dissimilarity

matrix, if obsened,impliestimbre invariancewith respecto F, [Hypothess (1)].

InsertFigure2 abouthere

13
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1. Methads

Stimui werethoseof Exp. |, pairedwith a constantAF, of two semibnes(B3-C#4,
sessiona’) orelevensemitone¢B3-Bb4,sessionb’). All pairswereincluded resultingin 144
stimuluspairspersessionWithin asessiontheorderof F,s (low-highor high-low) wasalways
thesamesoasto makeit easierfor subjectdo ignorethedifferencen pitch. Subjectaverethe
same27 thatparticipatedn Exp. |I. Thethreesubjectghatwereeliminatedfrom Exp. | were
alsoeliminatedhere. The remainingsubjectsweredividedinto four groupsof approxinately
the samesize (6 to 8 subjects)khat differedin the orderof presentatiorof sessiong‘ab’ vs.
‘ba’), andin the orderof Fys within eachsessionlow-first vs. high-first). The proportionof
mustiansandnonmustianswasapproximatelythe samein eachgroup. Subjectsperformed
bothsessionsnthesameday (approximatelyoneweekafterExp. I), separatethy a 10-mirute

pause.

2. Results

a. Dissimiarity matrices Matricesaveragedover subjectsareplottedin Fig. 3 for thetwo
session. Several featuresareobvious. First, ratingsalongthe diagonalsarerelatively small.
Secondthe matricesappearfairly symmetrical. Third, thetwo matricesresemblesachothet
Fourth,thelower triangularpartsof eachmatrix resemblehethreematricesof Exp. I.

To quantify theseeffects, the upperand lower triangular partsof both matriceswere
excised,ignoringthe diagonals.The uppertriangularpartswerereflectedwith respecto the

diagonalkoasto havethesameshapeasthelower triangubr parts,andthe dataweresubmited

14
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to arepeated-measur@ddNOVA with factorsinstrumentpairs(66) X AF(2) X Fy orders(2).
Resultsare shavn in Tablelll. The F, orderfactor (upperversuslower triangularparts)is
not interpretablen itself asit dependn the arbitraryway in which instrumentpairswere

combiredwith Fq pairs.It is includedsoasto allow F,-dependentarianceto be quantified.

InsertFigure3 abouthere

InsertTable3 abouthere

Main effects and two-way interactionswere significant,the three-vay interactionwas
not. Effect sizesare quantifiedby R? scores(lastcolumnof Tablelll). The pair effect rep-
resent3.8%of total variance wheread--relatedeffectstogethersumup to a total of only
2.8%. As in Exp. |, it appearghattimbre dissmilarity dependson F, differencedo a lim-
ited degree. Taking the averageover lower and (reflected) upperpartsof the matrix for each
sessionthe correlationcoeficient betweersessionis 0.95(df=64,p<0.00]). Averagingover
session within Exp. 1l andwithin Exp. I, the correlationcoeficient betweenexperimentss
0.98(df=64,p<0.007).

TablelV shaws the percentagef varianceaccountedor by eacheffect for thefull data
set(column?2), or whendissimiarity scoresarerestrictedto pairsof impulsve, sustainedpr

impulsive and sustaired instrumentgcolumns3 to 5). Theratio of Fy-invarianteffets (I) to

15
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Fo-dependeneffects (AF,, etc.) is smallerfor restrictedsets(particularly pairs of sustained
instuments)thanfor the full set. Neverthelessfor eachsubsetF,-invariant effects remain

largerthanF,-dependengffects.

InsertTable4 abouthere

Whenthediagonalof thematricegnotincludedin the previous analysisWwereaveraged
over instrunments,dissimliarity was0.11attwo semitonegnd0.20at elevensemitonesSingle
samplet testsshawv thatthe meanis significantly differentfrom zero[t(287)=10.7,p<0.0001
for 2 ST, t1(287)=15.4,p<0.0001for 11 ST]. Further in a repeated-measurgsfNOVA with
factorsinstrument(12) x AF, (2), the main factorswere significant [F(11,253)=5.3=0.43,
p=0.0001andF(1,23)=16.1p=0.0005 respectrely], but their interactionwasnot. Thesere-
sults suggesthat the pitch differenceaffectedthe dissimilarity judgmens andthatthe effect
increasedvith increasingitch difference. The effectwasindependentf instrunent,however.

Supposig timbre invariance,we expectedthe diagonalsto be zero. To somedegree,
the non-zerovaluesobsened can be attributed to an edgeeffect dueto the fact that the re-
spong rangehada lower boundof zero (variablity of responseshennecessarilyesultsin a
non-zeromean). However given the significanteffects of instrumentand AF, this explana-
tion is at bestincomplete: we mustadmit a shift of timbre with F, (or a contaminationof
dissmilarity responsesvith pitch dissimilarity). The valueson the diagonalare nevertheless
small Averagedover AF,s, same-instrurant dissimlarities were smaller(mean:0.16) than
different-insrumentdissimilarities (mean: 0.59). The largestsame-insumentdissimilarity

16
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(0.25for the flute) wassmallerthanevery different-instrurent dissimlarity scoreexceptone
(0.1for Gu/Hr).

