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Why is Musieal Timbre so hard to
understand?

Carol L Krumhansl

Abstract

Understanding musical timbre is a challenge to composers, music technologists, and
perceptual psychologists alike. Various problems arise in the very definition of tjmbre;
the complexity of acoustic measurements, the assumed independence of timbre from
other dimensions of musical sound; and generalizingthe notion of timbre beyond the set
of traditional orchestral instmments. Perceptual studies have applied multi-
dimensional scaling to discover dimensions underlying timbre differences. In addiuon
to the common dimensions found (attack, brightness, and spectral flr:x), there may be
dimensions or characteristics specific to each flmbre. These cannot be accomodated in
Iow-dimensional models. To test for the presence of speciffc dimensions, an extended
multidimensional scaling model recenfly developed byWinsberg and Carrolll is applied
to a set of timbre dissimiladtyjudgments made on the synthesized timbres described by
Wessel, Bristow, and Settel2. The obtained common dimensions replicate earlier
findings, but additional specific dimensions are obtained. Few studies have invesugated
the possibility of constructing tirnbre sequences with perceptable organizatons.
Analogies with pitch sequences may be lirnited owing to inherent differences between
the two domains. Pitch is a homogeneous and uni-dimensional medium, whereas
timbre is a mulUdimensional attribute. In addition. timbre has no natural equivalent of
the octave or fifth, which are important in pitch structur'mg. Fina[y, qualities specific to
individual timbres or regions of timbre spaces may limit the degree to which timbres can
be hierarchically organized.

Introduction

understanding timbre is perhaps the most chalenging problem facing t]le musical
community at the present time. For composers, especially those working in the
electroacoustic medium, timbre seems to offer exciting new directions for musical
invenUon. This is true to some extent forcomposers who employ traditional instruments
in novel ways by changing how they are played or by modiSring their action
mechanically. For music technologists, the synthesis of timbre has proven to be a
difficult problem. whereas t|e control of the other dimensions of music, pitch,
loudness, and duration, has not required special solutions. the control of timbre has.
Music s1'nthesis has raised crucial issues about how to produce rich and interesting-
sounding timbres within tl.e limits of available technologr, and how to modify and
transform them in compositionally useful ways. In music percepuon research, timbre is
that aspect of music that is probably least well-understood. Psychoacoustics has
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provided detailed models of pitch and loudness perception, and there is a fairly rarge[terature on the coding or temporJ inro..iauor,. 
_necenfly, ,.r.r"iJ pitch and rhy,thmhave stimulated a areat dear orp"."ept"atiJseatctr tating a more cogniuve orientation.
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The definition of timbre

The most basic problem is the definition of tlmbre itself. we are aI familiar witl thetextbook definition: tflnbrg isthe way itt-*ticn musicar "o,rrro" afr.r once they havebeen equated for pitch, loudness, inJ o"lr.uor. ataougtr-ttris is a rogicalty 'dydelintuon' it is at thl same time not at all informative. It does iot offer suggesuons aboutwhat produces the residuat oitrerences ;;;."r. To understanJ flri", ^ necessary firststep is to obtain acoustic measurements, most ot." t^r.irr! tn.?oririof spectral energydistributions and amplituog ."*rop"". il;". descripuon-s, h";;;;r, are so complexthat it is ditricult to isolate ctratacteisti". ii..t disting;ist;.t*..r'u*u.es. Moreover,the measurements do not provide info;u; about-which;";;ti;pr"perties are, infact' important for perception; only . "..y small subset of properues may haveperceptual effects (see Rtsset and wessel3, foi a more thorough discussion of ttrese andrelated points).

A second probrem with the textbook deffnluon of timbre is the impricit assumptionthat timbre is independant of the ;th;;;;;""ions of musicar sourld. can we reallyassume the differences in spectral-energr ai.t iu,ruorr" ;;""."rpd; uncoupled frompitch percepuon mechanisms in ne"tiigr batr we assume t1.at differences betweenamplitude envelopes are ireaepenaentor-Jirra-uonjudgementsz oicourse, we can designcarefuny controlred experiments in which we require listeners to adJust differenttimbres to be equal on these oth.r di;"r"ions. But, in my view, these tediousexperiments' more th'l anything else, illustrate ttre arti-0ciality of the definition. whatseems to be a more 
,pi^a F.:f'� 

