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ABSTRACT

In this studywe reporton anexperimentin which listenerswere
asledto tapin time with expressiely performedmusic,andcom-
parethe resultsto two other experimentsusing the samestim-
uli which investigatedbeatandtempoperceptionthroughother
modalities.Many computationamodelsof beattrackingassume
thatbeatscorresponavith theonsebof musicalnoteswe consider
thehypothesighatthe beattimesarerathergivenby a curve that
is “smoother"thanthetempocurve of thenoteonsetimes,which
neverthelessanbederivedfrom theonsetiimes. Thetappingre-
sultsshov atendeny to underestimatéhetempochangeswhich
supportghe smoothinghypothesisandagreeswith listeningex-
perimentsandothertappingstudies.

1. INTRODUCTION

Tempoandbeatarewell-definedin the abstractsettingof a mu-
sical score,but not in the context of analysisof expressie mu-
sical performance.Thatis, the regular pulse,which is the basis
of rhythmic notationin commonmusicnotation,is anything but
regularwhenthetiming of performednotesis measuredThese
micro-deviations from mechanicakiming are an importantpart
of musicalexpression althoughthey remain,for the mostpart,
poorly understood.In this studywe reporton an experimentin
which listenerswereasledto tapin time with expressiely per
formedmusic,andcomparethe resultsto two otherexperiments
usingthesamestimuli whichinvesticatedbeatandtempopercep-
tion throughothermodalities.

In this paperwe definebeat to bea perceved pulseconsistingof
a setof beat times (or beats) which are approximatelyequally
spacedthroughouta musical performance. Each pulse corre-
spondswith one of the metrical levels of the musicalnotation,
whichis usuallythequartemote,eighthnote,half noteor thedot-
ted quartemnotelevel. We referto the time interval betweertwo
successie beatsat a particularmetricallevel astheinter-beat in-
terval (1BI), whichis ameasuref instantaneoutempo.A more
generalmeasuref tempois given by averaginglBls over some
time periodor numberof beats.The IBI is expressedn units of
time (per beat);the tempois more often expressedasthe recip-
rocal, beatspertime unit (e.g. beatsper minute). To distinguish
the discussiorof thetiming of the participantstapsfrom thatof
the timing of musicalnotesby the performer we usethe terms
tapped IBI (t-1BI) andperformed IBI (p-1BI).

1.1. LiteratureReview

Thereis a vast literature about fingertapping, describingex-

perimentsrequiring participantseither to synchroniseto an
isochronousstimulus(motor synchronisationdr to tap ata con-
stantratewithout ary stimulus(seeMadison,2001). At average

t-1Bls between300 — 1000 ms, the reportedvariability in t-1BI
is 3 — 4%, increasingdisproportionatelyabose andbelawv these
boundariegCollyer, Horowitz, & Hooper,1997). Thisvariability
is slightly greaterthanthe JND for detectingsmall perturbations
in anisochronousequencef soundswhichis 2.5%atintervals
betweer240and1000ms (Fribeig & Sundbeg, 1995). In these
tappingtasks,a negative synchronisatiorerror was commonly
obsered, thatis, participantstendto tap earlierthanthe stimu-
lus. Thiserroris typically between20and-60 ms (Wohlschlager
& Koch,2000),andthereforeabore thetemporalorderthreshold
for theperceptiorof asynchroniesyhichis of theorderof 20ms
(seeHirsh, 1959). In morerecentresearcheven subliminalper
turbationsin a stationarystimulus(belov the perceptuathresh-
old) arecorrectedfor by tappers(Thaut, Tian, & Sadjadi,1998;
Repp,2000).

