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Microtiming has been assumed to be vital for the experiencefgroove, but past research
presented con icting results: some studies found that micotiming is irrelevant for groove,
others reported that microtiming has a detrimental effect b the groove experience, yet
others described circumstances under which microtiming ha no negative impact on
groove. The three studies in this paper aim at explaining soenof these discrepancies
by clarifying to what extent listeners' emotional response to microtiming depend on
the distribution of microtiming deviations across instrumntal parts (voicing) or other
moderating factors like tempo or rhythmic density. The stuigs use data from two listening
experiments involving expert bass and drums duo recording@ swing and funk style.

— Study A investigates the effect of xed time displacements within ad between
the parts played by different musicians. Listenersn( D 160) reacted negatively to
irregularities within the drum track, but the mutual displeement of bass vs. drums
did not have an effect.

— Study B develops three metrics to calculate the average microtimghmagnitude in a
musical excerpt. The experiment showed that listenersh(D160) emotional responses
to expert performance microtiming aligned with each other eross styles, when
microtiming magnitude was adjusted for rhythmic density. fiis indicates that rhythmic
density is a unifying moderator for listeners' emotional Bponse to microtiming in swing
and funk.

— Study C used the data from both experiments in order to compare the déct
of xed microtiming displacements (from Study A) with scaled versions of the
originally performed microtiming patterns (fronStudy B). It showed that xed snare
drum displacements irritated expert listeners more than # more exible deviations
occurring in the original performances. This provides somevidence that listeners'
emotional response to microtiming deviations not only depeds on the magnitude of
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the deviations, but also on the kind and origin of the micrathing patterns ( xed lab
displacements vs. exible performance microtiming).
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Senn et al. Emotional Response to Microtiming

1. INTRODUCTION Finally, the use aempo rubatan the performance of Western
art music piano repertoire has changed through performance

Microtiming in music denotes a wide range of time-relatedhistory. Pianists of the early Twentieth century used ample
phenomena that arise as a consequence of con icting concepisbatqg but it fell out of favor during the second half of the century
of musical time. Music theory describes the organizatiorimaet  (Philip, 2004. In uential performers played a role (e.g., Glenn
in metered Western popular or art music using a few discreteGould and his recordings of works by J. S. Bach) but also
rationally related time duration categoriedgsty, 1997; London, new performance paradigms (such as the historically informed
2009. The canonical notation of rhythm in Western music performance movement). In this case, the taste and aessheftic
epitomizes this principle: the relation between the duratidn othe performers and of their audiences were contextual fadtwat
di erent rhythmic values can be expressed as small-integezsa modi ed the use of a microtiming-based performance techréqu
Given a speci ¢ tempo, a sequence of notes of the same rhythmiike tempo rubato
value (e.g., quarter notes) is thought to be isochronousl Aotes Within the same context, microtiming patterns might be so
written on the same metric position (e.g., chords) are supposestable that they can even be cast into xed performance rule
to begin synchronously. Performed music, however, plays isystems®eran and Mazzola, 2000; Friberg et al., J00isteners'
continuous physical time where musical events may happefamiliarity with such stable patterns may also aect their
at any moment. In performance, the occurrence of musicasensitivity to microtiming. Repp exempli ed this in a striking
events shows considerable temporal freedom, and time iaterv way: he showed that listeners of Chopin's Etude op. 10, No. 3,
between events are variable. This fundamental discrepanésad “obligatory expectations” with respect to the microtimin
between theoretical, xed, discrete duration categoriesl a pattern, depending on phrase structure and an implicit rule
the exible nature of music performance in continuous time system Repp, 19989a
broadly de nes the domain of microtiming in metered Western  The pioneers of technology-based timing analysis, Ingmar
music. Bengtsson and Alf Gabrielsson, discussed the question & wh

Microtiming phenomena are very diverse and di er acrossextent small-scale microtiming phenomena are a meaningful
musical contexts. Some manifestations of microtiming argart of the performance or just motor noise resulting from
relatively large-scale, can easily be detected by theinatt@ar, humans' limited capacity to realize a “quantized” music
and have become characteristic for certain musical stiles. performance, i.e., a performance with perfect mechanical
asymmetric subdivision of the beat, for example, is a frequerregularity Gabrielsson, 1974; Bengtsson and Gabrielsson, 1977,
feature of both jazz (for an overview on the swing ratio kterre,  198(Q see als&®asch, 1998A large body of research on sensori-
seeFriberg and Sundstrom, 2002; Dittmar et al., 2015; Camaramotor synchronization (for an overview of the tapping litemne,
2019 and barogque musicNjoelants, 201)L Further, expressive seeRepp, 2005; Repp and Su, 2pktudied the production
timing (i.e., local tempo variations) is a phenomenon widelyside of this question, namely humans' timing precision when
observed in the performance of Western art music. It hasynchronizing body motion with acoustic stimuli. Some oéte
been associated with phrase structure, harmonic and meloditudies addressed the precision of expert drummers' perfoo@an
development, and it is understood to be a major source ofFischinger, 2009; Fujii etal., 2011; Kilchenmann and Sz
expressiveness in Western art musidgrke, 1982; Cook, 1987; and discussed methods to distinguish between unsystematic,
Repp, 1992, 1997, 1998b; Beran and Mazzola, 2000; Hong, 2G@kdom timing variations that are merely motor noise, and
Sundberg, 2003; Cheng and Chew, 2008; Senn et al., 2009, 2@Y8tematic, recurring variations that may be characterifsr
Dodson, 2011; MacRitchie, 2011; Benadon and Zanette) 2015 a style and relevant for the e ect of the musitl€llmer and