To summarizeheresultsof Exp. Il, afirst outcone is thatsubjectscancomparetimbre
acrosg-, despitesalientpitch differences.Subjectsapparentlyperformedthe tasksof Exp. |
andll in similar fashion.As asecondutcomewe canrule outthehypothess of alargeglobal
shift of timbre spacewith F,, asdissimilarity matriceswere symmetrcal andtheir diagonals
small Thisextendstheconclusiorof Exp. | thatinstrumensretaintheirrelative posiionsaskF,
changesthey alsodo notshift asa group. However beyondtheseconclusimsvalid in thefirst
approxination,bothexperimentsrevealedeffectsthatweresignificant,albeitsmall 1t wouldbe
niceto infer from theseeffectsthenatureof shiftsof individualintruments Unfortunatelyeach
scorerefleds the timbre of two instrunents,andit is not obviouswhich of thetwo determined
achangan dissimlarity. Experimentll introducesa new form of analysighatrevealstimbre

change®f individualinstrunentswith F.

C. Experiment Il

In Experimentlll subjectsratedtimbre dissimilarity betweenpairsof instrunentswith
andwithout a differencein F,. The aim wasto extend and generalizethe resultsof Exp. |
andExp. I, andin particularto seewhethersubjectscould make reliabletimbre dissinilarity

judgnmentsbetweersoundghatdifferedby a variableamountalongthe pitch dimensim.

17
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1. Methads

To keepthe stimulus setsize within reasonabldimits, nine instrumens were selected
amongthetwelve usedin Exp. | andll. ThesewereGu, Hr, Vp, VI, SA, Ob, Cl, Ho, Tr. Each
wasplayedattwo Fys, resultingin a setof 18 soundghatwerepaired(excludingcomparisons
betweenthe sameinstrunent at the sameF,) to producel53 pairsthat were presentedn a
single sessionwith afive-mirute pausehalf-way. Thereweretwo sessions:a’ with notesB3
and C#4 (two semitones);b’ with notesB3 and Bb4 (eleven semitones).Within a session,
differentf, pairswere presentedn the sameordet low-high or high-low (dependingon the
subject).Otherwise presentatioronditions andinstructonswerethe sameasfor Exp. Il.

Sessiona’ involved25 subjectsaged19to 30,15 menand10women,13 musiciansand
12 nonmusicians.Nonehadparticipatedn Exp. | orll. Sessionb’ involved18 subjects(11 of
which hadtakenpartin sessioria’), aged19to 30, eightwomenandten men,nine muscians

andninenonmugians.

2. Results

a. Outliers Among the twenty-five subjectsof sessiona’, threegave answersthat were
poorly correlatedwith the rest[r < 0.33] andwere excludedfrom the analysis. None were

excludedfrom sessiorib’.

b. Dissimiarity matrices Dissimilarity scoresaveragedover subjectswere placedin the

lower triangularpartof a matrix asshawvn in Fig. 4 (a) for sessioria’. This matrix hasthree

18
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parts:an uppetleft triangle (instrumentscomparedat B3), a lower-right triangle (instrumens
comparedat C#4),anda 9 x 9 square(instrumens comparedacrossk,s). The two triangles
areanalogougo the matricesof Exp. la andb, the squareto thatof Exp. lla.

To compareresultswith thoseof Exp. | andll, a triangulr matrix similar to the one
justdescribedvaspopulatedwith scoredrom correspondingonditionsof Exp. la (upperleft
triangle),Exp. Ib (lower right triangle)andExp. lla (square).The correlationbetweenthis
compoge matrix andthatobtainedfrom Exp. llla was0.95[df = 151,p <0.0003. Similarly,
atriangularmatrix waspopulatedrom scoresof Exp. la andic andExp. IIb. Thecorrelation
betweerthiscompositematrixandthatobtainedrom Exp. lllb was0.92[df = 151,p <0.0001].
This indicatesa high degreeof similarity betweendatasetsdespitethe differencein taskand
subjects. Overall ANOVASs are not reportedhere (they supportconclusionssimilar to Exp.
| andIl). Instead,a differentanalysisis presentedhat assignseffects to timbre changesof

individual instrunents.

InsertFigure4 abouthere

c. Instrument-specifiaNOVAs

InsertFigure5 abouthere

Eachof the 9 instrunentswasanalyzedn turn. For each,the 8 otherinstrunentswere

19



J.Acoust.Soc.Am. MarozeauDe Cheveigre, McAdams,Winsbeg

usedas“anchors”with respecto which measurets timbrechanges.

To illustrate the principle, take an instrunrent X anddenoteits timbre at two different
Fosas X, and X,, assimiatedto two points in timbre space.We wish to know if X; and X,
aredistinct andfor this we usea secondnstrunentY asanchor We ignoreeventual shifts of
Y itself for themoment Thedisplacemenof X towardsor away from Y canbe estimatedby

comparingX;Y andX,Y . In geometriderms,theequality

X1Y = XQY (1)

impliesthat X hasfollowed a hypersphereenteredon Y (illustratedasa circle in Fig. 5).