However, therearevery few attemptgo investigatetappingalong
with music(eitherdeadparor expressiely performed).Onepart
of scientificeffort is directedto investigateat whatmetricallevel
and at what phaselistenerstendto synchronisewith the music
andwhat cuesin the musicalstructureinfluencethesedecisions
(e.g. Parncutt,1994; Drake, Penel,& Bigand, 2000; Sryder &
Krumhansl,2001). They did not analysethe timing deviations
of thetapsat all. Anotherapproacthis to systematicallyevaluate
the deviations betweentapsandthe music. In studiesby Repp
(1999b), participants tappingin synchroly with a metronomic
performanceof thefirst barsof a Chopinstudy shaved system-
atic variation relatedto music structure. They slowed down at
phraseboundariesalthoughthe stimuluslacked any timing per
turbations.In anotherstudyby Repp(1999a),pianiststappedto
differentexpressve performancegincluding their own). It was
foundthatthey could synchronisevell with theseperformances,
but they tendedio underestimatéong IBls, compensatindor the
erroronthefollowing tap.

2.METHOD

In this experiment,the participantswere asled to tap the beat
in time to a setof musicalexcerpts. The excerptswere taken
from Mozartpianosonatasexpressvely performedby a profes-
sionalpianistonaBdsendorfeSE290computermonitoredgrand
piano, for which audiorecordingsand precisemeasurementsf
noteonsettimes(within 1.25ms)wereavailable.

2.1. Participants

The experimentwas performedby 25 musically trained partic-
ipants(17 male, 8 female; averageage 29 years). The partici-
pantshave playedtheir instrumentsfor an averageof 19 years;
19 participantsstudiedtheir instrumentat university level (aver-
agelengthof study8.6 years);14 participantglay pianoastheir
maininstrument.
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Label | Sonata| Movt | Bars | Dur. | p-IBI | ML
K284:1 | K284 1st 1-9 14s | 416ms| 1/4
K331:1 | K331 1st 1-8 25s | 539ms| 1/8
K281:3 | K281 3rd 8-17 | 13s | 336éms| 1/4
K284:3 | K284 3rd | 35-42| 15s | 463ms| 1/4

Table 1. Stimuli usedin tappingexperiment. The p-1Bls shavn
areaveragesver the excerpt,atthe givenmetricallevel (ML).

2.2.

Four excerptsfrom professionaperformance®f Mozart piano
sonatasvereusedn theexperimentsummarisedh tablel. Each
excerptwasrepeated.0 timeswith randomdurationgaps(2 — 5
secondspetweertherepetitionsandrecordedbn acompactisk
(total duration13 minutes45 seconds).

Stimuli

2.3.

Participantsheardthe stimuli throughAKG K270 headphones,
andtappedwith theirfingeror handon theendof anaudiocable.
Theuseof theaudiocableastappingdevice eliminatedthedelay
associatedvith a button, betweernthe contacttime of the finger
on the button andthe electroniccontactof the buttonitself. The
stimuli andtapswererecordedo disk on separatehannelof a
stereoaudiofile, throughan SB128soundcardon a Linux PC.
Theparticipantsalsoreceved audiofeedbaclkof their tapsin the
form of thebuzzproduced.

Equipment

24.

The participantswere instructedto tap in time with the beatof

the music,aspreciselyaspossible andwereallowedto practise
tappingto oneor two excerpts,in orderto familiarisethemseles
with the equipmentand clarify ary ambiguitiesin instructions.
Thetappingwasthenperformedandresultswere processedis-

ing software developedfor this experiment. The tap timeswere
automaticallyextractedwith referenceo the startingtime of the

musicalexcerpts,usinga simplethresholdingunction.

Procedure

In order to match the tap times to the correspondingmusi-
cal beats,the played beat times hadto be generatedrom the
Bosendorfelpiano performancedata. First, a suitablemetrical
level for eachexcerptwaschosen(givenin table1). Thesemet-
rical levels correspondedo the tappingratesof the majority of
participants.Thenthe onsettimesof the notesoccurring“on the
beat"(i.e. accordingto the score,at the chosenmetrical level)
were extracted,with the onsetof the melody note being taken
wheremorethanonenotewason thebeataccordingo thescore.
In the caseof gracenotes,the main note wastaken, exceptin
excerptk284:3, wherethe gracenoteswere playedon the beat
(Cambouropoulost al., 2001), so the first gracenote in each
groupwastakento definethe beat.Beatswith no corresponding
playednoteswereinterpolatedinearly.

