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ABSTRACT

Music performance providesarich domain for studyof both cognitiveandmotor
skills. Empirical reseach in music performane is sunmarized, with paticular
emptags on factors tha cortribute to the formaion of conceptual interpreta-
tions, retrievd from memory of musicd structures, and transformation into
appopriate motor adions.For example, structurd andemdional factors that
cortributeto peformers conceptual interpretations are corsidered. Regach
on the planring of musicd sequences for producton is reviewed, including
hierarchicd andassodative retrieval influences, style-spedfi ¢ syrtactic influ-
enes andcorstrantsontherangeof planning. Thefinemotor control eviderced
in musc pefformanceis discussed in termsof internal timekegpermodds, motor
programs andkinemdic modds. The perceptual corseqierces of musc per-
formance arehighlighted, induding the sucesful comnunication of interpre-
tations, relution of structurd amhguities and concadarce with listenes
expedations. Paallels with other domains sugport the corclusion that musc

performanceis notuniquein its underlying cagnitive medanisms.
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INTRODUCTION

Music performanceprovidesa rich domainfor study of both cognitive and
motor skills. Performersdominatemanyaspectof our musicalculturetoday.
Concertattendanceand recordingsales,for example,often reflect listeners
preferencedor performersand abilities to distingush amongperformances.
Although public consumpbn of musictendsto highlight performancaliffer-
ences,there are also strong commonaities acrossperformanceshat reflect
cognitive functions of grouping, unit identification thematic abstraction,
elaboration,and hierarchicalnesting. Thus, music performances basedon
bothindividualistic aspectthat differentiatgperformersandnormativeaspects
sharedby performersBoth the commonaliies and differencesamongmusic
performancesanbe modeledtheoreticaly in termsof generalkcognitive abili-
ties.

The majority of studiesfocuson the performanceof musical compositons
for which notatbn is available,thus providing unambiguas performance
goals. The focus has also beenon piano performancejn which pitch and
timing measurementaresimplified. Common forms of music performancen
the Westerrtonaltradition includesight-readindperformingunfamiliar music
from notation), performing well-learned(prepared)music from memory or
from notation,improvising, andplaying by ear(performingmusic from aural
presentation)Correlationsamongtheseabilities tend to be high and to in-
creasewith training (McPherson1995, Nuki 1984), althoughsome studies
show differencesin abilities acrossperformers.For instance,accompanists
perform bettethan soloiss onsome sight-reading tasks (Lehmann & Ericsson
1993). Although thereare few studies of long-termchangesn performance
ability, diary and interview studiessuggestthat differencesin performance
levels acrossindividuals are largely a function of experienceand practice
(Ericssoret al 1993Slobodaet al1996).

Psychologtal studiesof music performanceaim to developtheoriesof
performancenechanismgwhat cognitive or motor constraintanfluenceper
formance) A secondaim is to explainthe treatmenbf structuralambiguites
(in what contextsdo ambiguities arise,what kinds of choicesdo performers
make).A third aim is to understandelationshps betweenperformanceand
perception(how are listenersinfluencedby performanceaspects)During a
performancemuskal structuresandunits areretrievedfrom memoryaccord
ing to the performels conceptualinterpretation,and are then preparedfor
productionand transformednto appropriatemovenents.The following sec
tions of thereview—Interpretatio, Planning,andMovement—focusn these
component®f performanceTopicsthatarecoveredelsewherancludestylis-
tic performanceconventions,expertiseand skill developnent (Ericsson&
Lehmann1996), sight-readingand improvising (Slobodal1985b),and social
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and evaluativeaspectsof performanceGabrielssonl997). This chapterre-
views onlythoseperceptuaktudieshataddress performance issues.

SerialOrderand TimingIssues

Speakingtyping, andoerforming musi@areamong thenostcomplexformsof
skilled serial action producedby humanbeings.Seminaltheoriesof motor
control (Bernstein1967, Lashley1951) often use music performanceas the
ultimate exampleof human motoskill. Basedon capacitiesuchasthetrilli ng
speedof concertpianists(on the order of 16 notes/s),Lashley(1951) sug
gestedthat successiveelements ofthis kind of activity mustbe centrally
linked; a centrallycontrolledmechanisndeterminesnovemens in a predeter
minedorder.This open-loop(motor program)theoryis basedon two typesof
evidence:Thereis little time for feedbackto affect the plannirg of the next
movement(Keele 1968),and someskills canbe performedin the absencef
kinesthetideedback (Keele &ummersl976,Lashley 1951).

The control of complex,temporaly structuredbehaviorssuch as speech
productionor musicperformanceembodieswo problems:the serialorderof
sequencelementsandtheir relative timing. The serial order problemarises
from the fact that chain-like organizatiorof behavioris inadequateo explain
certain serial order effectsin sequenceperceptionand production. For in-
stance strong constraintson the order of words within phrasesand of pho-
nemeswithin words must be met for speechto be acceptableMusical and
linguistic sequenceshat are well-formed in their serial order, however,are
often not understandableinlessadditional constraintshold on the relative
timing of the individual sequence elements. Music performed witlamaurate
temporal cortrol is conddered deficient becawse it lacks the property of
rhythm, in which the timing of elementds influencedby the timing of other
(adjacenandnonadjacentglements (Vorber§ Hambuchl978).Thedomain
of music performancaes ideal for developingmodelsof timing mechanisms
becausét offerstheoreticalconsensusn the natureof the temporalrelation
shipsthatmustbe presenfor a sequencéo be consideredccurateQuestions
of serial order, relative timing, and how rhythm (temporalpatterning)con
strainsthe planningand productiorf musicalsequenceareaddressebtelow.