If a similar equality holdsfor anotheranchorinstrumentZ, then X, and X, belongto the
intersectionof two hypersplres.In the plane(Fig. 5) the intersectionconsiss of two points
onaline perpendiculato Y Z. In threedimensionst wouldbeacirclein aplaneorthogonato

Y Z, andin higherdimensims a sphereor hypersplerein a hyperplaneorthogonalto Y Z. In

every casethedisplacemenis orthogond to thetimbredimensiam alongwhich Y andZ differ.

If Eg. 1 holdsfor every anchoytakingthemtwo by two it followsthatthedisplacemenof X is
orthogmalto the subspacéhatcontainghe anchors Supposinghattheanchordogetherspan
thewhole of timbrespace X did not move in this space.

Actually, eachinstrunrenthastwo positiors, e.g. Y; andY; for Y. Eithercouldbeused

asthe anchor but thereis a difficulty. Testingfor X;Y; = X,Y7, instrunentson the left have
the sameF, but thoseon theright differ. The comparisoris thussensitve to evenual effects
of anF, differenceper se (for exampleif subjectsfailedto completelyignore pitch). Using

Y; insteadasthe anchorwe have a similar problemin the otherdirection. However by adding
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termto term:

XY+ XY, = XY + XoY, (2)

Fo-relatedeffectsapply equallyto both sidesandthusbalanceout. Equation2 canbe usedin
placeof Eg. 1 for the previous analysis. To sumnarize,if Eq. 2 holdswhenan instrunent
is comparedo eachof the 8 others,we may assumehatthatinstrurment’s timbre did not not

changewith Fy.

d. Twosemitones For eachinstrument X, termsof Eq. 2 werecomparedisingaarepeated-

measureANOVA with factorsanchor(8) x Fy (2). To be precise:the F, factor contrasted

timbresX1 and X 2 attwo differentFys by comparingX,Y; + XY, to X,Y; + X,Y5. Thean-
chorfactorcontrastedhevariousanchorinstrurrentsY. Nine suchANOVAs wereperformed.
Themaineffect of anchorwas,asexpected highly significantfor all instrumensg, andwill not
be consideredurther. For seveninstrumens (Gu, Hr, VI, SA, Ob, Cl, Ho) , the effect of F,

andits interactionwith anchorwerenot significant. For thetrumpet,the maineffect of F; was
significantbut tiny (R2=0.4%,ascomparedo 65.5%for anchor).For theviolin pizzicato,both
themaineffect of Fy andits interactionwith anchorweresignificantandrelatively large. The
otherinstrunentsremainedessentiall stablewhenF, changedrom B3 to C#4. Theseresults

aresummarizedn columns2 and3 of TableV.

e. Elevensemitones Similar ANOVAs wereperformedor sessiorib’. Effectsizesaresum-

marizedin thelasttwo columnsof TableV. Theseeffectswerenon-sigrficantfor Gu, Hr, and
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Ho, andvery smallfor Cl. They weresignificantandlargerfor Vp, VI, SA, ObandTr.

InsertTable5 abouthere

To sumnarizetheresultsof Exp. lll, subjectssucceedeth makingtimbre dissimlarity judg-
mentswhile largely ignoring a differencein pitch thatwas presenton sometrials andnot on
others.Exp. | andll hadfoundtimbre dissimikrity to be fairly stablewith F, changesExp.
[l refinedthis conclusiontimbreitself wasstablefor someinstrumens (eightfor 2 semitames,
four for 11 semitonesput of nineintruments). Timbresof othersappearedo changeslightly.
Thenext sectionpresentan MDS analysighatallows thesechangedo beinterpretedn terms

of displacementvithin amodelof perceptuatimbrespace.
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1. MDSANALYSIS

For eachsessiorof Exp. lll, thedissimiarity matricesfor all subjectavereprocessedy
the EXSCAL MDS program(Winsbeg andCarroll, 1989). We chosea two-way MDS model
without individual differencesasthis modelis rotationallyinvariant,allowing solutionsto be
rotatedand their dimensims comparedto physical descriptors,aswell as comparedacross
experimens. The two-way EXSCAL modelpostulateshatthe distanced;;, betweertheith

andjth stimuli is given by:

2

R
dij = | > (Xir — X50)? + (Si + S;) (3)

where X, is the coordinateof the ith stimdus on the rth dimensim and R is the number
of dimensons. In this model,in additionto R commondimensims, the stimul have unique
dimensons not sharedby otherstimul. The specificity or uniquenes®f the ith stimdus is
denotedS;. Sincea maximumlikelihood criterionis usedto estimatethe fit of the modelto
thedata,BIC statisics (Schwarz,1978)canbeusedto chooseghedimensonality R anddecide
whetheradditionaluniquedimensonsshouldbeincluded.