A multitude of musical or contextual factors may be ass@dat Madison, 201k
with microtiming phenomena. Tempo, for example, has been The perception of microtiming has also been studied: a
shown to be related with microtiming magnitudezriberg  substantial body of work discusses the precision of human
and Sundstrom (2002found that the swing ratio (i.e., the timing discrimination with respect to auditory stimuli\(ichon,
duration ratio between the long rst and the short second1964; Fraisse, 1967; Nordmark, 1968; Abel, 1972; Lunn@&y; 19
swing eighth note) is negatively correlated with tempmelants  Halpern and Darwin, 1982; Hibi, 1983; Nakajima, 1987; Hirsh
(2011)observed a comparable relationship for the barogates et al., 1990; Nakajima et al., 1992; Drake and Botte, 1993;
inégalesand Repp (1995yeported a similar tendency for the Hoopen et al., 1995; Sasaki et al., 1998; Ehrlé and Samsé, 200
execution of expressive timing in Nineteenth century pianoThomas, 200)/ In their in uential study, Friberg and Sundberg
music: faster tempo implied less microtiming (see &fsaisse, (1995) found that the Just Noticeable Dierenc&€IND) for
1956; Repp et al., 2002 microtiming deviations in a monotonic, isochronous seqaen

Bengtsson (19743howed that the rst quarter note of a was approximately constant at an absolute value of 6 ms farinte
Viennese Waltz measure tends to be longer than the secorghset-intervals (I0Is) smaller than 240 ms. TH&D remained
and third quarter notes. This can be associated with the dancstable at roughly 2.5% of the 10l when the interval was in
movements: the basic Waltz step pattern begins with a lorg stethe range 240-1,000 ms. Hence, above the 6 ms threshold,
followed by two shorter ones. The microtemporally adapted bedisteners' sensitivity to microtiming deviations appeargdtiow
durations help dancers to map their steps to the music mor&eber-Fechner's lawIND research investigated listeners' time
easily. Hence, the fact that the Waltz is used for dancing hadiscrimination in a laboratory setting that is optimized ftine
shaped microtiming properties of the music. detection of minimal deviations. In everyday listeningisitions,
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however, performed music is usually more complex than the- Study Buses data from an earlier experimergenn et al.,

lab stimuli, and listeners' threshold for detecting midroing
deviations in a regular listening context is likely to di emom
the INDs.

In recent years, the impact of microtiming on the groove

2019 to investigate how the magnitude of microtiming
deviations can be quanti ed in a way that is meaningful and
potentially uniform across di erent musical contexts. &enn

et al. (2016)the originally performed microtiming patterns

phenomenon has been a major research topic. Relevant papersof swing and funk duo performances (bass/drums) were
in music psychology de ne groove as an enjoyable inner urge to down- or up-scaled by xed percentages. The original swing

synchronize body movement with the beat of the musiarata
et al., 2012; Witek et al., 2014This shifts the focus from the
perceptual detectability or noticeability of microtiming bmdily
entrainment and emotional responses.

The hypothesis that microtiming is essential for triggering
groove originated in Charles Keil3heory of Participatory
Discrepanciesr PD Theory(Keil, 1987, 1995, 20).0lt has
considerable support among musiciatme(liner, 1994; Monson,
1996; Do man, 2008 The empirical evidence concerning

the relevance of microtiming for groove, however, has been
some studies found no evidence that

inconclusive so far:
microtiming in uences grooveButter eld, 2010; Madison et al.,
2011; Madison and Sioros, 20 1éthers found that microtiming
is detrimental to groove [favies et al., 2013; Fruhauf et al.,

performance showed greater average microtiming magnitudes
in milliseconds than the funk performance. These di erences
in magnitude were accentuated when they were upscaled.
But surprisingly, listeners' responses were indistingusha
across the two styles regardless of the scaling. This gedges
that listeners expected to hear larger microtiming deviagio

in swing than in funk. The re-analysis of the data aims at
studying how well listener responses align across stylea whe
they are modeled as a function of three di erent measures
for microtiming magnitude: theStandard Timing Deviation
measures the mean deviations in milliseconds. Teenpo-
adjusted Standard Timing Deviatioaccounts for tempo

di erences, treats tempo as a potential moderator variabld, an
measures microtiming magnitude as a proportion of the beat.