Methodological Issues

Severalmethodologral issues influence the interpretatiofresearctin music
performance First, the wealth of datafrom a single performance(roughly
3000piecesof information in onesecondof digital audiosoundrecordecat a
low samplihg rate) resultsin problemsof separatingsignal from noise.Carl
Seashorg1936, 1938), one of the first to conductpsychologcal studiesof
music performancegdevelopeda pianocamerasystemto recordonly gestural
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(movement-basedjatafrom hammerand foot-pedalmovementsgreatly re-
ducingthe amountof datanecessaryo captureessentiaperformancespects.
Currentcomputermusictechnologyrelies heavily on movemertbasednfor-
mation and recordsonly eventonsets,offsets, and their relative intensites
from electronic-or computer-monored musicainstruments

Despitethe reductionof information problemswith separatingthe sig-
nal—performancexpression—from randomnoisefluctuationsremain. Per
formanceexpressiorrefersto the largeand small variationsin timing, inten
sity or dynamicstimbre,andpitch thatform the microstructureof a perform
ance and differentiate it from another performance of the same music.
Musicianscanreplicatetheir expressivepatternsof timing anddynamicsfor a
givenmusicalpiecewith high precision(Gabrielssorl987aHendersori936,
Seashore 938, Shaffer& Todd 1987),and attemps to play without expres
sion significanty dampenthesepatternsbut do not removethem altogether
(Bengtsson& Gabrielssonl983, Palmer1989, Seashorel938), which sug
gests that some variations areentional. Expression isftenanalyzedaccord
ing to the deviationof performedeventsfrom their fixed or regularvaluesas
notatedin amusicalscore(Gabrielssorl987a,HG Seashord936).However,
performancecan be expressivewithout referenceto a score(asin musical
improvisaton). Expressioncan also be analyzedrelative to the performance
itself; for instance expressiorwithin a unit suchasa phraseis the patternof
deviationsof its partswith respecto the unit itself (Desain& Honing 1991).
Consequertly, measurements of performane expresson sametimes differ
across studiesyhich makescomparisonsglifficult.

A seond methodological problem is determining which performances
shouldbe consideredepresentativegiven the large variationsthat canoccur
amongcompetentperformance®f the samemusic. Thereare few objective
criteriafor performancesuccessmostexperimentersptfor arecognizedevel
of performerexpertise Large samplesof famousperformersare hardto find,
however,and exploratory(nonexperimentalinethodsor casestudy methods
areoftenused.A similar representativenegsoblemarisesin choiceof musk
cal stimui. Becauseof complexityissuesexperimentersften usesimplified
or reducedmusical compositons. For thesereasonsthe domain of music
performanceeliesheavily on convergingevidencefrom both smallandlarge
samplestudiesconductedwith different musicaktimuli.

INTERPRETATION

Music performancas often viewed as part of a systemof commuricationin
which composersodemusicalideasin notation performersrecodefrom the
notationto acousticakignal,andlistenersrecodefrom the acousticakignalto
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ideas(Kendall & Carterettel990). Eachperformerhasintentionsto convey;
the communicatie contentin music performanceincludesthe performers
conceptuainterpretatbn of the musicalcomposiion. Westerntonalmusichas
developed anotatin that representpitch andduration information fairly
explicitly but intensity and tone quality only approximately.Other relatiorn
ships,suchasgroupboundariesmetricallevelshigherthanthe measureand
patternsof motion, tension,and relaxationare unspecifiedor only implicitly
specifiedin notation. Thus,ambiguitesin musicalnotationallow a performer
considerabldreedomin decidinghow to interpretthe musics content.Inter-
pretationrefers toperformersindividualistic modelingof a piece according
theirownideasor musical intentionsDifferencedn interpretatin canaccount
for why the samemusicalscoreis performeddifferently by differentperform
ersor why the sameperformermay perform a piecedifferently on separate
occasions.

As in other art forms, thereis no single ideal interpretatbn for a given
musical piecegvery performanceinvolves somekind of interpretationor
analysis(Cone 1968, Levy 1995, Meyer 1973). The field of music analysis
offers various explanationsfor the contentof a given composiion. For in-
stancega piececanbe viewedasa hierarchyof part/wholerelationshipsasa
linear coursethat follows the harmonictension or asa seriesof moodsthat
resultin aunity of character (Sundii984).However,musicanalysisdoes not
indicatehow a performeractually producesa desiredinterpretation(Dunsby
1989). One goal of interpretationis to convey the meaningof the music.
Definitions of musical meaningabound,but several theoristdefine it as
havingmajor componentthat relatdgo structure, emotiomndphysicalmove
ment(Gabrielssorl1982,Meyer 1956),which contributeto performers inter-
pretations.

One function of interpretatio is to highlight particularstructuralcontent
(Clarke 1987). Someexperimentalwork evaluateshe effects of individual
performers structuralinterpretatios on performanceexpressionNakamura
(1987) comparednuscians performancesf a baroquesonatawith their
notatedinterpretatios of musicaldynamcs (patternsof intensity changes).
Performers notatedintentions generally correspondedo changesin sound
level. Listeners$ perceiveddynamicsmatchedperformers intendeddynamics
fairly well, evenwhen underlyingacousticchangeswere not identifiable.
Palmer(1989) comparedpianist$ notatedinterpretationsof phrasestructure
and melody with expressivetiming patterns.Onsetsof the melodic voice
precededthervoice onsetsin notatedsimultaneiies (termedmelody leads),
and slowing in tempowas greatestat phraseboundaries Expressivetiming
patternsdecrease@vhenpianistsattemptedo play without interpretationand
thesepatternsincreasedn exaggeratednterpretatios, similar to other find-
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ings of moduktionsin expressivdevel (Kendall & Carterettel 990,Seashore
1938). Furtherstudiesindicatedthat the expressiveiming patternsincreased
from novicesto experts,ncreasedluring practiceof an unfamiliar piece,and
changedacrossdifferent interpretationof the samepiece performedby the
same pianistPalmer 1988).

Interpretationof structuralcontentaffect both the expressivamarking of
individual eventsandthe likelihood thateventswill be correctlyretrievedand
produced.Error analyses(basedon comparisonwith the notatedscore) of
piano performanceswith different phrasestructureinterpretatios indicated
thatpitch deletiors tendedo occurwithin phraseandperseverationatphrase
boundarieswhich suggestghat interpretationsstrengthermphraseboundaries
relative to otherlocations(Palmer1992). Thesefindings were replicatedin
later experimentsyhich alsoindicatedthat melodicinterpretatios increased
thelikelihoodthatmelodic eventswerecorrectlyretrievedandproducedela
tive to nonmeldlic eventgPalmer & varde Sande 1993,995).

Anotherfunction of interpretationis to highlight particularemotionalcon
tentof the musicAn extreme viewholdsthat the structure ghusic is isomor
phic to the structureof moodsor feelings;music shouldsoundtheway moods
feel (Langer1953). Gabrielsson(1995) comparedperformers interpretatons
of emotionalcontentwith their use of expressionFlute andviolin perform
ancesof the samemusic interpretedwith differentemotionalcharactersndi-
catedgeneralpatternsof changein expressionPerformance®f happyand
angry emotionswere played with fastertempo and larger dynamic range,
whereas sofandsad emotins were performed witslowertempoand smaller
dynamicrange.Toneonsetsvereabruptin theangryversionandmoregradual
in the sadversion.Relatedpatternsof performancesxpressiorwerefoundin
violin performance®f a Beethoverthemewith tenderor aggressiventerpre
tations (Askenfelt 1986). Later experiments replictedepatternsandmost
of the emotioncategoriesvere accuratelyconveyedto listeners(Gabrielsson
& Juslin 1996).The emotinal contentof music has also beenexamined
recentlyin terms of narrative,with emphasison dramatic characterization,
thematiccontentandconception®f large-scalestructuregSchmalfeldt1 985,
Shafferl995).