TheBIC criterionsuggestethree-andtwo-dimensionaimodelswithout specificitiesfor
Exp. llla andExp. lllb respectiely. For non-linearmodelslike MDS, BIC statigics have a
heuristt valueanddo not precludeconsideratiorof othermodels. We thereforealso exam-
inedtwo-, three-andfour-dimensimal modelsin searchof a modelinterpretablan termsof
dimensons relatedto signal descriptors.In eachcase,the solution was rotatedwith a pro-
crusteanprocedureto a target matrix of signaldescriptorsdescribedn Sec. IV.. Only the
four-dimensonalsoluionswill bedescribedn detail.
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Solutins for sessionsa’ (two semitores)and‘b’ (eleven semitaes)areillustratedin
the upperandlower partsof Fig. 6 respectiely. For eachinstrunent, the posiion at B3 is
representetby the symbolandthatat the otherF, (C#4 or Bb4) by the extremity of theline.
Thefirst threedimensios of the spacesarewell correlatedbetweensessiong0.99,0.95and
0.94,respectrely). A large scorefor Dim. 1 is to be expectedbecausehe salientcontrast
betweenmpulsive andsustainednstrumentds unlikely to dependon F,. However, the good
scoredor Dim. 2 and3 suggesthatadditionaldimensiois of timbrearestableacross-,. The
fourth dimenson waspoorly correlatedbetweersession$0.31).

Filled symbolsin Fig. 6 areinstrunentsfor whichwe know (onthebasisof the ANOVAs
of theprevioussection)thattheir timbrechanged\We would expectthelinesto be of non-zero
length(in at leastoneprojection)for themandof zerolengthfor opensymbols Suchis not
alwaysthe case A possibé explanationfor this discrepang is thatthe datausedfor ANOVAs
excludeddissimilarities betweenthe sameinstrunent at differentF,s, whereasghe MDS in-
cludedthem. Evenif the timbre of aninstrunent did not changeacrossF,, the measured
dissmilarity waslik ely to take a non-zerovalueasa resultof anedgeeffect (Sec.ll B3a) or
aresidualpitch dissimiarity thatthe subjectdailedto ignore. This hasthe effect of “pushing
apart”the correspondingointsof the MDS solution Whatever the explanation,this discrep-
ang/ wealenstheusefulnessf interpretingthedetailedpatternof Fy-inducedshiftswe obsene

in Fig. 6.
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InsertFigure6 abouthere
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V. COMPARISONWITH SIGNAL DESCRIPTORS

In the spirit of previous studieson timbre, this sectionattemptso relateperceptuabi-
mensims revealedby MDS to descriptorsof the signal (sometinescalled “physical dimen-
sions). A featureof the presentstudyis thatthis relationis testedover several fundamental
frequenciesOn the basisof our datawe canformulatethreeconstrains for a signal-basedle-
scriptor: (1) ateachF,, thedescriptorshouldpredictthe correspondingerceptuatlimension
(2) for instrumentswhosetimbre did not vary acrossacrossF, descriptorvaluesshouldnot
vary; (3) for instrumens whosetimbre did vary across~,, andto the degreethatthis variation
is reliably describedn termsof changealonga perceptuatlimenson, we shouldobsene acor

respondig changeof the descriptor We consideronly datafor Exp. llIb (elevensemitames).

A. Dimensonl

To predictthe first dimensionwe usea measureof impulsvenessproposedoy Susini
(1996), definedasfollows. The instantaneoupower s2 is smoohedby convolution with an
8-mssquarewindow. The durationduring which the smoohed power is above 40% of its
maximum valueis thendivided by the durationfor which it is above 10%, andoneminusthis
ratio is taken asthe measureof impuldveness.It is closeto onefor impulsve soundsandto
zerofor sustainegounds

Figure 7(a) plots this descriptorasa function of Dim. 1 for Exp. Illb. The descriptor
doesa goodjob of predictingthe clusteringof impulsive andsustainednstrunentsinto well

separatedroups.Correlationcoeficientsare0.98for Exp. llla and0.99for Exp. llib (df=16,
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p<0.01in both cases).As a comparisonprevious studies(e.g. Krimphoff, McAdams,and
Winsbeg, 1994)suggestedhe log of attacktime asa descriptorfor impusiveress. Thatde-
scriptorgave correlationscoresof 0.95and0.94 (df=16, p<0.01in both cases)for Exp. llla
andExp. llib respectrely whenthe MDS solutiocnswererotatedtowardsvaluesdeterminedy

it.