The Density-adjusted Standard Timing Deviaticonsiders
rhythmic density as a moderator and measures microtiming
as a proportion of the mean 101 of the music.

Study C nally, uses the data frortudies AandBto compare
the e ects of dierent microtiming patterns on listeners'

2013; Matsushita and Nomura, 2Qi6/et others found that
microtiming patterns arising in competent performance do not
a ect groove negatively, but if the patterns are exaggerated i
magnitude, the groove experience decreakésl{enmann and —
Senn, 2015; Senn et al., 2p1kinally, Hofmann et al. (2017)
suggested that listeners preferred tightened microtiminiggpas emotional response. It asks specically, whether listeners
to the microtiming magnitude of the originally performed masi react more sensitively to the lab-generated, xed microfigni
How can we explain the discrepancies between these displacements oStuqy Ain comparison to the microtiming .
empirical results? Previous research has primarily focused on Patterns that arose in the original performance, as used in
the magnitude of microtiming deviations. The patterning of Study B
the microtiming deviations have received little attentiap

to now. This paper presents three small studies that ai .
at exemplifying how patterning aspects may impact Iistene;?' STUDY A: MICROTIMING BETWEEN
AND WITHIN SOUND SOURCES

emotional responses to microtiming.

— Study A investigates to what extent the distribution of Study Acompares the groove-related e ects of two laboratory-
microtiming deviations across instrumental parts aectsgenerated methods for systematically introducing xed
listeners' emotional responses. Previous studies haverjteese microtiming deviations into quantized music. The two
two methods for introducing xed timing displacements into manipulations aect entire instrumental parts or voices
otherwise quantized musical stimuli: one method is to shié&  (i.e., layers of the musical fabric that are characterizesideci c
entire parts played by di erent instruments against each gthertimbres) di erently: the Shift manipulation displaces parts that
for example a bass track against the corresponding drum trackre played by di erent musicians against each other by a aertai
(as used irButter eld, 2010; Matsushita and Nomura, 2016 time o set (between musicians). THeisturbancemanipulation
The other method consists in displacing events against eadlisplaces voices against each other that are played by the same
other that are played by the same instrumehttinauf et al. musician (within musician).

(2013) for example, displaced the snare drum or bass drum Butter eld (2010) used theShift method: he worked with
events relative to the rest of the drum track. The rst methodstandard-practice jazz rhythm section examples (bass and
leaves the relationships within an instrumental part intact,drums). He displaced the drum tracks and the bass track relativ
whereas the second method introduces a temporal disturbante each other by either anticipating the bass onsets by 10, 20,
into a part. In Study A both manipulation methods are or 30 ms relative to the drums (bass lead) or by conversely
applied to duo bass and drums recordings that have rst beeanticipating the drum onsets by 10, 20, or 30 ms (drums
presented irKilchenmann and Senn (201apd used again in lead) relative to the bass. Butter eld found that this kind o
Senn et al. (2016 his allows for the comparison of the two manipulation had little e ect on listeners.