Musicalexperiencenhancesoth performers useof expressiorio empha
sizeinterpretationsndlisteners ability to identify interpretationandexpres
siveaspect®f performancgGeringer& Madsenl987,Johnsorll996,Palmer
1988, Slobodal985a).Listenerswithout musical experiencelo pick up some
interpretiveaspectsNonmuscianlistenerswvere able taliscern general differ
encesamongmechanica(inexpressive)expressiveandexaggeratetevelsof
performanceasaccuratelyas musican listeners(Kendall & Carterettel990).
Someevidencesuggestshattype of musical experiencanatters:All musician
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listenerswereinfluencedby expressiveaiming cueswhenaskedto choosethe
intendedphrasestructurein pianoperformancesyut only listenerswith piano
training were influenced by expressive timing cues (melodyleads)when
choosingamongmelodyinterpretatbns(Palmer 1988, 1996b). Althoughese
studiesaddresghe sufficiency of expressivefeaturesto convey performers
interpretationsthey do not addressiow necessaryhey are (seesectionbelow
on Perceptiof Performanc&xpression).

PLANNING

Planningandmemoryretrievalprocesses music performanceeflect multi-
dimensiorl relationshpsamong melodic, harmonianddiatonicelements. In
Westerntonal music,individual pitches,chords,andkeysare positedascort
ceptuallydistinct units of knowledge thatreflectlevelsof melodic,harmonic,
and diatonic structure,respectively.Somecomposiional structuressuchas
homophont music, emphasizeacross-voicgchordal) associationshetween
melody and accompanimentwhereasothers,such as polyphont structure,
emphasizeawithin-voice (single-nok) associationamongmultiple important
voices.Analysesof piano performancesndicatedthat chord errorsoccurred
more often in homophoic styles and that single-noteerrors occurredmore
often in polyphonic styles, which suggeststhat the relevantmusical units
changeacrosdifferentmusical context§Palmer& vande Sandel993,1995).
Knowledgeof diatonicandharmonicstructurenfluencesperformanceaswell.
Mistakeswere more likely to originatefrom the key of the piecethan from
anotherkey andto be of the samechordtype aswhatwasintended(Palmer&
vande Sandel993).Child singers pitch errorsverealsolikely to beharmont
cally relatedto intendedevents(Moore 1994), and pianist$ errors during
sight-readingof piecesin which deliberatepitch alterationshad beenplaced
indicatedtacit knowledgeof likely melodicandharmonicrelationslips (Slo-
boda 1976).

Theoriesof skilled performanceftenassumehat peoplepreparecomplex
sequence$or production by partitioning theminto shortersubsequence&f
van Galen& Wing 1984). Phrasestructureis one featurethatinfluencesthe
partitioning of musical sequencegvidencefrom performancetiming and
errors suggestghat musical sequencesre partitiored during planninginto
phrasesegment¢Palmer& vande Sandel995).Errorsthatreplacedntended
pitchesin piano performancesvere more likely to originatefrom the same
phraseastheintendedeventthanfrom different phrasesinteractingelements
rarely crossedphraseboundariessimilar to findingsin speecterrors(Garcia-
Albeaetal 1989,Garrett1980).Segmentatiowduring performancelanningis
alsoinfluencedby relationshps amongmusicalaccentstructuresAdult pian
ists and childrers abilitiesto reproducenelodieswereincreasinglydisrupted
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the more that melodic, metrical, and rhythmic groupingaccentswere shifted
out of alignmentin theperformed tune@rake et al 1991).

Both structuralrelationsand the serial distancebetweensequencevents
influencethe rangeover which performerscan plan, presumablybecauseof
limitationson memorycapacity Supportingevidence iseen ireye-hand span
tasks,in which pianistsreproducedriefly presentednusicalsequencesrhe
meaneye-handspanwas7-8 eventsheyondthelocationat which the notation
disappearedindit tendedto extendonly to phraseboundariegSlobodal 974,
1977).However,eye-handspanmeasuresnay reflect effectsof bothmemory
capacityand anticipatoryeye movementsRangeof planningin memorized
pianoperformancegwith nonotaton) wasaffectedoy bothserialdistanceand
structuralrelationsamongsequencelementgPalmer& vande Sandel995).
Errorsandtiming measuredicatedthatthe plannirg of currentelementavas
affectedby elementghat spannedargerserialdistancesn the absenceather
thanin the presencef interveningphraseboundariessimilar to interactionsof
distanceandstructuralconstrains in languageproduction(Garcia-Albeaet al
1989).Thesefindings suggestwo possibé invariantsin the plannirg of com
plex serialbehaviorsin manydomains:the co-occurrenceluring plannirg of
elementghatsharestructuralfeaturesandconstraintof structuralboundaries
on serialdistance®ver whichelementsareconcurrentlyplanned.

Syntaxof MusicalStructure

The performancef musicis alsoconstrainedy style-specificsyntacticprop-
ertiesthat transcend indidualinterpretatons. Manytheories of Westertonal
musichavemeterandgroupingastheir primary syntacticelement{Cooper&
Meyer 1960, Lerdahl & Jackendoffl983). Meter refersto periodicfeatures:
theregularalternationof strongandweakbeats Positionsof metricalaccents
form hierarchicallevels,with differentperiodicitiesrepresentedt eachlevel.
Meter providesa temporalframeworkin performancdor whento do what,as
supportedy evidenceahatonly those rhythnt patterns that cameaccomme
datedto a metricalframeworkarecorrectlyreproduceqPovel1981,Povel &
Essensl985), and the samedurationpatternis performedwith different ex-
pressivetiming when placedin different metrical contextqClarke 1985).
Groupingrefersto the segmentatio of a sequencénto smallersubsequences
thatalso formhierarchical leveldyased largelyn pitch relationshipgLerdahl
& Jackendoffl983).Somemetricalandgroupinglevelsaremoresalientthan
others.Tactusrefersto the most salientperiodicity or metrical level, which
correspondgo the rate at which one might tap a foot to the music (Fraisse
1982),andphrasesrethoughtto be the mostsalientlevel of groupingstruc
ture. Eventsat the mostsalientlevelsare commony emphasizedh perform
ance(cf Repp1992b,Todd 1985) and may be mostpreciselyor consisterly
produced angerceived (see sectitmelow onTimekeeper Models).
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Probablythe mostwidespreadstructuralcharacteristiof Westernmusicis
its hierarchicalnature;both pitch and rhythm structuresare representedn a
seriesof levels,betweenwhich relationship of reductionor elaboratioroper
ate(cf Clarke1988,Lerdahl& Jackendoffl983,Schenked 969).Forinstance,
Schenkes (1969)musictheoryviewsthe melodic andharmonicorganization
of amusicalpieceasa seriesof progressivelymorecomplexelaboration®f a
simplefoundation the backgroundfrom which the surfacdevel or foreground
(the note-to-noteaspect®of the musicalscore)is generatedT hesehierarchical
levelsnot only embodymusic-theoret principlesbut alsohaveimplications
for perceptual andognitive processesuchasthe predictionthatmoreimpor-
tant eventsare processedt deeperevels and thus memoryshouldbe facili-
tated for thosevents.