InsertFigure7 abouthere

B. Dimension 2

To predictDim. 2 we useda spectrakentroiddescriptorsimilarin spirit to the definition
of sharpnesgZwicker andFastl, 1990; Hartmann,1997). The waveform wasfirst filtered to
modelthe dropin sensitvity atlow andhigh frequenciesdluemainly to outerandmiddle ear
filtering (Killion, 1977). Thenit wasfiltered by a gammatonefilterbank(PattersonRobinson,
Holdsworth, Zhangand Allerhand, 1995; Slang, 1993) with channelsspacedat half-ERB
intenalsonanERB-ratescale(z) calculatedaccordingo theformulaz = 21.3 log(0.00437 f+
1) betweer25 Hz and 19 kHz (Hartmann,1997). Instantaneoupower was calculatedwithin
eachchannebndsmoothedy delayingit by 1/4 f. (wheref, is thecharacteristiérequeng of
the channel) addingit to the undelayedower, andcorvolving the sumwith an8-mswindow
correspondingoughly to the equivalentrectangulardurationof power integrationmeasured
by Plackand Moore (1990). Smoothedpower was thenraisedto the power 0.3 to obtaina
roughmeasuref “partial loudness for eachchannel.The partial-loudness-weigbd average
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of ERB-rae wastaken over channelsthe resultbeing an “instantaneouspectralcentroid”

functionof time accordingto

2(t) = 3 2a(t)/ 3o 9= (1) (4)

where, (t) is the “partial loudnes$ of the channelz atinstantt. Finally, the instananeous
centroidz(t) wasweightedby “instantaneoutudress”(sumoverchannel®f partialloudness)
andaveragedyvertime to obtaina singledescriptovalue,z, to characterizehe entiresignal.

Figure 7 (b) shows the value of spectralcentroidasa functionof Dim. 2. Datapoints
arerelatively well aligned.We expectthe displacement®f thoseinstrumentghatsignificantly
changedn timbre (filled symbol$ to follow this trend. Suchis roughlythe casefor VI andTr,
but notfor SA, Vp or Ob. Thedescriptothuspredictsthe overalltrendbut notall details.The
correlationbetweendescriptorvaluesandprojectionsalongDim. 2 is 0.93and0.90for Exp.
llla andlllb, respectiely (df= 16, p<0.01in bothcases).

Our definition of spectralcentroidis one of mary thathave beenproposed A common

definitionis thefollowing:

Eszak/Zak (5)
k k

wherek is therank of a partialanda, its amplitude (on a linear, power or log scale). If the
spectralerveloperemainedconstanwhenF, varies(approximatelythe casefor mostof our
instruments) this definitionwould leadto aninversedependengof £ with F, avariationof a
factor1.9 betweernB3 andBb4. Sincetimbre wasinsteadratherstable this definition canbe

ruledout, asconcludeckarlierby Slavson(1968)or Plomp(1976).A betterdefinitiondefines
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the centroidasa weightedsumof frequenciege.g. Kendall, CarteretteandHajda, 1999),for

exampk:

= fean/ D ak (6)
k P

wherek is therankof apartialor discreteFouriertransformcoeficient, f;, its frequeny anday,
its amplituce (on alinear, power or log scale).For a constantspectralervelopethis definition
leadsto valuesof f thatareapproximatelyconstantasF, varies. However, thereare several
ways of implementing this definition accordingto whethera, designategshe linear, power
or log amplituce, whetherk designateghe rank of a partial, a DFT coeficient, or a filter
band,whetherthe frequeng scaleis linear or warped(log or ERB-ratescale) whethera non-
linearity is appliedafter summng coeficientswithin channelsetc. Our definition of spectral
centroidwas chosento make all operationsand parametergxplicit in a psychoacoustally
reasonablavay, and avoid hiddenparametersuchaswindow size or samplingrate, or the
implicit assumptiorof aline spectrutmeededo apply Eq. (6).

As acomparisonthedefinitionof Eqg. (6) implementedaccordingo Peetergtal. (2000)
gave correlationcoeficientsof 0.95and0.85for Exp. llla andlllb, respectiely, whenthe

MDS solutiors wererotatedusingthatdefinition (df=16, p<0.01in bothcases).

C. Dimension 3

Dimengon 3 was found to be relatively well correlatedwith a measurez of spectral

spreadiefinedas:

5= \/2(2 — 2P/ Y, (7)
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Figure 7(c) shaws the value of spectralspreadasa function of Dim. 3 for Exp. llIb.
Datapointsareroughlydistributedalongaline. Two instrumens thatsignificantlychangedn
timbre (Ob andVp) move roughly alongthis line, asexpected.However two instrumentghat
did notchangdimbre (Ho andGu) alsoshaw relatively large changesn descriptowvalue.Such
is alsothe casefor VI, thatdid changetimbre but (accordingto the MDS analysis)not along
this dimensim. The descriptowould be betterif suchchangesouldbe avoided. Overall, the
correlationbetweerdescriptowvaluesandprojectionsalongDim. 3 was0.94and0.87for Exp.
[lla andlllb, respectrely (df=16, p<0.01in bothcases).

