Reprinted from Proceedings of the International Computer Music Conference. Havana, Cuba, 17-23 September 2001, pages 282-285.

Audibility of Initial Pitch Glidesin String I nstrument Sounds

HannaJarnelainen,VesaValimaki
Laboratoryof AcousticsandAudio SignalProcessingtelsinki Universityof Technology
email: hanna.jarvelainen@hut.fi

Abstract

Listening experimentswere madeto measue the detection
thresholddor initial pitch glidesin stringinstrumentsounds,
whee a rapid declineof pitch is causedby tensionmodu-
lation during the attadk. Realisticsoundingsynthetictones
were geneatedby additivesynthesisThefrequencydecayof
the glide was definedthroughthe overall decayrate of am-
plitude simulatingthe behaviorof real instruments.It was
found that on the ERB frequencyscale the thresholdsre-
mainedroughlyconstanatapproximately0.1ERBwith vary-
ing fundamentafrequencyThus,anypitch glidewealer than
the giventhresholdremainsinaudiblefor mostlistenes and
couldbeleft unimplementeah digital soundsynthesis.

1 Introduction

High-qualitysoundsynthesiss possiblewith themodern
synthesismethods suchasphysicalmodeling(Smith 1998)
andsinusoidalmodeling(Serraand Smith 1990). However,
implementingall detailsof thesounds computationallycostly.
It would bedesirableo leave suchfeatureswhoseeffectsare
not percevedby thelistener unimplemented.

A rapid descentof pitch during the attackis character
istic to mary plucked and struck string instrumentsn forte
playing. It can be detectedfor instancein the clavichord
(Valimaki et al. 2000),the guitar (Tolonenet al. 2000),and
thekantele-atraditionalFinnishstringinstrument{Valimaki
etal. 1999). The primary causeof the pitch descenis the
varying string tensionas a consequencef finite string dis-
placementafter plucking or striking the string (Legge and
Fletcher1984). In the clavichord, the effect is boostedby
themechanicahftertouch.The stringtensioncanbedirectly
controlledby the playerthroughkey pressure.

Fig. 1 showvs a fundamentafrequeng estimateobtained
from a recordedelectric guitar tone by the autocorrelation

method(Tolonenet al. 2000). The f, estimatedecreases

exponentiallywith time from 499 to 496 Hz, giving a glide
extentof approximately3 Hz.

The tensionmodulationcan be implementedn physical
modeling for instanceby aspeciafilter structurawith signal-
dependenfractional delay elementgTolonenet al. 2000),

(Valimaki et al. 1998),but ignoringit would bring remark-
ablecomputationasavings.

Thedetectionanddiscriminationof frequeng glideshas
beenpreviously studiedfrom a more theoreticalviewpoint.
Still the underlyingmechanisnmremainsunclear It wassug-
gestedby MaddenandFire (1997)thatthe detectionis based
onchangen thelow-frequengy sideof theexcitationpattern.
Moore and Sek (1998) arguedthat at leastboth sidesof the
excitation patternshouldbe comparedandthatfor low cen-
ter frequencieghe time-relatedcues,suchas phaselocking
couldhave aneffectaswell. Thestudiesagreethatthedetec-
tion anddiscriminationof glidesis little affectedby duration,
centerfrequeng, or direction (up or down). However, the
previousresultsare of little help for the synthesisof instru-
menttones,sincethe rangeof centerfrequenciesvas from
0.5t0 6.0kHz andtheshapeof theglide asafunctionof time
wasunnaturako realinstruments.

Theobjective of thisstudyis to setperceptuallynotivated
guidelinedfor the needto implementheinitial pitch glide in
stringinstrumentsynthesis.The testtoneswere synthesized
andthe pitch glideswere definedin a way typical of string
instruments.The resultsof two listeningexperimentsarere-
ported.
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Figure 1: Waveform of a singletone playedon the electric

guitar (top) and its short-timefundamentalfrequeny esti-
mate which shavs atypical descentbottom).



2 Listeningtests

Thedetectiorthresholdgor initial pitchglidesweremea-
suredin two separatdisteningexperiments.In both experi-
ments,the independentariablewasthe transitionspanA f,
i.e.,theextentof thepitchglide;in addition,fundamentafre-
queny fo wasusedasa parametein experimentl anddecay
time constantr in experimentll.

2.1 Test sounds

The testsoundswere generatedising additive synthesis
for easycontrol of the pitch glides. Eachtone consistedof
its 20 lowestharmonicsand had a durationof 2.0 seconds.
An exceptionwasmadein the highesttone E5 (659Hz), for
which only 16 harmonicscould be generatedbeforemeeting
theNyquistlimit of 11kHz atthesamplingrateof 22.05kHz.