Improvisationtaskshavebeenusedto addressierarchicaimplicationsfor
music performance Pianist$ improvisatbns on a musical themetendedto
retainfrom the themeonly structurallyimportanteventsfrom abstractierar
chicallevelsof reduction(Largeet al 1995).A neuralnetworkmodeltrained
to producereducednemoryrepresentationsepresentedtructurallyimportant
eventsmoreefficiently thanothers by accountingor the musicalreductionin
termsof a recursive auto-associativeechanismThe networls weightings of
relativeimportancecorrespondeevith boththe musicaleventsretainedacross
improvisatons andhepredictions oktructural importanciom areductionst
musictheory(Lerdahl & Jackendoff983), which suggests that reductioay
be a naturatonsequence of hierarchical encodinfmusicalstructurelLarge
etal 1995).Schmuckle(1990)usedanimprovisationtaskto testperformers
expectancies for whiockventswvould follow in open-endednusical fragments.
Performersimprovised continuatins reflected influencesf boththe contents
of the mustal fragments anthe abstract tonal amdetricalhierarchiegypical
of Westernmusic (Krumhansl& Kessler1982,Lerdahl& Jackendoffl983).
Otherstudiesindicateda correspondencbetweenthe eventsmostoften pro-
ducedin improvisationsand listeners ratingsof how highly expectedhose
eventswere(Schmucklerl989). Thesefindings suggesthatmusicperception
andperformancerebothinfluencedby the hierarchicalpropertiesof musical
styles.

Structure-ExpressioRelationships

Many findings haveestablished causalrelationshipbetweenmusicalstruc
ture and patternsof performancesxpressior(Clarke 1988,Palmer1989, Slo-
boda1983).0Oneof the mostwell-documengdrelationshpsis the marking of
group boundariesespeciallyphraseswith decreases tempoand dynamics
(Hendersonl1936). Patternsof rubato (tempo moduktions) often indicate a
hierarchyof phraseswith amountof slowing at a boundaryreflecting the
depth of embedding(Shaffer& Todd 1987; Todd 1985, 1989). The more
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importantthe musical segmentpasedon a hierarchicalanalysisof meterand
groupingprinciples(Lerdahl& Jackendoffl983),the greaterthe phrase-final
lengthening.The greatesicorrespondencbetweenexpressivaiming andin-
tensityin performances found atanintermedatephrasdevel (Palmerl1996a,
Todd1992),andperformers notatedandsoundednterpretationgendto differ
mostat leveldowerthan thephrase (Palmer 198Repp1992b).

Metrical structurealsoinfluences performanaxpression. Metrical accents
(eventsalignedwith strongbeatsasimplied by notatedmetricalinformation)
are often emphasizedy lengtheneddurationsand delayedonsetsin piano
performance(Henderson1936) and in vocal performance(Palmer& Kelly
1992).Pianistspresentedvith the samemelodiesin differentnotatedmetrical
contextsplayedeventsalignedwith metricalaccentdouder,with longerdura
tions, and with more legato (smooth) articulatin (Sloboda 1983,1985a).
Listeners’ subsequert judgments of mete for the differert performances
alignedwith performers metricalintentions most often for the most expert
ernced pianists’ performances (whose expressve makings of mete were
clearer) (Sloboda 1983). When the different expressive cues were inde-
pendently manipulated in computer-generated simulations, listeners most
often chosethe intendedmeter primarily on the basisof articulaton cues.
Loudnessuesalonecommuncatedmeteralso,buttheywerenotpresenin all
performanceg¢Slobodal985a).In all, thesefindings suggesthatthereis no
one sebf necessary and sufficieexpressiveeues tadenote meter.

Oneof thefirst typesof musicalstructurefor which systemat: patternsof
performanceexpressiornwere documengd is the duration patternsthat form
characteristichythms (Bengtsson& Gabrielsson1977). An exampleis the
Viennesewaltz (basedn arepeatingpatternof threeequal-duratioreatswith
ametricalaccenton thefirst beat),typically performedwith a shortfirst beat
and a long secondbeat (Askenfelt 1986, Bengtsen & Gabrielsson1977).
Gabrielsson(1974) documengd systemdt deviatians in the note durations
and ampliides ofpianists and percussioni® performances ofepeating
rhythmic patternsto a metronome tempo;thefirst note of eachmeasurevas
louder, and notated duration ratio relationshig were increased. Listeners
ratingsof similarity amongtheseperformedrhythms(Gabrielssorl973a)and
performance®f polyphoric (multivoiced)rhythms(Gabrielssorl973b)sug
gestedthat the expressiveaiming patternscan be groupedaccordingto three
factors:structure,motion, andemotion Structureincludedmeter,accentpat
tern, andsimplicity (of durationratios).Motion included rapidity{sound event
density),tempo,and forward movement Emotion includedvitality, excited
ness,and playfulness(Gabrielssorl982). Factoranalysesf the timing pro-
files from pianoperformancesf a Mozartsonatareplicatedsomeof the same
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structure-expressiorelationstips found with the simpler rhythm patterns,n
which othertypesof musicalstructurewere not preser{Gabrielssori987a).