As a comparisonthe definition of spectralspreadof Peeterstal. (2000),analogougo
thespectrakentroiddefinitionof Eq. (6), gave correlationscoresf 0.83and0.65,respectrely
whenthe MDS solutions were rotatedto that descriptor Our descriptorwas also appliedto
the stimul usedby McAdams, Winsbeg, Donnadieu,De Soeteand Krimphoff (1995)and
comparedo the coordinatesalongthe third dimenson of their MDS space. The correlation

foundwas0.87,asopposedo 0.54for the spectraflux descriptorusedin thatstudy

D. Dimension 4

Dimengon 4 was found to be well correlatedwith F, (0.90) for Exp. Ilib. For EXxp.
llla the correlationwith Fq waspoorandno betterdescriptowasfound. Figure7(d) plotsF
asafunctionof Dim. 4 for Exp. llib. Displacement®f all instrumentsareroughly parallel
with theregressiorline, consistentvith the goodcorrelation.Subjectghusbasedheirtimbre

dissmilarity judgmens in partupona dimenson relatedto F,. Thisis the only evidencewe
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foundof a pitch-like dimenson.

To summarizethesignaldescriptorseviewedroughlysatisfytheconstrainof Fy-invariance
for instrumentghatdid not changetimbre. For instrunentsthatdid changetimbre, the minor
changesn descriptorvaluewith Fy werein somecasesonsistentvith the minor changesn
timbre,in othercasesot. Overall, thedescriptorglid avery goodjob of predictingperceptual
dimensons. They comparedavorablywith previously proposediescriptorsbut variability of
datais suchthatwe cannotreliably concludeon this basisalonethat one given descriptoris

superiorto another
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V. DISCUSSION

A first outcomeof this study not obviousfrom the start,is thattimbresof instrumens
playedat differentnotescan be compared.Classictechniquesuchas MDS canbe applied,
andthis opensthe perspectie for more detailedand extensve studiesof timbre variatioans of
specificinstrumentsacrosgheir register Subjectperformedhetaskin avery similar fashion
with or withoutF, differencesetweerstimuli, andhadlittl e difficulty ignoringthevery salient
pitch differenceghataccompaniedhem. Timbre behaed asif it wereseparabldrom pitch,
andtherewasonly slight evidenceof a small perceptualnteractionbetweerpitch andtimbre
dimensons.

Crossk, timbre comparisorbeingpossibé, a secondutcone is therelative stability of
timbre with respectto F, changes.For sereral instrumeng therewasno measurablehange
in timbre, so we can exclude the hypothesisof a basic,non-instument-specificlependeng
of timbre uponF,. The hypothesisthat sucha dependeng doesexist, but was balancedoy
opposie changeof instrumentcharacteristicsis unlikely to be simultaneosly true for four
out of nine instrumentsacrossall Fys, and eight betweenB3 and C#4. Lack of measurable
changds notdueto lack of sensitvity of our methodsfor otherinstrunmentswe demonstrated
significanttimbre change®f relatively smallsize.

The*“anchorbased analysistechniquentroducedin Sec. Il C2 revealedsmallbut sig-
nificanttimbre changedor certaininstrumens. The MDS analysegrovidedaninterpretation
of thechangesn termsof displacemenalongparticulardimensimsof timbrespace However,

relatively large displacementsverealsoobsenredfor instrumentknown notto have changed
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timbre significantly, sowe mustnot give too muchweightto suchdetailedfeaturesasamued
in Sec. lll. MDS solutiors were generallystableacrossexperimentsand conditions, andthe
correlationdbetweertheir dimensionsandphysial descriptorsvashigh, asfoundin previous
studes.

Stability of timbreasa functionof F, for certaininstrumensg putsa strongconstrainton
signaldescriptorgor predictingtimbre: they too mustdemonstratéhe samedegreeof stabilty.
Suchwasthe casefor the descriptorswe used,but other methodsproposedn the literature
may not be so stable. Theseconclusionsare very importantfor applicationsthat usesignal
descriptordor content-basethdexing of audioandmultimediadata. Sofar, suchdescriptors
hadbeenvalidatedonly at particularF,s. Our resultsdemonstrat¢hatthey generalizenell to
theFys we tested althoughthe questiorremainsopenfor thewider rangeof Fgs.

We usedrelatively small Fy stepsbecausene expectedthe task of comparingtimbre
while ignoring pitch to be difficult (Miller and Carterette, 1975). The pitch differencesare
neverthelessquite salient. The smallerstep(two semitaes,a major second)is onethird the
maxinum distancealongthe chromacircle. The larger step(11 semitonesa major severth)
is both larger in termsof tone heightand smallerin termsof chroma,and thus offered the
opportwity to teaseapartthe eventualcontritutions of each. It is alsoaboutonethird of the
rangeof typical instrumentsuchasthe violin, andthusprobesinstrument-spcific variations
to someextent. Obviously, a wider rangeof notesis neededfor a more completestudy of
instrument-specificimbre variations. The presentstudy shaved that sucha studyis in prin-

ciple possible.Thereis however evidencethatinstrumentdentificationperformancealegrades
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beyondanoctave (HandelandErickson,2001).