of q".sUo' is r:nderstanding how the variousdimensions combine in perception, foi exampl., h; il;;'tt".."r" with pitch
;oH:t"tt 

and temporal pitteniing tL vi.rJptt"sing, rhythm, and a sense of musicar

A third' and finar probrem with the textbook definition is that rt is made withreference to traditionarlns^truments. tilor.,irr" tedbooks ""r;i;;; on to say, is t''eway in which pianos differ from ceuos, tromuo.r". ao* olo..,;; :f;, when urey arear playing the sarne note for the same;;;;; and at the same dlmamic revel. withinthe domain of orchestral instt"-eni", trr" o.i*uo" may have " *itt_oen.red meaning,but it provide little guidance when it comes lo consioering the variet5r of sounds that canbe produced with digitar "td ;;; "yrth;Jla *ri, electronicalry modified live orrecordedsounds,instrumental,vocartrott.r.s"t..n 
rl.;;;;;#havearguedthatonce ttre domain is broadened in this *rla ,fr.i*aitional A"nrrrUo.,-of umbre becomesvacuous; they propose using the mo.a ga.ra.rr ta*s ,,sound object,, or ,,sound materia,r,,instead' Evenwithin thedoriain oror"n-*trur-stt rmer,ts, "r-r iddltio.r"l factorneeds tobe taken into account, which is h";th;;.t -*ment is being prayed. Is tie violin bowedmarcatto or legato; is the tnrmpet muted or noq is the flute prayed with a deep or sha[ow
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vibrato? The growing interest in expressive var1aflons in musical performance

highlights the ploblem of what level of description is most useful for describing Umbres.

Thus, there are a number of problems with the textbook definition of timbre, but I

doubt ttrese wlll be solved by semantic arguments. Rather, musicians and scientists will

adopt working definfUont, depending on the focus of their composlflona.l ,and
expirimental a.-cu,riues. Howevei, beforC leaving the problem of definition entlrely' I will

add a fewcomments about the differentlevels ofdescription thatmayapplyto timbre. As

I just indicated, one level of description takes into account the expressive variaUons

aiailable to performing musicians; this kind of microstructure may have parallels in

electroacousUc music. At a somewhat coarser level of description, tJrere are presumably

commonalitles shared by all oboe tones, allbowedviolin tones, all timpanitones, and so

on. These characteristiCs are of considerable interest for understanding the physics of

musical instmments and slmtheslzing timbres to sor:nd like traditional instruments, if

that is the obJective. At an even higher level, there may be even coarser classifications.

One distinction at this level might be between instruments, such as percussive

instruments, whose behavior ts determlned completely at the instant when they are set

into mouon, and instruments, such as blown and bowed instruments, whose behavior

is controlled continuously.

This h,ierarchy of embedded distinctions, it seems to me, is quite different from

another set of distinctions that sometimes arises in discussions of timbre (for example,

Schaeffef,s, Chion6, McAdamsT, Risset9. The latter has to do with varying degrees of

temporal extent or musical complodty. Here, at the lowest level, are single, discrete

sound events that are heard as being produced by a single source. At a somewhat higher

level are emergent properties, such as texture, density, streams, and musical gestures.

Finally, at an even higher level, there are larger-scale musical forms or organizauons

wtrich grow out of tl"�e sound material. Dlstlncflons between levels withln these two

hierarchies may not always be clear, but the two hierarchies seem quite distinct from

one another.

The dimensions of timbre

With these preliminaries aside, I would like to turn now to issues concerning the
perception of tirnbre. An approach that has been important in the perceptual literature

has bben to scale tJre perceived degree of relatedness between sounds wlth different

timbress'lo. In concrete terms. whatthis means ls that a setof sounds has been recorded
in advance which vary in timbre but which do not var5r in pitch, loudness, or duration. In

the experiment itself, all possible pairs of tlrnbres are presented to listeners, and for each
pair they are required to rate how sirnilar or dissimilar the two tirnbres are to each other.
The resultlng dissimilarity radngs are analyzed using a method called multi-

dimensional scalingrl.12'13. The multidimensional scaling a,lgorithm applied to such

data generates a geometric representation, usually in a low-dimensional space, such

that iimilar timbres are associated with nearby points in the representafion and

dissmilar timbres are associated with distant points in the representadon. In other

words, perceived dissmilarities between Umbres i andJ are monotonically related to the