The mapping betweenstructureand expressionis modulatedby several
factors,howeverjncludingthemusicalcontext.Drake& Palmer(1993)exam
ined whetheraccentsassociatedvith different musicalstructuresaffect per
formanceexpressiorindependentlyor interactively. Threetypesof structure
weresystematicajl combinedin melodiespresentedo pianists:meter,rhyth-
mic grouping,and melodic accentg(pitch jumps and contourchanges)Per
formanceexpressiorcorrespondingo rhythmic groupingandmeterremained
the samewhenthosetwo structureswere presentedseparatelyor combined,
andthey remainedthe samewhenthe two structurescoincidedor conflicted
(Drake & Palmer1993). Expressionassociatedwith melodc accents and
sometines metricalaccentshowever,wasalteredby the presencer absence
of otheraccents. Theséndings suggestagain thatthe mapping between
particular musical structuresnd performanceexpression isot consistent
across contexts.

Performanceexpressioralsoservesto differentiateamongsimutaneously
occurringvoicesin multivoiced music. Voices can be distinguishedby their
intensity or timing. Early analysesof Duo-art (player piano) rolls indicated
that pianists played tones comprisirg the melodic voice soonerthan other
tonesnotatedassimultaneougVernon1936).Recordingf wind, string,and
recorderensembleglsoindicatedasynchroniesmongthe voicesfor notated
simultaneitieswith a spreadof 30-50ms anda smallrelativelead (7 ms) of
theinstrunentleadingthe ensemblgRasch1979). The amountof spreadvas
larger for instrumestwhose riséattack) timewas longerwhich suggests that
musiciansmay adjustthe asynchronieso establi& appropriateiming of per
ceptualonsets Measurementsf both acousticand electronicpiano perform
ancesindicateda 20-50 ms lead of the melody over other voices (Palmer
1989,1996b),longerthanthe 20 msneededor listenergo determingheorder
of two isolatedtone onsets(Hirsh 1959). As interpretationsof the melodic
voice changedacrossperformancesthe voice that precededother notated
simultaneitieschangedaccordingly(Palmer1996b).Melody leadsmay serve
to separatevoicesperceptually Experimens with simpletonesequencemdi-
catethattonesthataretemporallyoffsettendto be perceivedasbelongng to
separate streani{Bregman &Pinker 1978).

Do performersusea syntaxor formal setof rulesto generateexpression?
Accordingto the view that musicalstructureis relatedto performancexpres
sionin termsof explicit generativeprinciples,systemat: patternsof expres
sion resultfrom transformatios of the performets internalrepresentatiomf
musical structure(Clarke 1993, 1995). Threetypes of evidencesupportthe
view thatstructuresystematicail generategxpressionthe ability to replicate
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the sameexpressivdiming profile with very smallvariability acrossperform
anceqcf Hendersor1936,Seashord 938),the ability to changeaninterpreta
tion of a pieceand producedifferent expressiorwith little practice(Palmer
1989, 1996b), and the ability to perform unfamiliar music from notation (sight-
read)with appropriateexpressior{Palmer 1988Shaffer1981,Slobodal983).

Structure-expressiorelationshipshave beenformalizedin computatbnal
modelsthat apply rules to input structural descriptims of musical scores
(Sundberget al 1983a,b).In one model, three types of rules affect event
durations,ntensties, pitch tunings,andvibrato. Differentiationrulesenhance
differencesamongcategoriesgroupingrules segmenthe music,and enserm
ble rules coordinatemultiple voicesor parts(Sundberget al 1991). Another
computatimal model of performanceexpressiorformalizesthe inner pulses
(reflectingindividuality andviewpoin)) of individual nineteenth-centurgom
posergClynes1986);pulsedefinedat differentlevelsof musicalstructureare
appliedsimilarly to all piecesby a given composelto generateperformance
expression(Clynes 1977, 1983). Perceptuajudgmentsof model-generated
simulations (Clynesl995,Repp 1989Thompson1989, Thompsoretal 1989)
andcomparisonsvith live performancexpressior{Repp1990)providesome
supportfor thesemodels,but they indicatein generalthat piece-specifidac-
tors contributeto performanceexpressioras much asthe piece-transcendent
factors captured bghe modelsrules.

The view that musical structure generatesexpressionalso predicts that
performersshouldfind it moredifficult to imitatea performancehatcontains
anarbitraryrelationshipbetweerexpressiorandstructurethana conventional
one.In fact, pianistsmostaccuratelyimitated a performancehat containeda
conventionarelationshipbetweenphrasestructureandphrase-finalengthen
ing, but they could also reproducesynthesizedversionsthat containeddis-
torted structure-expressiorelationshipgClarke 1993, Clarke & Baker-Short
1987).Reproducitdn accuracy worsenedith increasinglydisruptedstructure-
expressiorrelationshps, althoughaccuracyimprovedover repeatedattempts
evenfor the mostdistortedtiming patternsListeners ratingsof the quality of
the performancesiecreaseds the structure-expressiorelationshipbecame
moredisrupted Clarke1993).Evidencethatperformersanimitateexpressive
timing patternsthat have an arbitrary relationshipto the musical structure
suggestghat performanceexpressioris not generatedsolely from structural
relationshipgClarke 1993).

Perception of Performancdexpression

What perceptuafunctionsdo expressiveaspectof performanceserve?Per
formanceexpressioncan communcate particularinterpretationsand resolve
structuralambiguties, as suggestedy the studiesreviewedabove.Perform
ance expression may also function to compensate for perceptual constraints
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of the auditory system. According to a bottom-up argument based on psy-

choacoustic mechanismsmusiciansplay someeventslouder or longer be-

causethey are heardas softer or shorterotherwise(Drake 1993). Listeners
showeddecreasedietectionaccuracyfor experimentayf lengthenedevents
placedright beforealong durationin simplerhythmic patterngDrake 1993),
the samelocationsat which performerstendedto lengtheneventsin richer
musical context§Drake& Palmerl993,Palmerl996a).Similarfindings have
beennotedfor intensty changesUnder instructons to play melodic tones
with equal intensitypianistssystematicajl intensfied the secondoneof each
groupof four tones(Kurakataet al 1993),contraryto predictionsof metrical
accentuatioron the first tone of eachgroup. Perceptuatatingsof the same
sequencefdicatedthat the tonesin original performancesaswell assimu

latedequal-intensityersionswerejudgedto haveequalintensites,compared
with simulaed versionsof randomizedor alteredintensties (Kurakataet al

1993).Theseinitial findingssuggesthatperceptuasensitiviy to temporaland
intensitychangess moduhted by structuraspect®f musicalsequencesnd
performance expressionay compensat®r thosemoduktions.