manipulation methods' e ects on the basis of the same musical Friihauf et al. (2013jook the Disturbanceapproach: they
examples, and it allows to verify the results Bifitter eld  used a generic rock/pop drum pattern (eighth notes on the hi-
(2010)andFruhauf et al. (2013) hat, downbeats on the bass drum, and backbeats on the snare
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drum) and manipulated one layer within the drum track. They The musicians sat acoustically separated in di erent recgydi
displaced either all bass drum or all snare drum sounds unifgr  booths and had direct visual contact through a glass panel.
by 25, 15, 0, 15, or 25 ms, while keeping the remainingFrom previous studio work, the musicians were used to hearing
instruments in place. Frilhauf et al. found a dose-responsete e@a metronome click while performing, and they declared to
of the displacements on listeners' groove ratings: the pyfec be comfortable with this setup. After the recording session,
quantized stimulus (0 ms displacement) obtained the higheshe musicians indicated passages in each recording that they
groove ratings. Ratings decreased with larger displacenments considered to have the best groove. From these passages, the
either direction (early or late) and for either of the insinents. researchers subsequently chose one iteration of the swidg an
However, this e ect was stronger when the snare drum wafunk patterns as a basis for the timing manipulations; the
displaced instead of the bass drum, and when the displaced evantisicians agreed with this choice. These selections of 20 s
onsets were early instead of late. duration have been used in previous studiggdhenmann and
Matsushita and Nomura (201roceeded according to the Senn, 2015; Senn et al., 2Dfér the creation of experimental
Shift method. They used the same standard rock/pop drunstimuli.
pattern asFrihauf et al. (2013)but combined it with repeated Transcriptions of the selected passages can be studied in
eighth notes on a bass guitar. Compared2otter eld (2010)  Figure 1, 2. These transcriptions were made after the recording
they increased the magnitude of the time shift considerathly  session, and they are of purely descriptive natdegger, 19%83
bass voice was displaced b$2.50, 46.88, 31.25, 0C31.25, The musicians veri ed the accuracy and ecological validity
C46.88, andC62.50 ms (negative numbers refer to bass leadhe transcriptions. The originally performed onset times were
positive numbers to bass lag). They found that groove ratingsieasured using the LARA analysis softwar@n equidistant
were high for well synchronized stimuli, and declined witinder  metronomic grid was derived from the click track, which dedhe
displacements in both bass lead and bass lag direction; thesequantized onset time for each event of the performance.
results were similar to those reported byiihauf et al. (2013) For swing, the mean swing ratio of the recording was used to
The goal of Study A is to replicate the main results determine the o beat eighth notes grid positions. The mean
of Butter eld (2010) and Fruhauf et al. (2013py applying swing ratio was 2.66, which is typical for jazz at 150 bpnierg
both displacement methods to the swing and funk exampleand Sundstrom, 2002; Dittmar et al., 201%he transcriptions
from Kilchenmann and Senn (2015)n particular, we try to show the timing di erences between the performed events
verify, whether introducing @isturbancemicrotiming pattern and the corresponding position on the metronomic grid in
by displacing the snare drum layer against the other layemilliseconds (negative numbers indicate that the performed
(the remaining drum tracks and the bass) a ects the groovenset was early; positive numbers indicate late onsets).
experience negatively (comparable to the eects found by The drum audio track was replaced by an accurate
Fruhauf et al., 2003 and whether introducing a timeShift  reconstruction using theMassey Drum Replacement Tool
microtiming pattern between bass and drums has little or naversion 3.9) and samples from tA@ontrack Superior Custom

e ects on listeners (comparable Butter eld, 2010). and Vintage library (version 2.3.1). This replacement was
necessary in order to avoid creating acoustic artifactsnwhe

2.1. Materials and Methods manipulating the timing of the events: such artifacts are a

2.1.1. Stimuli consequence of poor source separation when recording the

The stimuli for both experiments reported in the present paperdi erent instruments of the drum set with several microphones
were derived from two recorded studio performances played bgfter replacement, the researchers obtained highly accurate
bassist Wolfgang Zwiauer and drummer Dominik Burkhalter,replicas of the two selected passages that could be subjected
two internationally renowned performers on their respectiveto timing manipulations. No replacement was necessary for
instruments, professors at the Lucerne University of Appliednanipulating the timing of the bass linAvid Pro Tools(version
Sciences and Arts, and musical collaborators for many year$0.0.0) time stretching function was applied to the originally
The studio session was organized by the researchers, amuyts recorded bass audio track in order to create the bass tracks
purpose was to create two recordings from which experimentadf the experimental stimuli. FoStudy A all events were rst
stimuli would subsequently be derived. In one of the twoadjusted to coincide exactly with the metronomic grid. Hetrtloe
recordings, the musicians extemporized a funk pattern ovesubsequenBhiftandDisturbanceiming manipulations departed
an eight-bar vamp of their own invention, at a tempo of 100from perfectly quantized stimuli. (The original performance
bpm. In the other recording, the musicians improvised a swingnicrotiming patterns will be used iGtudy B)
pattern over a twelve-bar harmonic model at a tempo of 150 In order to emulate the timeShift between the two
bpm. The chosen tempi are typical medium tempi within theirinstruments, as used byutter eld (2010) a series of 14
respective genre contexts. Each original recording had atdur ~ experimental stimuli was created, in which the entire bassevo
of approximately three minutes. The drummer played an acoustiwas displaced relative to the drums track bg4, 16, 8, 0,
drum set. The bassist played an electric bass for the funk8, C16, or C24 ms (seven stimuli for each style). The time
recording and an acoustic bass guitar for the swing recardin  shift manipulation introduced a time o set between the two
The musicians wore headphones during the studio
performances. In the monitor mix, they heard the performedi ara (version 2.6.3) can be downloaded for free on www.hsllach/(26
music and a metronome click as a common beat referenceseptember, 2017).
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FIGURE 1 | Transcription of the recorded 12-barSwing pattern used as a basis for the timing manipulations. Origaily performed timing deviations from metronomic
time are indicated in milliseconds (negative numbers, evérs ahead of the metronome; positive number, event sounds tar than the metronome); S.D., snare drum;
H.H. ped, foot-operated hi-hat cymbal; R.C., ride cymbal.

instrumental parts, but the perfect quantization of the ewent either of these criteria and were thus considered to be musica

within the bass and drums tracks was left intact. Non-ExpertsThe participants were predominantly young adults
In order to introduceDisturbancento the music (similar to  ranging from 18 to 47 yearsN D 24,s D 4.5). They were