Euclidean distance between points:
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Ep (xL-1;p)2)r/2 (t),

wherextis the coordinate of the ith timbre on tie ktldimension of the scaling solutio.,
and tk is the sum of the differences squared over the n dimensions of the solution. Theinterpretation of the spatial configuration is usually in terms of how the points u.. ,_,fwiti respect to the underlying dimensions of the space.

wessele' using this method, obtained a two-dimensiona-l solution. one dimensioncorresponded to the brightness of the steady state portion of tlre sound, withrnstruments whose eners/ concentrates in t{rl high cbmponenis separating frominstruments whose energr concentrated in the low coirpo.ra.tt". rrra "econd dimensionshowed an inJluence of both the rapidity of the attack and the relative onsets of high andlow spectral components. Brass instruments {which frqve a r.!iJo.r".t of low spectralcomponents) separated from string lnstruments (which hive more s,mchronousspectral evolutions). Grey's lo studylargely confirmed these results, but identified moreclearly two sepa,rate d.imensions-na.i"g to do witr temporal characteristics, onecorresponding to rapidity of attack ana t-he other to th. "y";h;o;;of tl.e amplitudechanges in the spectral components.

I mention these well-known results for the purpose of suggesting one way in whichperceptuar experiments can lead to systematic descriptioniof misical timbre. Theapproach, it shotrld be emphasized, is completely general. Ant kinJ; timbres, naturaror artificial, 
-can be presented in suctr arr er.pe.i-Jnt, and the analysis of the data doesnot require t].at the nature' or even ttre n.ttnLe., ortn. "oJ..ryi"liiriensions ue knownin advance. As such, it is a useful exploratory mettrod. Note, moreover, that in theseapplications the extremely complex acousuc d-ata ar-e rea.rclt i;J.uJ'" few underlyingperceptual dimensions which are likely candidates for "o.ttrorritr! rtr umnre slmtlests.The success^of the approach, however-, depends on whether the dimensional model isappr.opriate from a psychological point ofview. That is, the model ""tr iit th. duta only ifthe timbres are perceived to d-ifferilong a few underl5ring dimensions. In tlese cases, thedata are fit quite welt by the model iria low-dime.rsioirt space, but there is a certainamount.of variabirity in the data that is not accounted for by the moder. perhaps thesimple dimensional model is not completely adequate.

Chions has argued that timbre differences cannot be accounted for in obJective,quanutative terms, unlike pitch, intensity, and duration which lencr themservesnaturally to such description. He compares ihe situation to differences between people,who can be characterized, say, in terrns of their height, their weighland their age -quantifiable dimensions like pitch, intensity and driration. eut, fieopre also differ i1unique physiognomic characterisucs, such as facia-r features, *iri"n cannot bemeasured i' a simple way. perhaps flmbres arso have such unique, specialcharacterisucs and tliis accounts for some of t}Ie residual variability found in earlierscaling studies of timbre.

To investigate t]-�is oossibility, David Wessel and I recenfly dtd a scaling study of a setof musical titibtes, using the siandard methodologr described earller. In this case, we

i"-"-1Y,?:P_^"^"e 
timbres produced ustng the frequency modulation technique. Many of

riese urnbres were designed to simulate tradiuonil instruments, such as oboe,trombone, bowed string, harpsicord, and clarinet. A few others were hybrid timbres
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Figure 7. Solution h the tlree coffunon dimensions obLained.
tlsing^the co.mron and speclf.c dimensions model of Winsberg
and Carrolll.

Abbrevation Timbre Specilicity

such as vibrone (a hybrid of
vibres and trombone),
guitarnet (a hybrid of guitar
and clairnet), and trumpar (a
hybrid of trumpet and guitar).
More details of the
construction of these tirnbres
can be found in the paper by
Wessel, Bristow, and Settei2.
The listeners in our ex-
periment were all musicians.