The compensatorypsychoacoust explanationof performancesxpression
can be contrastedwith a top-downexplanationthat musical structureelicits
expectationwia listeners$ internalrepresentatioof structure-expressiomles
(Repp1992c).Listeners detectionof a single lengthenedeventin an other
wise temporally uniform (computer-generated) performance indicatttht
lengtheningwas more difficult to detectin placeswhereit was expectedo
occur (at endsof structuralunits, strong metrical positions, and points of
harmonictensior) (Repp 1992c). Furthermore Jistener$ detectionaccuracy
(percentcorrectpereventlocation)for lengthenedventswasinverselycorre
lated with a performets naturaluse of expressiveengtheningin the same
musical piece. Detection accuracyalso correlatedwith bottomup acoustic
propertiesof musical stimuli, including intensity and tone density charae
teristicsinherentin the musical score.Thesefindings were takento reflect
both top-down and bottomup influenceson the perceptionof performance
expressionRepp 1992c). Furtherexperimentgeplicatedthe detectionfind-
ingsfor lengtheningandextendedhedetectiorparadignto intensty changes
(Repp 1995a). Although bottom-up and top-downexplanatims cannotbe
completelyseparatedhefindings suggest that the structure given imasical
compositon hasinherentrelational propertiesthat constrainboth perception
and performanceratherthan perceptionsimply constrainng performanceor
vice versa (Repf995a;see also Jond987).

Psychologtal testsof music-theoreticmodelsof musicalexpectancyand
tension-relaxatiompoint to a similar explanationof the influenceof composi
tional structure in perception apdrformanceNarmours (1990,1996)model
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of melodic expectancypredictswhich eventsare most likely to occurin a
given musical context. The more expectedeventsare thosethat matchtheir
preceding contextu@nplications. Lerdahs (1996) model predicts patterns of
tonal tension antelaxationthat arisérom harmonicrelationshpsacrosdarge
musicalsections Both musictheoriesare basedon a combinaton of bottom-
up (hard-wired)andtop-down(acquired)processeshataccountfor listeners
expectationsPerceptuaexperimentsuggesthatlistenerscanapprehendhe
music-theoretig@redictionsof melodicexpectancie$Cuddy & Lunney 1995,
Krumhansl1995)andtensionrelaxation(Krumhansl1996)from just the cate
gorical scoreinformation presentedn computer-generate(expressionless)
performancesComparison®f the music-theoreti predictionswith pianoper
formanceindicate that expressivecuesemphasizeanelodic expectanciesand
tension-relaxatiofPalmerl996a) Unexpectecventsvereplayedlouderthan
expectedevents,and eventswith highertensionwere performedwith longer
durations.Thesefindings suggestthat performers and listeners interpreta
tions of certainstructuralrelationshifg are constrainedn similar waysby the
musicalcompositon.

MOVEMENT

After musicalstructuresand units areretrievedfrom memoryaccordingto a
performets conceptualinterpretatio, they mustbe transformethto appropri
ate movements.Movement plays many roles in theoriesof music and its
performancefor example,musicalrhythm is often definedrelativeto body
movement(Fraisse1982, Gabrielsson1982). Different views exist on the
causalrelationslips betweenmusical rhythm and movementin performance.
Forinstancemovenentcangeneratehythmandtiming, or rhythmandtiming
cangeneratenovemen{Clarke 1997)Thesetwo viewsareconsideredelow.

TimekeperModels

Movementgeneratingiming is themotorcontrolview: Structural informatin
(suchasasequencs rhythm) maybetheinputto a motorsystemwhich then
produces somkind of temporaly structurecbehavior perhaps witlthe useof
internal clocks or timekeepersinternal clocks were proposedio accountfor
behaviorssuch as the anticipaton and coordinationof gesturesor acts,e.qg.
accompanyingnusicalsoundswith tapping.Accompaninent reflectsa syn
chronizationbetweenperceptionand productionthat requiresthe anticipaton
of upcomingevents.In music performance motor systemsare thought to
constructthe information for upcomingmovementson the basisof internal
clocks,which act astimekeepersy controlling the time scaleof movement
trajectories(Shaffer1981). A clock constructsbeatsat an abstractievel that
providetemporalreferencepointsfor future movementsThe primary role of
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an internal clock is to regulateand coordinatecomplextime seriessuchas
thoseproduced between handsbetweerperformers.

Evidenceto supportclock modelscomesmainly from reproductiontasks,
in whichsubjectshear and thereproduce musicahythnms by tappingPeople
aremore accurateat reproducingmusicalrhythmswhoseinteronsetintervals
arebasedn 1:1or 2:1 ratios than on other ratios (Ess&nBovel 1985, Povel
1981). Both musiciansand nonmuscians reproduceduration patternsmost
accuratelywhenthe durationsarerelatedin integerratio relationshps (Essens
1986). Early modelsof the temporalcontrol of rhythmic sequencepositeda
single clock (Essens& Povel 1985, Povel & Essensl985), whereasothers
contrastednultiple timekeepergVorberg& Hambuchl1984;for areview,see
Jonesl990).Becauseeproductiontaskscombineperceptuabndmotor proc
essessomemodelsof reproductiontiming attribuie internal timekeepingto
perceptualencoding(Povel & Essensl1985), whereasothersattribute it to
productionmechanisra (Vorberg &Hambuch 1978).

At what hierarchicallevel of musicaltime doesan internalclock operate?
Most clock modelsexert their influence at the level of the tactus,or most
salientmetricallevel in a musicalsequencg¢Essens& Povel 1985, Parncutt
1994). Evidencefrom sometaskssuggestghat 600 ms may be the preferred
paceof the tactus:Peoplemostoften generatédeatpatternsaround600 msin
spontaneoushythmic tappingtasks(Fraissel982),the typical interstepinter-
val foundin neutralwalking is 540ms (Fraissel982,Nilsson& Thorstensson
1989),andlistenersmostoftenusemotion termgo describe rhythmipatterns
whoseinterbeatintervalscenteraround650 ms (Sundberget al 1993). Most
internal clock models applied to music performanceproducetime periods
greaterthanor lessthanthe primarytiming level by concatenatingr dividing
beatperiods,ratherthan by positing additional clocks (Clarke 1997, Shaffer
1982).

A furtherimplication of a motor systempacedby aninternaltimekeepeor
clock is thattemporalvariancein performedeventdurationsmay be attribut
ableto the timekeepeor to the executingmotor system.Early modelsof the
timing mechanismsunderlyirg tappingbehaviorspartitioned the temporal
varianceinto lack of precisiondueto aninternaltimekeeperanddueto motor
responsealelays,basedon covarianceanalysesof the interresponseéntervals
(Wing & Kiristofferson1973a,b) Extensonsof this modelwere developedo
test hierarchicalorganizationsof timekeepersoperatingat multiple metrical
levels or beatperiodsin single rhythms(Vorberg & Hambuch1978)andin
polyrhythns (Jagacinsket al 1988).Covarianceanalyseslsoallow compari
son of whetherthe timing of eventdurationsis constructedlirectly or indi-
rectly; performeddurationsat the metricallevel directly controlled by a time-
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keepershould be less variable than the durationsof residualnestedevents
within thatlevel.