Thegeneralityof ourresultsis alsolimited by our choiceof instrunents.Previousstudies
foundthatcriteriavary accordingto the stimulus set,leadingto MDS solutionsthat correlate
with ratherdifferentphyscal dimensims. Oneor both of our first two MDS dimensonswere
usuallyalsosalientin thosestudies,but onecannotexcludethatfor certainstimulus sets,other

dimensonsmightberelevantthataremoresensitve to F, changes.
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VI. CONCLUSIONS

(1) Subjectsmadetimbre dissimilarity judgmentsbetweennaturalmusicalinstrunment
soundghatdifferedin F, by zero,two or elevensemitores. Resultsvereorderly, evenwhenthe
stimulussetcomprisedbothsameF, anddifferent+, soundpairs. The salientpitch difference
producedoy the F, differencedid not preventtimbre comparisons

(2) As afirst approximationtimbre dissimiarities dependedittle on F,. Dissimlarity
scoresvaried more betweendifferent-instumentpairsthan acrossFys. Experimentl (same
Fo) shavedthatinstrumens kepttheir relative positionsin timbre spaceat differentFgs, and
Experimens Il andlll shavedfurtherthatthey did notshift asa group.

(3) As a secondapproximation,small but significanttimbre changeswere obsened.
Instrunent-specificANOVAs in Experimentlll foundthatthe changesaffectedcertaininstru-
mentsand not others. It is likely that thesetimbre changeswvere due to instrument-pecific
changesn, for example,resonatogeometry

(4) Thelackof significanteffectsfor certaininstrumentsn theinstrument-spcific ANOVAs
of Experimentll, togethemwith the symmety of dissimiarity matricesn Experimentl, sug-
gesttheabsencef ary basic,non-ingrument-specifichangeof timbre with F.

(5) Multidimensionascalingyieldedlow-dimensionalinearmodelsof perceptuatimbre
spacegfour-dimensonalwithoutspecificities) After anappropriatgotation,dimensonswere
foundto bewell correlatedvith asetof signal-basedescriptorsProjectionsoneachof thefirst
threedimensias wererelatively stablewith F,. The projectionon the fourth was correlated

with F, for aneleven-senitone (but nottwo-semitor) step.Thisis theonly evidencewe found
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for apitch-like dimengon in atimbrespace.

(6) Signal-basedescriptorsimpulsiveness”;'spectralcentroid”,“spectralspread” and
Fo, wereused.Thefirst describeshetemporalenvelope.The secondwo describethe spectral
ervelope in termsof the first two momentsof a “partial loudnes% spectrum(cubic root of
power within channelsof a cochlearfilter bank). Thesethreedescriptorsappearedo be good
predictorsof thefirst threetimbre dimensonsover therangeof Fys usedwhile thefourth (F)
is known asa goodpredictorof pitch.

This studyopensthe way for more extensve studiesof timbre changewith F,, suchas
instrument-specificimbre changescrosgheir register Theanchormethodappliedin Exper
imentlll seemgarticularlypromising to disinguishtimbre changegrom fluctuationsdueto

experimenal noise.
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Tablel: ANOVA tablefor Exp. |. S: SubjectsF,: Fundamentalrequeng, I: Instrumenipairs,
SS:Sumof SquaresMS: MeanSquareF: F-values,c. Greenhouse-Geisseorrectionfactor
appliedto the degreesof freedom,p: correctedP-Value, R%: percentageof total variance
accountedor by eacheffect. Adding atotal of 48.5%dueto intersubjectifferencesyariance

scoressumto 100%.

Source df SS | MS F € p R?
S 23 | 32.02 | 1.39
Fo 2 0.93 | 0.46| 5.72 | 0.90 | 0.008 | 0.3

Fo*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

Fo* 1 130 | 16.53 | 0.13| 5.65 | 0.122| 0.0001| 4.6

Fo*1*S|2990| 67.29 | 0.02

Table.l|
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Tablell: Percentagef varianceaccountedor by eacheffectin Exp. I, for the completedata
set(All) or for datarestrictedto pairsof impulsive or sustainednstrunents,or to mixed pairs
(impulsive and sustamned). Thefirst line (F,-related)representshe sumof the F, effect and

its interactions.Thelastline (other)representsariancedueto disagreementetweersubjects.

Eachcolumnsumsto 100.

R? (%)
Source: All | Impulsive | Sustained Mixed
Fo-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.ll
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Tablelll: ANOVA tablefor Exp. Il. S: Subjects]: Instrunentpairs,AF,: F, differenceO: F,
Order SS:Sumof SquaresMS: MeanSquareF: F-values,e. Greenhouse-Geisseorrection
factorappliedto the degreesof freedom p: correctedP-Value,R?: percentagef total variance

accountedor by eacheffect (inter-sujectdifferencesamountedo 53.4%)

Source df SS | MS F € p R?
S 23 | 545 | 2.37
AF, 1 1.01 | 1.01| 5.31 1 0.03 | 0.2
AFy* S 23 | 437 |0.19
@) 1 0.69 | 0.69] 1048 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 | 0.07