We conducted this ex-
periment, in part, in order to
test whether a new model of
similarity scaling developed
by Winsberg and Carrolll
would reveal attributes spe-
cific to individual timbres, in
addiuon to dimensions
corunon to all timbres as has
been found in previous
studies. The essence of their
model is as follows. Like
traditional multidimensional
scaling, their method finds a
set of points in a lowdi-
mensional coordinate space.
However, each object under
study, in this case, each
tlmbre, is allowed to have a
speci-fic dimension of its own.
These combine with the
dimensiona-l differences to
produce an overall measure
of dissimila-rity. Specifically,
perceived dissimilarity
between timbre i and timbre j
is monotonically related to:

(Ii1 kni-11)2+s1sr;l/2 Q),

where xk is the coordinate of
the ift timbre on the krr
dimension as before, as s1 is

the measure of the specific
dimension for timbre i.

HRN
r  t ' l

TBN
HRP
TPR
oLs
VBS
SNO
SPO
HCD
CAN
oBo
BSN
CNT
VBN
oBc

7.90

0
18.1  6
0
o
t4.21
8.  r3
o
22.06
9.37
o
0
25.70
39.I8
0

22.14
6.36
7. to
I3 .81
3L.27

POB
GTR
STG
PNO
GTN

Hom
Trumpet
Trombone
Harp
Tlumpar (trumpet/guitar)
Oboleste (oboe/celeste)
Vibes
Striano (string/piano)
Sampled piano
Harpslchord
Cor anglais (tenor oboe)
Oboe
Bassoon
Clarinet
Vibrone (vibes/tormbone)
Obochord (oboe/
harpslchord)
Pianobow (bowed piano)
Gultar
Sbing
Piano
Guitamet (Guitar/Clartnet)

Table 7. Spectrfrttes o'fTtmbres.



When Suzanne Winsberg applted the technique to our scaling data, she obtained the
three-dimensional solution shown in Figure l. The left-right dimension corresponded to
the rapidity of the attack. The front-back dimension corresponded to the dimension of
brightness. The vertical dimension, although harderto interpret, seemed to correspond
to aspects of the temporal evolution of the spectral components. Timbres with a brass-
Iike characterisdc, with spectral content changing with amplitude, were located at ttre
top of the configuration. These dimensions, cornrnon to all stlmuli, are generally sLmilar
to those obtained in earlier timbre sca-ling studies. The hybrid timbres generally feII at
locations between the two tirnbres from which they were derlved. For example, the

Timbre Analogy

vibrone fell between the vibes and the trombone, and
tl.e guitarnet fell between the guitar and the clarinet.

In addition, the new model produced a set of specific
dimensions which signlffcantly improved the fit to the
data over the simple model. The speciflcities found by
the method are shown in Table I. As can be seen. a
number of timbres, such as trumpet and trombone,
had specificities equal to zero, whlch means, the
perceived dissimilarities between them can be
accounted for quite well in terms of the spaUal
distances. A number of other timbres, however, have
large speclficities, suggestlng that they had uni-
que properties that made tl"�em dissimilar from the
other timbres. For example, the offset of the harpsicord
is distinctlve, and the clarinet is unlque ln its absence of
even harmonics; these have relaUvely large
speci-ficities. The interpretation of these specificities is,
at thls point, intuitive and needs to be substantiated by
acoustic analyses and further perceptual tests.
However, these preliminary findings do suggest tlat
timbres may well have unique characterisUcs,
although there remain a few common dimensions in
terms of which all timbres differ.

Timbre Transposttion

fimbre lnversion

B'

Pereeiving timbral organizations

Figure 2. Schematrc illustranon
oJ timbre onalogg (top Wne|,
ttmbre transposrtion (middel
paneU, and ttmbre tntserston
(bottompaneU.

The scaling studies described ln the last section suggest
thaL at least for the kinds of instrumental timbres
employed, listeners perceive different tlmbres as more
or Less related. These relaflons can be summarDed, in
part, in terms of spatial representations, sometfnes
called timbre spaces. Can this kind of information be
used to su8gest ways ln which sequences of timbres
rnight be organized in music? Is there any evidence that
the structural relations expressed in these
representations have consequences for the way
listeners perceive longer sequences of timbres?
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To my knowledge, tl.�e only experimental study addressing this latter point was doneby Ehresman and wesser.la'rs. what they did was to test"whether it rs possible toperceive transposiuons in umbr-e_space by constructing analogi." oitrr. form ,,A is to Bas c is to D". where A, B, c, and D-are diiferent tlmbres. As sf,own in Figure 2, a goodsolution to the analogrwould be ifthevectorfromAto Bwas equalto t].evectorfromc toD, or in other words, if the distance and direction between A and B was equal to tl.�edistance and direction between c and D. In ihe ocperlment, Iisteners heard fo'r possiblesolutions to each analogr problem. These varied in terms ornow crose the last timbrewas to tl"�e predicted ideal point. Listeners were asked to rank flre four sequences interms ofhowgood the analogres were. In accordanc".,oith th.;;;;;ions, tney generallypreferred the sequence in which trre r"si u*tre was closest io the idear point. There issome evidence from this study, then, that risteners ""r p;;;; in ronger timbresequences certain structural relations expressed in timbre;p.;;;.