Tests of hierarchicalclock models operatingat various metrical levels,
basedon covarianceanalyseswere appliedto music performanceCompari
sonsof temporalvariancein skilled piano performancesndicatedthat time-
keepingwas mostdirectly controlled(leastvariable)at intermediatemetrical
levels of the subbeat(below the tactus),the beat,or the bar (Shaffer 1980,
Shafferet al 1985). Furthertestsof solo piano performancesndicatedthat
timing wasdirectly controlledat the beatlevel (abovethe level of individual
notes),which allowedthe two handssometemporalindependencé coordk
natingnoteeventselowthebeatlevelthatdifferedin duration(Shaffer1984).
In extensionof covarianceanalysesShaffer(1981) concludedthat separate
timekeepergontrolledthe timing of individual handsin piano performance.
Duet performancesndicatedthat eachpianists timing had highestprecision
(leastvariance)at the barlevel, which suggestfiow performeramight coordk
natein the absencef an externalconductor(Shaffer1984).Although covark
anceanalysegely on an assumptia of constantglobal tempothatis rarely
seenin music performancethesefindings suggesthat temporalprecisionin
performancas influencedby the structureof the sequence—imarticular,the
salience of théeat levebr tactus.

Performancdiming canalso exhibit stabiity at moreabstracthierarchical
levels, such as entire musical pieces.The durationsof string quartetsover
repeategerformancedy the sameperformersvere highlyconsisten{Clynes
& Walker 1986). The standarddeviation of the total piece duration (30—45
min) was about 1%, smallerthan that of individual movemens within the
piece. If onemovementwas shortenedanothercompensatedn duration,
which suggestdemporalcontrol at a level higherthan the individual move
ments.A relatedtheory predictsthat the performancetemposof successive
sectionsof music form simpe integerratios, called proportianal tempos(Ep-
stein 1995). The various periodiciies that comprisea performancedisplay
phasesynchrony particularlyat structuralboundariesLike Clynes& Walker
(1986), Epstein proposeakcillator mechanisms thatack periodicities of
tempoin performancendperceptiorandspecifyrelationshipsamongsucces
sive movement durations and tempo changes in quartized steps. Similar
mechanism$avebeenproposedn a model of rhythmic attending,basedon
internalreferentperiods(preferrecattentbnalperiodicities)thatmaybeshared
by performers anderceivers (Jones 198 However large-scale tempo meas
urementamnay reflect performers memoryfor tempo(Levitin & Cook 1996)
as well as timekeeper stability, and findings based on live performances
(Clynes& Walker 1986)arelimited by practicalconstraing suchasconcert
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hall rentalperiods.Neverthelesghesetheoriesdo suggest thad largerangeof
periodicitiesinfluences theiming of musicperformance.

Motor Progams

Another theory of temporalcontrol of performancestemsfrom motor pro-
grammingviews. A motor programcontainsrepresentationsf an intended
actionandprocessesghat translatetheseinto a movementsequencéKeele &
Summers 1976, ShafféB81). The basitlea isthata sequencef movenents
canbe coordinatedn advanceof its execution.The goal of motor program
ming is to accountfor motor equivalenceacrosscontexts,the fact that the
samesequenceanbe performedwith differentactionsandretainits fluency,
expressivity, andadaptivity One view accountsfor performers ability to
producethe samesequencén differentwayswith a singlegeneralizedchema
that takes parameterdRosenbaunet al 1986, Schmidt 1975). Changesin
global tempoacrossperformance®f the samemusicalpiecehavebeencon
ceptualizedn termsof a parametechangelf timing of musicperformancas
relationallyinvariantacrosstempochangesthena changein tempoamounts
to multiplying all eventdurationsby a constantvalue. Relationalinvariance
would supportthe existence of generalized motor program, in which a
variablerate parametemaccountsfor performers ability to producethe same
sequencet different rates.Testsof relationalinvariancefor speechtyping,
and walkinghave producedixedresults(cf Gentner 1987).

Testsof relationalinvariancein musicperformancegenerallyindicatethat
the relative durationsof note eventstendto vary acrossperformance®f the
samemusic played at different tempi by the sameperformer(Clarke 1982,
Desain& Honing 1994, MacKenzie& vanEerd1990,Repp1995b),although
in somecaseghe relativetiming patterngemainhighly similar (Repp1994).
One hypothesidor the relativetiming changesacrosstempiis that structural
interpretationdoes not remain constantacrossperformancetempo; for in-
stancethe numberof groupboundariesncreasedvith slowertempoin piano
performancesf the samemusical piece (Clarke 1982). Lack of relational
invariancesuggests failure of transferof learning;practicinga patternat a
differentratethanthe intendedperformanceate might be counterproductive.
Thesefindings also warn againstdrawing structural conclusionsbasedon
performance data averaged or normalizegss tempi

Is the perception ofusical structure invariant acrogempo changes?
Perceptualexperiments withperformedmonorhyhms (Gabrielsson 1973a)
and polyrhythms (Handel & Lawson 1983) suggestthat tempo changesdo
affectthe perceptiornof durationpatternsif performersuseexpressivaiming
to bring aboutadesiredstructural organizatiofor a particulartempo different
perceptionsnightresultfor the samerelativeexpressivaiming patternplayed
at a differenttempo.Repp(1995b)independenyl manipuatedthe amountof
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expressivdiming (incrementedn termsof a powerfunction) andthe global
tempo(incrementedn termsof total pieceduration)of performanced.isten
ers gavehigherratingsof aesthetioquality to the reducedexpressiorat fast
tempoandto the augmentedexpressiorat slow tempofor the samemusical
pieces, whiclsuggestshatlisteners preferrethe amount oéxpressive tinig
to changewith tempo (Repp 1995b). Although theseperceptualindings do
notindicatethe mechanismsontrolling performancdiming, they suggesthat
a perceptuahnaloguesxistsfor the tempoeffectson expressivaiming docu
mentedn performance.