Realisticsoundingtesttoneswerecreateddy copying the
initial amplitudesanddecaycharacteristicsf realtones.The
acousticguitar wastaken as a referencefor its behaior is
well-known andplentyof analysigdataareavailable. Theini-
tial phase®f theharmonicavererandomizedTheamplitude
decaywascontrolledby two parametershetime constantr
of the overall decayanda frequeng-dependendampingco-
efficienta, which correspondso the feedbackcoeficient of
the one-poleloop filter in a digital waveguide string model.
The initial amplitudesaswell asthe decayparametersvere
choseraccordingo (Valimaki andTolonen1998).

Theindependentariablewasthe extentof thepitch glide
in Hz. The pitch contourdecrease@xponentiallywith time
from the highestvalue f, + A f towardsthe steadystatefun-
damentafrequeny f,. Thetimeconstant; of thefrequeny
descentvas50% of the overalltime constantr of amplitude
decay(LeggeandFletcher1984).

In experimentl, thethresholdsveremeasureétfour dif-
ferentftundamentafrequencieso coverthewholepitchrange
of the acousticguitar: E5 (659.26Hz), F, (349.23Hz), G5
(196 Hz), and Bbs (116.5Hz). The overall decaytime con-
stantr andfrequeng-dependat dampingcoeficienta were
keptconstant.

Themotivationfor thesecondexperimenis theknownre-
lation of thetime constant- of amplitudedecayandtime con-
stantr; of pitch decayin stringinstrumentones(Leggeand
Fletcher1984). The perceptuatolerancedor amplitudede-
cayhave beenpublishedoreviously (TolonenandJarvelainen
2000), giving the allowable deviation of the time constant
from the referencevalue. However, varying the time con-
stantevenwithin thistoleranceffectsthetime constanbf the
pitch decayandhencethe durationof the pitch glide, which
cancausea shiftin thedetectionthreshold.Thiswasstudied
by fixing the fundamentafrequeng to 196 Hz andvarying
the time constantry. Threevalueswere usedfor the time
constantaccordingto the previous resultson the perceptual
tolerances100%,80%,and60% of thereferencevalue0.39
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Figure 2: Waveform of a syntheticguitartone F, (top) and
its fundamentafrequeng with a’5-Hz pitch glide (bottom).

s,whichis 50%o0f themeasuredime constant- of theoverall
amplitudedecay(0.775s).

2.2 Subjectsand test method

Five subjectgarticipatedn bothexperimentsThey were
20-30yearsold, andall hadpreviousexperiencan psychoa-
cousticlisteningtests.Noneof themreportedary hearingde-
fects,andthey wereallowedto practisebeforethetest. The
soundsamplesvereplayedthroughheadphoneom acom-
putet

A standardonewithouta pitch glide anda stimulustone
with a pitch glide were presentedo the subjectsequentially
in randomorder, andthetaskwasto judgewhethetthesounds
weresameor different. Five valuesof glide extent A f were
usedfor eachfundamentalrequeng in experimentl andfour
for eachtime constantn experiment!. Eachtrial wasjudged
four timestogetherwith as mary correspondindake trials
(two standardones,no stimulus)in randomordet

A detecteddifferencewas eithera hit or a false alarm,
dependingnwhetherthetrial actuallyincludedthe stimulus
toneor not. A measuref correctanswersP(C') wasderived
for eachconditionfrom theproportionof hitsandfalsealarms
asfollows (Yost1994):

_ p(hit) + (1 — p(false alarm))

P(C) :

1)

The function hasvaluesbetweerD.50,which correspond$o

chancdevel with equalproportionsof hits andfalsealarms,
and 1.0, which requires100% hit proportionand no false
alarms.Thedetectiorthresholdwasestimatedy finding the

midpoint(i.e., the 75% point) of this function. If thethresh-
old wasnot directly evidentin the data,it wasinterpolated
betweerthe neareshigherandlower scores.



3 Results
3.1 Effect of fundamental frequency

The effect of fundamentafrequeng on the detectionof
pitchglideswasstudiedn experiment. Thedetectiorthresh-
oldsincreasednonotonicallywith fundamentalrequeng. The
meanthresholdsvere3.1Hz,4.4Hz,5.4Hz, and11.7Hz for
Bb>, Gs3, Fy, andEs, respectiely. Thesituationturnsupside
down whenthe thresholdsare expressecdn the logarithmic
scale,seeFig. 3. For Bb,, the medianof individual thresh-
oldsis 52 cents(1/100of a semitone)}- morethanhalf of a
semitonewhile for the highesttone E; it is 30 cents.
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Figure3: Listeningtestresultswith fundamentafrequeng
asaparameterBoxplotof A f (cents)atthreshold.

Theresultswereroughlynormallydistributed,but the er-
ror variancebetweendifferenttoneswas typically unequal.
However, thesedifferenceswere reasonablyequalizedby a
transformationfrom the linear frequeng scaleto the audi-
torily motivated ERB (Equivalent RectangulaBandwidth)
scaleasfollows (Glasbeg andMoore 1990):

Number of ERBs = 21.41o0g;,(4.37F + 1), (2)
whereF isfrequeng in kHz. Theanalysisof variancg ANO-
VA) was now performedon the datapresentedn the ERB
scale(Lehman1991). The resultwas nonsignificant(p =
0.25), indicatingthatthethresholdcouldwell bethesamefor
eachf,. Theresultsaresummarizedn Fig. 4. Thefigure
presentsa boxplotof theresultswith themedianandthe 75%
and 25% quartiles. The meanthresholdsare between0.083
and0.122ERB.