AFy* O 1 0231023 754 | 1 | 0.012 | 0.04

AFy* O* S 23 | 0.68 | 0.03

AFy * 1 65 | 5.58 | 0.09| 3.62 | 0.21|0.0001| 1.1

AFg*1*S 1495| 35.45| 0.02

(O R 65 | 414 | 0.06| 2.3 | 0.2 | 0.006 | 0.8
O*I1*S 1495| 41.33| 0.03
AFy* O* | 65 | 247 | 0.04| 1.71 | 0.19| 0.06 | 0.5

AFy* O* | * S| 1495| 33.28| 0.02
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TablelV: Percentagef variancebetweendissimiarity scoresaccountedor by eacheffect of
Exp. Il, for the entiredataset(All) or for datarestrictedto pairsof impulsive, sustainedor
impusive andsustainedmixed) instrumens. The lastline (other)representvariancedueto

disagreemenrttetweersubjects Eachcolumnsumsto 100.

R? (%)
Source: All | Impulsive | Sustained Mixed
AF,-dependant 2.8 6.3 4.6 2.8
I 43.8 29.2 15.2 9.1
other 534 64.5 80.2 88.1

Table. IV
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Table V: Effect size (R?) of factorsF, and F, X anchorfor eachinstrunent at both AFs.
Only effectssignificantat the p<0.05level areshavn. Thesefiguresquantify the magnitude

of displacemenof eachinstrumentn timbre spaceasafunctionof Fg.

R? (%)
2 semibnes 11 semitones

Instrument:| F, | FoX anchor|| F, | FoXanchor
Gu - - - -

Hr - - - -

Vp 2.79 251 - 4.28
Vi - - 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

Figurel. Dissimilarity matricesfor thethreesessios of Exp. |. Within eachmatrix, each
squareepresentshedissinilarity betweertwo instrumensg. Darker meangyreater
dissmilarity. Thefirst threecolumnsof eachmatrix correspondo impulsive instrunents(Gu,
Hr, Vp). Dissimiaritiesaregreaterfor pairsthatassociat@nimpulsive instrumentwith a
sustanedinstrumentthanfor pairsof instrumensg within eithergroup. Patternsof

dissmilarity aresimilar ateachF,.

Figure2. Exp. Il lllustrationof the hypothetcal effect of Fy onadimensionof timbrespace
(abscissaglongwhichtwo instrumeng X andY” differ. Theinstrumentsarerepresentedt
two differentFysas X, Y; andX,, Y, respectiely, andit is supposedhat X,Y; = X,Y5, as
foundin Exp. I. Theleft plotillustratesHypothesig1) (invariance)andtheright Hypothess

(2) (isometic shift). Thelatterimplies XY, # X,Y;.

Figure3. Dissimilarity matricesfor thetwo session®f Exp. ll, eachcorrespondingo a
differentF, pair. Thelower triangularpartcorrespondso pairsfor whichtheinstrumenton
theabscissavason thelower F, andtheinstrumenton the ordinateonthe higher Theupper
triangulr partcorrespondso the opposie order Thediagonalrepresentistrunents

comparedo themseleswith anF, difference.

Figure4. Dissimilarity matricesfor Exp. llla andlllb. For theaxislabels,indicesl and2

meanthatinstrunentswereplayedat B3 andC#4,respectrely (Bb4 in Exp. llIb).
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Figure5. Exp. Ill. Schemallustratingthe anchommethodof analysisof timbrechangeThe
planerepresenta hypotlreticaltwo-dimensbnaltimbre spaceY andZ are“anchor”
instumentsand X is aninstrumentwhosedisplacementvith F, is beingconsideredIf the
dissmilarity of X with respecto Y doesnotchangevhentheF, of X is changedX; and X,
mustbeonacircle centerecbn Y. Similarly if dissmilarity with respecto Z doesnot
change X; and X, mustalsobelongto acircle centerecn Z. Thedisplacemenof X is
thereforeonaline orthogonako Y Z. If the sameis truefor all anchorpairs,thedisplacement

of X is orthogonako the spacehey span(or elseit is zero).

Figure6. Timbrespacegor Exp. llla (top) andlllb (bottom).Thesymbd representshe
posiion of theinstrumentatthelower F, (B3), theendof theline representshe positionof
thesameinstrunentatthe otherF, (C#4or Bb4). Thesymbolis filled for instrurentsfor

which asignificanttimbre changewvasfoundin Sec.C. andopenfor others.

Figure7. Exp. Illb (elevensemitores). Scattemplotsrelatingeachsignaldescriptorto the
MDS dimensiornthatit explainsbest.(a) Impulsvenesws Dim. 1. (b) Spectrakentroidvs
Dim. 2. (c) Spectrakpreadvs Dim. 3. (d) F, vs Dim. 4. For eachinstrumentthe symbol
represent#s positionat noteB3, andthe oppositeendof theline represent#s position at
noteBb4. Filled symbolsindicateinstrunentsfor which thetimbre changedsignificantly
accordingo theanalysisof C. Opensymbos represeninstrumens for whichit did not.

Dottedlinesrepresentegressiorlines.
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(a) 2 semitones (o) 11 semitones

Fig. 3
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Fig. 5
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