51"*tottl6'l7has suggested that this approach can be taken much farther. Heproposes constructing timbre sequences to 
. frave a variet5r oi L.*"r properuesanalogous to flrose found for pitch. The basic nouon is t}rat, at rJast for pitch, a varieff oftransformations leave rnvariint certain ""pl"t" of perceived "t ,r.trrr". For example, amelody can be played in different keys and it is stlll heard as t]le same melody 18. chordsin their various inversions are tre-aro, at least by experienced ,.rrrar"i^r,a, as beingsimilarrs' And there is some evidenc "zo'zt'zz 1n^llistenirs perceive invariances in pitch

ff"ixffi:i 
despite mirror transformations (retrograd;,';;;;"il, and retrograde

The question of whether analogous lnva-riants cal be perceived for timbre sequencesis arl intriguing one, invitlng exp-erimental analysis. However, trr..l'*"v be inherentdifferences between oitch arid tirnore th;a*iu turn out to restrict the degree to whichanalogies will hold ,c.o"s t}re two domalns.

Pitch structures are built fromwhat is essentiany a homogenous mecrium. That is tosay' there rs no essenilt y.t in which o". pit"tt diifers r.o.ri"rroit ", o".pt along thecontlnuous dimensions of pitch r..qn.r"vlir constrast, timbres may have multiplecharacterisucs in terrns.or*t r"tt tt.i ai*.i. a" *." mentioned earrier, umbres may bedistingutshed by properties specific tL .""tr,'"rr"t, "" distincuve offset characteristics orunique pattems in the harmonic spectra. tnaddiuon, ttt-.-0.r"."s"u'rtests trrat tlmbreis a muludlmensional attribute-. Ii *;t;;th;t a change arong one dimension of thespace is qualititatively different from a Jh..rg. "to.rg ,trother diminsion of the space. Forexample, a change in brightness *y noi'u. p.rceived as equivalent to a change inrapidity of attack, even if"the ut"u-." pJlJl "rro".r, to be equaly dissimlar. In thisconnection. it is important to note tnat n Ehresman and wessel,sl..rt"r;rrgr;",;;
lilT.03". were equated not onry ior ;iJ;;" in the space but arso ror direction. Isuspect t_his ls essentional to thetr result.

slawson's l6' l7 transformations, in contrast, do not necessarily preserve directionaldistances; in fact. in most cases ttrey d;il: Figure z strows'tio-of the proposedtransformations, transposrtion and iriversion. As can be seen, trrese transformauonsresult in patterns shiftcd in ttre space *iur-o"T'regard for the underlying dimensions. Itmay be tl.at the kinds oftjmures wrucn nel. ,-,.itrg, g..r.realizations ofvower sounds, areinherently more homogenous than the kinds ofinstrumental timbres used in the scaling

4il
Jj!
$i
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l l: ',

invariant structures under transformations. However, it should be remembered thatlinguistic analyses of vowel sounds (for example, in Fant2o) have found it useful toemploy distinctive features, such as spread, flat, te;; "rJ.frrrp. if.us, even vowel andvowel-like sounds may differ in important ways ln terms of nunfeatures or dimensions. 
wdJD ur Lcrrns ol numerous underlying

one might give the counterargument ttrat pitch, too, is muludimensional.Shepard2a, for example, proposed"a five-dimensional solution. TWo dimensionsaccomodate the chroma circle on which octave equivalent tones are identified: two otherdimensions accomodate the circle offifths-, ana trre nnar oimension cirresponds to pitchheight' There are two points to be made in this connection. The first is that, despite thehigh dimensionality of the representation, trre space is "o.r.ia.r.J rsorropic; tfiat is,intervals of the same size are cbnsidered equivalentno *att". trre aitecuon of t]'evectorbetween them' The second point is tnat trrJspecial nature of octaves and flfths, on whichthis kind of pitch model is b'ased' probably is'a consequence of the harmontc structure ofcomplex tones. specifically, the octave-and the ftittr .pp;;-;;; in the harmonicsequence. Thus, special relauonships between tones in these iniervals may derivenaturally from the sounds themslrves. No equi.'atent-i;I. for timbres, asSlawsonl6. lT has also noted.