KinematicModels

The viewthat rhythmgeneratesnovements reflectedn thenotion that music
performanceand perceptionhavetheir origins in the kinematt and dynamic
characteristicsf typical motoractions. Foexampleregularitiesobservedn a
sequence of foahovementsluringwalking orrunningaresimilar to regulari
tiesobservedn sequencesf beatsor notevalueswhenamusial performance
changes temp@ rhythmicframework may bé&ransmited fromperformers to
listenersthroughsound(Shove& Reppl995),assuggestedy computatbnal
modelsof musicperformancen which the auditory systeminteractsdirectly
with the motor system(Todd 1995). The kinematicsof movementallow a
commonorigin for performanceand perceptuaphenomenabasedon similar
kinematicpropertiesapplying acrossindividuals. Consequenyl, aesthetically
satisfying performanceshouldbe thosethat satisfy kinemaic constraintsof
biologicalmotion(Shove &Reppl1995).

Kinematic modelswerefirst appliedto the largedecelerationgn perform
ancetempothatcommony occurat the endsof piecescalledthe final ritard.
Pianists$ final ritards were modeledin two parts—avariable timing curve
followed by a systematicconstantdecreasan tempo (called linear tempo)
(Sundberg& Verrillo 1980). The “motor music” usedin the studies,which
containsa regular sequence of evenih short durations, may creaesocia
tionsfor listenerswith experiencesf physicalmotion (Kronman& Sundberg
1987).Feldmanet al (1992) modeledboth ritards and positive accelerations
that occurredthroughoutperformancesBasedon modeling fits to the timing
of a few ensembleperformancesgubic polynomal modelswere chosento
minimize thejerk or jumpinessin connecting points dempochangegritards)
to the constantempothat precededhem.Repp(1992b)modeledthe expres
sive timing of a shortmelodicgesturein piano performance®f a Schumann
piece,finding a best-fittingquadraticpolynomal. The threeparametersepre
sented gositiveconstant that correspondedoiceralltempo,a negativeinear
coefficient that correspondedo vertical and horizontal displacemenof the
parabola,and a positive quadraticcoefficientthat correspondedo degreeof
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curvature.Synthesizegerformancegor the samemelodic segmenbasedon
alteredparametervalueswere playedfor listenerswho preferredtiming pro-
files thatfit the originalparabolic function§Repp 1992a).

Although most models of motion in performanceaddresstiming, some
applyto dynamid(intensty) changes as well. Someeasurementsf perform
ancesuggesta coupling betweenexpressivetiming and dynamicsin singing
(Gjerdingen1988,Seashord 938)andpianoperformancéGabrielssori987a,
Palmer1996a),in which tempoandintensity increaseand decreaseogether
overamusicalsectionsuchasa phraseTodd (1992) proposedan underlying
kinetic energymodelfor performancexpression, invhichintensity ispropor
tional to the squareof musical velocity (humberof eventsper unit time).
Contrastig the fit of different parabolicmodelsto intensty andtiming pat
ternsin pianoperformances]odd settledon a modelwith constantaccelera
tion (linear tempo).Like Sundberg& Verrillo, Todd (1992) proposedthat
musicalexpressionnducesa percept of self-main inlisteners.

Thenotion thatperformancexpressiorhasits originsin thekinematicand
dynamicpropertiesof motor actionswasextendedn a generaframeworkof
perceptiorandperformancé€Todd 1995).A lineartempomodelequivalento
Kronman & Sundber (1987) was fit to the expressivetiming of piano
performancesegmentswhich wereidentified by changesn the sign of accet
eration.Todd (1995) proposedan auditorymodel of rhythm performanceand
perceptionpasedn atime-donain procesghatcomputes temporakegmenta
tion of onsetylow-pasdilters) and drequency-domain procefisatcomputes
aperiodicity analysis(bandpasséilters). In addition,a sensory-motofeedback
filter hastwo periodic componentsthe tactus(a filter centeredat 600 ms),
modeling beats,and body sway (a filter centeredat 5 sec),modelinglarge-
scalebody movemens. Performers body and limb movemens can specify
some aspectsof music performance as evidencedin observers ratings of
performanes based on visual informaton only from point-light dispays
(Davidson1993,1994).Todds (1995)modelrequiresfurthertestirg to elimi-
natepotentialoverfitting of data,andits identification of line segmentganbe
problematic Themodels advantages thatit is a purely bottom-upsegmenta
tion methodthat requires noinput structural markers,as are requiredby
several of th&inematicmodelsdiscusse@bove.

Argumentsagainstkinematicmodelssuggesthat physicalnotionsof en
ergycannotbeequatedvith psychologcal conceptof musical energy(Desain
& Honing 1992). An alternativeexplanationsuggestghat tempochangesn
performanceare guided by perceptualratherthan kinematic properties.For
instancelargetempochangesannotoccurtoo quickly, becausehe rhythmic
categorieghatoccurwithin the regionof tempochangewill not be perceived
intact (Desair& Honing 1992).Rhythm identificatbn anddiscriminationtests
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suggesthat categoricabistinctionsunderliethe perceptiorof rhythmic strue
ture,andperformersuseexpressivdiming to separatelurationalcategorie of
note eventsevenmorewhenthe event$ absolué durationsare convergingat
fasttempi(Clarke1985).Thus,tempochangesn performancenay operatean
a nonconthuous,stepwisefashionacrossabsolutedurationsto retainthe per
ception of intendedrhythmic categoriegdDesain& Honing 1992), which is
anotherexplanatiorfor why relationalinvariancemay not hold acrosstempo
changesAlthough this explicationis not yet fully developedjt incorporates
perceptualconstraintsand sensitivty to musical structurein explainingthe
controlof movementn musicperformance.

CONCLUDING COMMENTS

Scientificstudyof musicperformancédiaswitnessed tremendoggsowth inthe
past teryears, dugo both technologial advancesindtheoreticainterest from
the related fields of psychoacousts, biomechanicsartificial intelligence,
computemusic,musictheory,and must educationPerformancetudiesnow
draw on conceptdrom musk theory,andstructuralparallelsfrom psycholin
guisticsareoftenfruitful. Distinctionsbetweerthe psychologcal mechanisms
proposedfor music perceptionand performanceare becomingblurred. For
example,listener$ (and performer§ abilities to track the beatand recover
categoricainformation in continuousy varying performancesire now active
issuedor researchers ihoth perceptiorandperformanceMusic performance
offersawell-defineddomainin which to studybasicpsychologtal constructs
underlyingsequenceroduction,skill acquisitian, individual differencesand
emotional responsall of whichwill bethefocusof futureresearchirections.
Finally, interdisciplhary approacheso this domainare growing, in part be-
causecurrentfindings documentmusic performanceas a seeminglyunique
humanability thatis not uniquein its underlyirg cognitivemechanisrs.
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