Sincea true differencein the meanthresholdsfor each
noteis relatively unlikely, thedatawerecollapsedacrossun-
damentafrequeng. Thesamplemeanacrossll subjectsand
fundamentafrequenciess 0.10ERB,whichcouldbeconsid-
eredan estimateof the constantetectionthresholdof pitch
glideswithin the pitch rangeof the acousticguitar.

3.2 Effect of decay rate

Thelisteningtestdatafrom experimentll wereprocessed
in the sameway asthe datafrom thefirst experiment.Again
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Figure4: Listeningtestresultswith fundamentafrequeny
asaparameterBoxplotof A f (ERB)atthreshold.

the ANOVA revealedno significantdifferencesamongthe
meansof the differentconditions(p = 0.85). This suggests
thatrelatively greatvariationsin thetime constanbf thepitch
glide have no effect on detectingthe glide. The resultsare
shawvn in Fig. 5. The boxplotis shavn in thetop figure and
themeanthresholdsonthe ERB scalein the bottomfigure.

Of courseit is likely thatthe glide durationwould shov
someeffectif the glideswereshortenough. Suchbehaior
would beunnaturato stringinstrumentsbut it is aninterest-
ing taskto extendthis studyto syntheticsoundswith greater
variationin the decaycharacteristics.A third, ratherinfor-
mal testwas conductedto study extremely fastand slowly
decayingsounds.Thetime constantr; wasnow variedwith
fivelinearstepshetweer20%and180%of theoriginal value
of 0.39s, i.e., betweer0.08s and0.7 s. The procedurevas
the sameasbefore,but only threesubjectsparticipated.The
shortestr; causeda considerabléncreasen the thresholds
while theotherthresholdsveresimilarto thepreviousresults.
Themeanthresholdor 74 = 0.08swas10.8Hz. For thefour
greatevaluesof 7y themeanthresholdsverebetweerb.6Hz
and7.7Hz.

4 Conclusionsand future work

The thresholddor detectinginitial pitch glidesin string
instrumenttoneswere measured. It was found that when
expressedn the ERB scale,the thresholdsemainroughly
constantwith fundamentafrequeng within the pitch range
of theacousticguitar. Furthermoreno significanteffect was
detectedor glide duration,whichwascontrolledthroughthe
time constanbf thepitch decay This suggestshata constant
thresholdof 0.1 ERB couldbeproposedor stringinstrument
soundsatleastwithin thestudiedrange.Thusary pitch glide
wealer thanthis couldbeleft unimplemented.

For instancethe electricguitartonein Fig. 1 exhibits an
initial pitch glide of 3 Hz at a fundamentafrequeny of 466
Hz,i.e.,about0.06 ERB. Thusit would probablyremainin-
audibleto mostlisteners.On the otherhand,a kanteletone
presentedn (Valimaki et al. 1999)shaws a pitch glide of
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Figure5: Listeningtestresultswith decaytime constanesa
parameterTop: Boxplotwith the medianand 75% and25%
quartiles bottom: meanthresholdonthe ERB scale.

almost0.3 ERB, which shouldbeclearlyaudible.

Although the effect of glide durationwas insignificant
in the rangetypical of string instrumentsthe thresholdsn-
creasedor veryfastdecayingsounds For theseshortsounds,
therewaslesstime to listento the steadypitch fy. This sug-
geststhat the subjectswere using end point detection,i.e.,
comparingthe absolutdrequenciest bothendsof theglide,
to detectheglides.Both MaddenandFire (1997)andMoore
andSek(1998)preventedheirsubjectdrom usingsuchcues,
whichmightpartly explainwhy thethresholdgrom thisstudy
arelowerthanwhatthey measuredOntheotherhand,in mu-
sical contet the expectancef a certainpitch maywell con-
nectthedetectionof aglide to absolutédrequeng, andthisis
why our studyenabledhe endpoint cues.

The contradictionbetweenglide detectionfor shortand
longtonesmayalsoconcerrmrealinstrumensoundsnotonly
syntheticsoundswith unrealisticdecaycharacteristicsCut-
ing off the steadypart of the tone might have a similar ef-
fect on the detectionthresholdas shorteningthe decaytime
shavedin this study This callsfor somemoreexperiments.

Theresultsfrom this studycanbeappliedin digital sound
synthesiswherecomputationakavings can be achieved by
ignoringthepitchglideswheneerthey areinaudible.Coding
is anotheffield of application.Thenew structurednethodof
soundrepresentatiofVercoeetal. 1998)maleit desirablgo
controlthe perceptuafeaturef soundsseparately
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