This leads to the next point concerning ana-logies between pitch ancr timbre. In myown work on pitch structures, I have emph-asized Ih. p.y"t oioj".iilportance of tonaland harmonic hierarchies in traditioni western -rrri!zs.ze.z?. nt.t rrierarchies alsoseem to be perceived in music based on North Indian scales28, o"i.ioni" scales2s, andtone rows22. Indeed, it seems to be hard to talk about any aspect of music withoutreferring to some notion of hierarchy. For exampre, it prays a central role in codingtieories of-pitch sequences3o, ln formal treatments ofrhythm an6 -.1..3i,32, and in theana-lysis of longer time-spans33.

Is the notion of hierarchy applicable to timbre also? Ierdahr3e has recen'y arguedthat it is' and has suggested extending t-l.�e prolongational reduction formalisms ofLerdahl and Jackendoffs33-ttreory frori pitch to timbre. At the center of krdah|sproposal is the idea that timbres inherenuy differ in t;;;i;;;'Jt he cans timbral"dissonance"' 
Timbres,that are bright, tta"J"rr".p attacks, or have inharmonic spectra.he suggests, are more "dissonant""th;tird;;" 

with the opposite properties. This may
l:i1^t^"-i f::Fg. 

of tension and reraxation when moving from "dissonant,, 
timbres to''consonant" 

timbres- tlftg:. are perceptual effects of th; ldn;, ni.r.rcrries may not beable to be imposed arbitrarilyon timbres,but mayneeo tooriginatein the qualities of thesounds themselves' In contrast. pitch hierarchies are essentially relational, establishedby the particular musical 
99"1."i. o". p;;;;i"g direction, it seems to me, is to explorethe potential for hierarchial structurinf Jiir.,u.." beginning witl their inherentdif'erences. These explora.tionsrnay ;G";i ways of constructing t_imbre sequenceswith perceptable organizations. rneie mfror may not turn out to have formar propertiesin cornmon with other aspects of musicai stmcture.

I will close by mentioning a list of miscellaneous issues, some of which are raised bypossibie analogies between pitch and tirnbre organizations. The first is the potential ofcontext for altering perceived umbre intervals. Musical pitch studies have found tonalcontext significantly alters the perceived similarities bebween tones35 and between
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chords27. Whether or not timbre intervals are similarly context-dependent is an
empirical issue, but the influence of consonantal context on vowels in speech suggest
that at least vowel-like timbres might be in-fluenced by context.

A second issue is whether timbres are perceived categorically, or whether it is
possible to effect perceptually continuous transformaUons in timbre space. The
categorical nature of pitch intervalJudgments has been documented, for example, by
Burns and Ward36, see their paper, however, for variuos qualifications), and Greysz
found discontinuities in the identificatlon of timbres varying along a continuum. If
categorical boundaries do, indeed, exist in timbre space, this may interfere with the
perception of irrvariances under transformatlon.

A third issue concerns di-fferences between slmultaneous and successive
combinatlons. Theorefical and empirical analyses of pitch have found it useful to
distinguish between melodic and harmonic processes. Similarly, the effects of
simultaneous combinations of timbres might be quite different from successive
combinations. McAdams3s demonstrated amplitude and frequency modulation are
powerful factors goveming fu sion of simultaneous combinations, whereas very different
principles may govem successlve combinations.

The final issue is the relative importance of the different dimensions of musical
sound. Can timbre be used only to hightght other aspects of musical structure, such as
melody and rhythm? Or should it be considered to have an organization function in its
own right? Van Noorden3e and Wessells have shown timbral differences can produce
stream segregafion. suggesting that timbre has strong organizafional effects
independent of other dimensions of musical sound. The potential for timbre to influence
perceived musical structure on a larger scale has, to my knowledge, not been evaluated.
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