The matchingalgorithm then matchedeachtap to the nearest
playedbeattime, deletingtapswhich were more than 40% of
the averagep-1BI from the beattime or which matcheda to beat
which alreadyhada nearertap matchedo it. The metricallevel
wasthen calculatedby a procesf elimination: metricallevels
which were contradictedby at least3 tapswere deleted,which
alwaysleft a single metricallevel and phaseif the tappingwas
performedconsistently Theinitial synchronisatiotime wasde-
finedto bethefirst of threesuccessie beatswhich matchedhe
calculatedmetrical level and phase. Tapsoccurringbeforethe

Metrical level (phase)
Excerpt|| 1 [ 2(in) [ 2(out) | 3(in) | 3(out) | Fall
K284:1 || 250 0 0 0 0 0
K331:1 || 164 0 0 86 0 0
K281:3 || 220 | 16 11 0 0 3
K284:3 || 153 | 89 8 0 0 0

Table 2. Numberof excerptstappedat eachmetricallevel and
phase(in/out), wherethe metricallevels are expressedas multi-
plesof thedefaultlevel givenin tablel.

Excerpt || Av. sync.time
K284:1 3.29
K331:1 3.46
K281:3 3.88
K284:3 3.82

Table 3: Averagesynchronisatioime (i.e. the numberof beats
until thetappersynchronisedvith the music).

initial synchronisatiorweredeleted.If no such3 beatsexisted,
we saythatthetapperfailedto synchronisevith themusic.

3. RESULTS

Table 2 shows for eachexcerptthe total numberof repetitions
which weretappedby the participantsat eachmetricallevel and

phase. The only surprisingresultswere that two patrticipants
tappedon the 2nd and4th quarternote beatsof the bar (level 2,

out of phase¥or severalrepetitionsof K281:3andK284:3. The

threefailedtappingattemptgselateto participantgappingincon-

sistently— changingphaseduring the excerpt. Table 3 shows

the averagebeatnumberof the first beatfor which the tapping
wassynchroniseavith themusic. For eachexcerpt,tappersvere
ableto synchroniseon averageby thethird or fourth beatof the

excerpt,despitedifferencesn tempoandcompleity.

The main aim of the studywasto investicgatethe precisetiming

of taps. In figure 1, the t-IBIs of the meantap timesare plotted
againsttime, with the p-IBIs shown for comparison(In this and
subsequentesults,only the successfullymatchedapsaretaken
into account.) Two main factorsare visible from thesegraphs:
thatthe t-1Bls describea smoothercurve thanthe p-IBIs of the
playednotes,andthe following of tempochange®ccursaftera
smalltimelag.

In orderto testthe smoothinghypothesismore rigorously we
calculatedhe distanceof the tap timesfrom the performedbeat
timesandfrom smoothedversionsof the performedbeattimes.
The distancewas measuredy the RMS differenceof the cor
respondingapsandbeats. Four conditionsare shovn: the un-
smoothedeattimes;two setsof retrospectiely smoothecbeats
(Doubleland Double3), createdby averagingeachp-I1BI with
one(respectiely 3) p-1BI(s) on eachsideof it (Cambouropoulos
et al., 2001);andafinal setof predictvely smootheeats(Sin-
gle) createcdusingonly thecurrentandpastbeattimes,according
to the following equation,wherez[n] is the unsmoothed-IBI
sequenceandy|n] is thesmoothedsequence:

y[n] _ x[n] + g[n — 1]

In table 4, the averageRMS distancebetweenthe smoothed
tempocurnes andthe tapsis shovn. For eachexcerpt, at least
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Figure 1: Solidline: t-IBlIs calculatedrom averagetaptimesfor all participantsall repeatof K281:3(left) andK331:1(right). Error
barsshaw standarcerror (for 95% confidence)Dottedline: p-IBls calculatedrom performednotetimes.