Fruhauf et al., 2003 14 stimuli with timing irregularities were recruited via emails, class visits, and personal contactse e

created by displacing the snare drum events (24, 16, 8,0, questionnaires were in German, only uent German speakers

C8,C16, orC24 ms, while all the other events remained at theirwere recruited.

exact quantized positions (i.e., the bass and all otherunsénts

of the drum set). 2.1.3. Procedure

In summary, 28 experimental stimuli were derived fromThe experimentwas carried out in a quiet o ce room at Lucerne
recordings in two Styles(Funk and Swing by applying two  school of Music. Participants were seated at a desk; stimuli
microtiming manipulation methods$hiftand Disturbancgand  \yere played from a personal computer (running theurobs
seven di erentDisplacement Magnitud¢s 24, 16, 8,0,C8, presentation Softwareersion 16, onwindows 7§ through a
C16, orC24 ms) for each method. The stimuli f@tudy Acan  presonus Firebaaudio interface andAKG Mk Il headphones.
be downloaded from the Supplemental Material section of thighe participants took the test one at a time. Written instrocts

article. informed each participant about the procedure of the experiment
and about the possibility of aborting the experiment at anydim
2.1.2. Participants Participants adapted the size of the headphones and adjusted the

A total of 160 participants took part in the listening experiment playback volume to a comfortable level.

75 female and 85 male. One hundred and forty participants The experiment started with practice trials. Each participant
were students of Lucerne University of Applied Sciences anassessed four test examples, and could ask questions to the
Arts, 18 were enrolled at Lucerne University, the remainingexperimenter if any aspect of the rating procedure or the

2 participants were not a liated with any University. Eighty navigation was unclear. When the participant declared to be
two participants were considered to be mus&igpertsbecause familiar with the procedure, the investigator left the roowthile

they were either enrolled in a program to become professionahe participant listened to the experimental stimuli and rated
musicians or music teachers, or they had previously completeitiem using an on-screen rating form. In order to avoid style
such a program. The remaining 78 participants did not meepreference e ects due to direct comparison, each participant
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FIGURE 2 | Transcription of the recorded 8-barFunk pattern used as a basis for the timing manipulations. Origaily performed timing deviations from metronomic
time are indicated in milliseconds (negative numbers, evéis ahead of the metronome; positive number, event sounds tar than the metronome); S.D., snare drum;
H.H., hi-hat cymbal; B.D., bass drum.

listened to the stimuli of only one randomly assign&tyle participants to each listening experien&eddley and Lang, 1994;
The sequence of the 14 stimuli (seven in tBkift series, and Backs etal., 2005TheSAMmeasures a ective reactions on three
seven in theDisturbanceseries) was randomized to counteractscalesValencghappy vs. unhappy)irousal(quiet vs. excited),
the e ects of fatigue and familiarity. Design and procedure ofand Dominancegpowerful vs. powerless). It has been previously
the experiment were approved by the Ethics Committee of thesed for measuring reactions to musiGqmez and Danuser,
Canton of Lucerne. 2007; Senn et al., 2016

2.1.4. Psychometric Measures 2.1.5. Statistical Design

Participants rated the stimuli using thEmotional Assessment Quadratic regression models were tted to the data in order t

of Groove(EAQ questionnaire. TheEAG was constructed by testfor e ects of the seven timingisplacement Magnitudés 24,

the authors and was designed to capture emotional responsed6, 8, 0,C8,C16,C24 ms)on any of th&AG(Entrainment

connected to the groove experience. It was validated in a pr&njoyment Irritation) or SAM (Valence Arousa] Dominance

study at Justus-Liebig-University Giessen and used in a pusvio outcome variables. The analysis was carried out separately

study Senn et al.,, 20)6 The questionnaire collects listeners'for each of the two timing manipulation methodsSKift,

feedback on three scales that measure the strength of emabtio Disturbancg The inclusion of quadratic regression coe cients

reactions connected to the experience of grodwetrainment was based on previous results that parabola-shaped regression

(four items, Cronbach's D 0.89), which measures how much models appear to best approximate this kind of data seé&auf

the music stimulates the urge for body movement in listenerset al., 2013; Matsushita and Nomura, 2)l¢éompared to rst-

Enjoymen( ve items, Cronbach's D 0.88), which measures the order linear regression models. The between-subjects Vasiab

pleasure a participant experiences while listening to a stimu  Style(Funk Swing and Expertis€é ExpertsNon-Expertsdid not

third scale captures the participants' experience of unnat@ssd show any e ect on the outcome variables, hence they will be

or Irritation (four items, Cronbach's D 0.94) while listening. omitted in the Results section &tudy A

This scale inversely measures the experience of e ortlessmes  The presentation of the 14 stimuli as one randomized

uency that has been associated with groover(ata et al., 20).2 sequence caused a subtle, but serious methodological problem:

The mental experiences captured by the three scales comply witthe two quantized stimuli with 0 ms deviation in both tf&hift

the four-dimensional de nition of emotions bizabanac (2002) and the Disturbanceseries were identical. Consequently, the
Additionally, the well-established pictorigdelf Assessment association of the ratings with a stimulus of either sesgsurely

Manikin (SAM) was used to measure the a ective reactions otoincidental. In order to solve this problem, the responsethéo
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quantized stimuli were discarded from the dataset prior te th as those used iRriihauf et al. (20130r the Disturbancepattern

analysis. of Study Acan be interpreted from the attention point of view: the
The overall signi cance probability level was set td 0.05. manipulations introduce irregularities into an otherwisefaeetly

With two displacement timing manipulation methods and six quantized and regular drum track, and the groove ratingdidec

dependent variables (three each BAG and SAM), a total as the listeners become more aware of these irregularities.

of twelve independent models was tted to the data. Sidak The largest eect size found byFrihauf et al. (2013)

correction was applied for familywise error protectiofigak, ( 2 D 0.71) exceeds the e ect sizes measured in the present

1967; Huberty and Morris, 1939Results were considered to be study substantially. We can only guess why a similar timing

signi cant, when the Sidak-corrected signi cance probépitid  manipulation led to responses which are very di erent in scale.

not exceed g D 0.004. One obvious reason is th&tudy Alost statistical power when
data was discarded due to the methodological problem outlined
2.2. Results above.

Regression model coe cients are presentediable 1 Student's Another explanation considers musical content: the two
t-test was used to assess whether the linear or quadratitudies used di erent rhythmic patterns. Frihauf et al. used a
coe cients are signi cantly di erent from zero (which indiates simple, generic rock beat. The displaced elements (bass drum
that the ratings were a ected by the timing manipulations). Noor snare drum) appear on down- or backbeat positions that
tests were carried out with respect to the constant coe cgnt are crucial for the establishment of meter, and hence they ar
(intercept), because tHiEAGand SAMmeasures are greater than relatively exposed. In th8tudy Astimuli, the snare drum is much
zero by design. more busy and varied than in the drum pattern usedfbyihauf

We observe that, for théisturbanceseries (purple plots et al. (2013) The snare drum events in th8tudy A stimuli
in Figure 3), the quadratic coe cients of theEAG scales occur on many di erent metric positions: they may appear on
(Entrainment Enjoymentandlrritation) di er signi cantly from downbeats, but also on more obscure o beat positions. In the
zero. The corresponding linear coe cients are not signi dgn  Swingstimuli, the snare drum has the function of a “comping”
di erent from zero (this implies that the quadratic models are instrument, which means that its contribution is rhythmiba
fairly symmetric about ®isplacement Magnituds 0 ms). Both, irregular, syncopated and arguably less relevant for thaiden
an increase of the displacements in negative (early) and pesiti of the beat than the clear downbeat/backbeat pattern fouridén
(late) direction coincided with a decrease of the groovéengst.  Frihauf et al. stimuli (this exibility of the snare drum isrsilar
This manifests itself as\ashaped plot in the case Bhtrainment  to the rhythmic exibility of the piano, the prototypical compm
and Enjoyment and as a[ -shaped plot forlrritation. The instrument in the common jazz rhythm section, se®dson,
quadratic models show that thBisturbancemanipulation had 2007 p. 33). Further, many snare drum events in t8aidy A
signi cant e ects on all threeEAGresponse variables. stimuli were ghost notes (i.e., played very softly). Hypatizdty,

The largest e ect was measured bmitation (Cohen'sf2 D ghost notes might be less noticed than notes that are playeti lo
0.013), but this e ect was very small according to Cohen'sinally, the stimuli of the present study featured an additib
guidelines Cohen, 198p E ects onEntrainment(Cohen'sf2 D bass line which adds even more complexity. In summary, we
0.003) andEnjoyment(Cohen'sf2 D 0.005) were signi cant, hypothesize that the timing displacements in this study's stim
but even smaller. No signi cant e ects were measured for thenave less impact in comparison to the displacements used by
three SAM response variables. The e ect Dfsturbanceon the  Friihauf et al., because they are less apparent due to the dgnera
SAMs Valencescale p D 0.005) slightly exceeded the Sidak-greater musical complexity and the fact that many displaced
corrected signi cance limit of s D 0.004; accordingly, it was not elements appear on less important metric positions, compared to
interpreted. TheShiftmanipulation (green plots ifrigure 3 had  the stimuli used in Frihauf et al.

no measurable e ect on any of the response variables. We did not nd any e ect of the Shift manipulation on any
_ ) of the response variables. This non-result complies with the
2.3. Discussion ndings of Butter eld (2010)who observed that the displacement