Smoothing Excerpt Smoothing Excerpt
Condition K284:1 | K331:1 | K281:3 | K284:3 Condition K284:1 | K331:1 | K281:3 | K284:3
Unsmoothed 33 64 41 55 Unsmoothed 26 74 31 57
Doublel 32 57 39 50 Doublel 24 45 26 45
Double3 33 66 40 51 Double3 24 47 27 45
Single 38 93 33 46 Single 23 48 24 43

Table 4: AverageRMS distancebetweentaps and smoothed
beatg(in ms)for varioussmoothingconditions.

oneof the smoothedempocurvesis closerto thetaptimesthan

the original beattimes. For excerptK331:1, only the Doublel
smoothingproducesatempocurve closerto thetaps.Thereason
for this canbe understoodrom figure 1 (right): thetempocurve

is highly irregular dueto relatively long pauseswhich areused
to emphasis¢he phrasestructure andif thesepausesrespread
acrossthe surroundingor following beats,the resultcontradicts
musicalexpectations.

On analysingtheseresults,it wasfound that part of the reason
thatsmoothedempocurvesmodelthe tappedbeatsbetteris that
the smoothingfunction createsa time lag similar to theresponse
timelagfoundin thetapping.To removethiseffect,we computed
asecondsetof distancesisingp-1Bls andt-IBls insteadof onset
timesandtaptimes. Theresults,shavn in table5, confirmthat
evenwhensynchronisatiornis factoredout, thetap sequenceare
closerto the smoothedempocurvesthanthe performancelata.

We also checled for a learning effect, to seewhethertapping
moved from aninitially smoothsequencef tapsto a sequence
fitting closerto the unsmootheddataas participantslearnt the
tempochanges.It wasfound that the distanceddecreasedvith
repetition,but therankedorderof distanceby conditionremained
asshavn in tables4 and5.

Finally, to find thetime lag betweertempochangesndchanges
in tapping rate, the p-IBI and t-IBl sequencesvere cross-
correlated andthe lags correspondindo the highestcorrelation
werefound for eachrepetition. Table 6 shaws for eachlag how
oftenthis lag gave the bestcorrelation. Theresultsshav thatthe
lag of 1 tapis mostcommon,thatis, participantsrespondto a
tempochangeonthetapatfterit occurs.lt wasexpectedhatwith

Table 5: AverageRMS distancebetweent-IBls and smoothed
p-1BIs (in ms)for varioussmoothingconditions.

Lag
Excerpt 0 1 2 3
K284:1 || 10.0| 644 | 9.2 | 5.2
K331:1 || 45.1| 433 | 24| 0.6
K281:3 || 31.4 | 57.7 | 7.3 | 2.7
K284:3 || 58.2 | 13.7 | 3.9 | 10.5

Table 6: Analysisof time lags of responseso tempochanges,
measuredy correlationof t-IBls andp-IBls, shavn aspercent-
agesof repetitionsfor which eachlag hadthe highestcorrelation.

repetition,the lag would decreaseasthe participantswould re-

memberandpredictthetempochangesn their tapping. Table 7

shaws this effect for excerptsk331:1 and K281:3, wherewith

increasingepetitionsthe 0 lag hasthebestcorrelationmorefre-

quently For the othertwo excerpts,no learningtrendis seen;
K284:3hasahigh correlationatlag 0 evenfrom theinitial repeti-
tions,andK284:1 hasmuchsmallertempodeviations,to which,

it appearsthe participantsare ableto respondbut not to learn.
It may be the casethat suchlearningrequiresconsciousrecog-
nition of timing fluctuations,or a greatemumberof repetitions.
At leastsomeparticipantsvereawareof the learningeffect; one
commentedafter the experiment: “it waslike a chambemusic
rehearsal— you getit right afterthethird time”.

4. DISCUSSION

The main hypothesis,that the perceved beatis smootherthan
the playednoteswould indicate,is well supportedy theresults.
This agreeswith the findings of Repp(1999a)that tappersun-
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Rpt1-3 Rpt5-7 Rpt8-10
Excerpt 0 1 0 1 0 1
K284:1 || 9.3 | 61.3| 10.7| 66.7 || 8.0 | 66.7
K331:1 || 26.0| 60.0 || 52.9 | 35.3 || 54.2 | 33.3
K281:3 || 13.4| 65.7 || 33.3 | 56.1 || 47.0 | 50.0
K284:3 || 55.1| 10.2 || 62.2 | 13.3 || 56.8 | 18.2

Table 7: Analysisof time lags of responseso tempochanges,

shaving theeffectsof learningonthelag 0 andlag 1 percentages.

derestimateiming changes. It is still unclearasto the nature
and extent of the smoothingthat occurs. We obsened that ap-
plying ratherarbitrarily chosensmoothingfunctionsto the note
onsetimesgave aclosematchto thetappingtimesthantheonset
timesthemselesgave. But differentfunctionsperformbetterfor

differentexcerpts,andthereis clearly a dependencen musical
context whichis notmodelledby a simplesmoothingunction. It

remaingo beshavn whethemoreaccuratenodelscanbefound.

We now briefly comparethe resultswith two otherexperiments
usingthe samestimuli (without K284:1)— alistenerpreference
test, and an offline beatmarkingtask. In the first experiment,
listenerswereaskedto ratehow well thetiming of sequencesf
clicks correspondetb the performedmusicalexcerpts presented
simultaneouslyCambouropoulost al., 2001). Thesequencesf
clicks correspondedo the UnsmoothedDoubleland Double3
conditionsin tables4 and 5, plus 3 further conditions. Musi-
cally trained listenersshaved greatestpreferencefor the click
sequenceorrespondindo the Doublelcondition,which agrees
with thetappingresultsreportedhere.

The secondexperimentinvolved the use of an interactve mul-
timediacomputerprogramto mark the timesof beatson a dis-
play of the performancesfollowed by iterative correctionof the
beattimesusingaudioandvisualfeedbackuntil the participants
weresatisfiedwith the results(Dixon, Goebl,& Cambouropou-
los, 2001). Once again, the sequence®f beatschosenwere
smootheithanthe performediBls, but this effect wasgreatlyre-
ducedfor mostparticipantswhenthey could seethe onsettimes
on the display and align the beatsvisually. Furtherwork is re-
quiredto ascertairwhetherthe offline natureof the taskinflu-
encedheresultsascomparedo anonlinetasksuchastapping.

5. CONCLUSION

Althoughtheexperimentsarenotbroadenougho suggesacom-
pletemodelof beatperceptiontheevidencefrom all of theexper
imentssupportghe hypothesighat percevedbeatsequenceare
smootherthanthe timing of the performednotes. This implies
that timing fluctuationsare not necessarilyperceved as tempo
changes. Beat perceptionshavs a resistancedo changeandto
randomfluctuations;it is only whentiming changegersistthat
onepercevesanintendedtempochange.

Possiblexplanationdor the smoothingeffect arethatnominally
on-beamotesarepercevedasanticipatingor following the beat,
ratherthan defining the beat,or that p-IBls are perceved cate-
gorically, so that by classifyingintervals in units of beats,the
perceptuasystenminimisesthedeviationsfrom strictly metrical
time. Several aspectf this study requirefurther analysisand
discussiorwhich we deferto future work, includingthe analysis
of theresultswith respecto therelationshipbetweenempoand
timing, and an analysisof the effect of modality on the results
from thethreeexperiments.
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