The results from th®isturbanceseries (purple plots ifigure 3  of the bass and drums tracks against each other were not
conrm the central nding of Frilhauf et al. (2013)In their  noticed by listeners. The non-e ect seems to be consistentsacro
study, groove ratings declined as one instrument of the druniboth studies, even though the tasks set to the listeners were
set was displaced relative to the quantized pattern of therothelightly di erent: Butter eld (2010)confronted his listeners with
instruments. Similar to thértuhauf et alstudy, our data shows a a perceptual discrimination task; listeners were prompted to
dose-response relationship: larger absolute displacemetite of decide which of the two instruments (bass or drums) played
snare drum events in negative (early) or positive (late)ctiom  earlier, had aleading role, or played more assertively condpare
are associated with lower groove ratings.9ann et al. (2016) the other instrument. In contrast, oustudy Acollected listeners'
we argued that the response measured-byhauf et al. (2013) emotional reponses only. For neither of these listeningtieas,
might be explained using results from research on attentionthe Shiftmanipulations had any e ect, at least within the range of
which showed that irregular signals perceived against alaegu displacement magnitudes used in the two studies.

background can easily be detectédérbo et al., 1986; Bregman, This non-e ect challenges the explanation borrowed
1999; Parasuraman, 2000; Helton et al., 2005; Dalton @04&l7, from attention research presented above: if listeners pegcei
Winkler et al., 200p We hypothesize that timing manipulations irregularities against a regular background and react \Wather
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TABLE 1 | Study A: Regression models for the relationships betweemisplacement Magnitudeand the EAG and SAM response variables, separated byTiming
Manipulation Method

DV Method Coef cient Estimate SE df t p
Entrainment Shift Constant 3.183 0.084
Linear 0.084 1.305 798 0.064 0.949
Quadratic 159.190 106.786 798 1.491 0.136
Disturbance Constant 3.224 0.082
Linear 0.063 1.418 798 0.044 0.965
Quadratic 344911 116.040 798 2.972 0.003*
Enjoyment Shift Constant 3.050 0.071
Linear 0.714 1.355 798 0.527 0.598
Quadratic 186.344 110.872 798 1.681 0.093
Disturbance Constant 3.083 0.073
Linear 0.089 1.383 798 0.065 0.949
Quadratic 368.503 113.143 798 3.257 0.001*
Irritation Shift Constant 1.929 0.070
Linear 1.004 1.451 798 0.692 0.489
Quadratic 176.877 118.699 798 1.490 0.137
Disturbance Constant 1.894 0.074
Linear 0.991 1.583 798 0.626 0.532
Quadratic 582.450 129.503 798 4.498 < 0.001*
Valence Shift Constant 6.359 0.131
Linear 1.981 2.524 798 0.785 0.433
Quadratic 26.407 206.549 798 0.128 0.898
Disturbance Constant 6.447 0.138
Linear 4.241 2.702 798 1.570 0.117
Quadratic 625.797 221.085 798 2.831 0.005
Arousal Shift Constant 4.241 0.135
Linear 1.032 2.430 798 0.425 0.671
Quadratic 64.274 198.848 798 0.323 0.747
Disturbance Constant 4.252 0.135
Linear 3.237 2.539 798 1.275 0.203
Quadratic 145.488 207.732 798 0.700 0.484
Dominance Shift Constant 4.560 0.111
Linear 1.144 2.255 798 0.507 0.612
Quadratic 133.032 184.536 798 0.721 0.471
Disturbance Constant 4.637 0.113
Linear 1.367 2.255 798 0.606 0.545
Quadratic 188.835 184.555 798 1.023 0.307

DV, dependent variable; SE, standard error of the estimate; df, degrees offedom; t, t-value; p, signi cance probability;*p < 0.004.

groove ratings, why do they not react to the bass displacemerveryday listening experience. In dry air, at €0 the traveling
against the regular drum beat? After all, the bass and theesnaspeed of sound is approximately 343 missound takes 0.0029
drum each represent one prominent layer, voice, or auditorys (or 2.9 ms) to travel a distance of 1 m between a sound source
stream Bregman, 19990f the musical fabric. One potentially and a listener. Listening in a physical environment is always
crucial aspect is that the bass and the entire drum set atdénked to relative time delays between events created by elner
considered to be individual sound sources that are played byound sources, placed at di erent locations. From this point
di erent musicians and occupy dierent locations in space.of view, Shift manipulations are potentially decoded by the
In contrast, the snare drum occupies approximately the samksteners as spatial information, not as an irregular fooegrd
location as the other instruments of the drum set. Temporakontrasting with a regular background. This might explain
displacements between separate sound sources are part of eury the Shift manipulations did not have an e ect on any of
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FIGURE 3 | Study A: Effects of Displacement Magnitude(in seconds) on meanEntrainment Enjoyment and Irritationratings, separated by microtiming manipulation
method (Shiftin green, Disturbancein purple). Error bars represent the standard error of the nae.

the response variables. Inverting the argument, we may claimicrotiming deviations (measured in milliseconds) of the
that the Disturbancemanipulation indeed did have an e ect, swing performance were more largely spread than the deviations
because the snare drum and the other instruments of the drurof the funk performance, and this di erence was accentuated
set are assumed to be located at the same place. Hence, timimgen the microtiming deviations were upscaled. Do listeners
discrepancies cannot be traced back to di erent localizatioh have an implicit knowledge which microtiming magnitudes are
the sounds, instead they must originate in irregularitigghim  appropriate in each style? [8tudy B instead of accepting such
the performance of one musician. an essentialist explanation, we will try to identify modéngt
Contrasting with these resultsylatsushita and Nomura factors that bridge the di erences, using tBEAGresponse data
(2016) in their rst experiment, measured a signi cant e ect from Senn etal. (2016)
of the time Shift between bass and drums. The e ect might be Three di erent measures of microtiming magnitude will be
explained by the sheer magnitude of the displacements in theite ned: theStandard Timing Deviatio(STD) estimates the mean
experiment: at maximum asynchrony, the instruments' onsetsnicrotiming deviation per note onset (a bass tone, a stroke
were 62.50 ms apart, which is more than double the magnituden a drum etc.) in milliseconds using thRoot Mean Squared
used in the other studies. These large displacements repraserError method. TheTempo-adjusted Standard Timing Deviation
delay time corresponding to a distance of 21.4 m. Such a largeeasures mean deviation as a proportion of beat duration. And
distance between musicians is not realistic in a duo perforwea the Density-adjusted Standard Timing Deviatioreasures it as
context. So, in this extreme case, listeners' spatial inéégion  a proportion of the mean 10l between neighboring rhythmic
of the time delays potentially breaks down, and they percéige t events.
delays as poor synchronization. The two adjusted measures translate the core result of
To summarize, we used an argument about the (imaginedjriberg and Sundberg's (1998xperiment into the domain of

spatial arrangement of instruments and their playersto cldiat  more complex musical stimuli: for the monotonic, isochronous
the Shift manipulations may be decoded by listeners as spatiaequences of their experiment, a change of 10Is can equilalen
information, which does not trigger an emotional responsepe understood as a manipulation of tempo or of rhythmic density.
whereas thdisturbanceamanipulations are potentially heard as For more complex musical objects, these two aspects need to be
imprecise playing of one of the performers, which leads to aeparated. A complex pattern might move at a slow tempo, but
negative emotional response. still be rhythmically dense, and vice versa.

The Tempo-adjusted STnplements tempo as a moderator

variable (se@3aron and Kenny, 1986; Cohen, 200&hich, in

3. STUDY B: IN SEARCH OF A Western popular music, is represented by the periodicity of
CONTEXT-INDEPENDENT MEASURE FOR the beat. In contrast, th®ensity-adjusted STDBonsiders how
MICROTIMING MAGNITUDE frequently a listener obtains any kind of rhythmic infornaa.

The two measures lead to di erent values when applied to this
In Senn et al. (2016Wwe reported that listeners' emotional study's swing and funk stimuli: the swing example has higher
responses were similar for swing and funk when the originallgempo (150 bpm) than the funk example (100 bpm), hence the
performed microtiming patterns were scaled by the samdempo-adjusted STBugments the microtiming magnitude of
percentages. This was a surprising result, because tHge swing example relative to the funk example. But the rhythmic
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density of the swing example is smaller than the density ofvhereas for the original funk clip, we obtain a value of 0.0262
the funk example, because the smallest subdivision in swin@.62% of the beat).
are eighth notes, whereas the funk example has an underlying Before de ning the Density-adjusted Standard Timing
sixteenth note pulse. Hen@ensity-adjusted STWIll accentuate Deviation we rst de ne rhythmic density gr as follows:
the microtiming magnitude of the funk example relative to the
swing example. E 1 1

In a second step, we will analyse listeners' emotional regsons RD m——=D —, 3)
to the swing and funk stimuli as a function of the three di erten R € 101
microtiming measures. If any of the measures successfidiysal where E is the number of distinct events (a distinct event is
listeners' responses to microtiming in both the swing or thea metronomic grid position on which at least one note onset
funk contexts, this measure potentially can be used to unifgr  occurs). FurtherQ and f2 are the expected times of the rst
quantify microtiming across di erent musical situationsné and the last event, respectively. Rhythmic densjymeasures
the adjusting factor can be understood as a unifying moderat the mean number of distinct events per second, and it is the
variable. reciprocal of the mean inter-onset-intervalQ). The Density-

. o adjusted Standard Timing Deviati@then calculated as
3.1. Three Versions of the Standard Timing

Deviation N "
The three methods for calculating summary timing deviation o H 1 . 2
measures are di erently scaled variants of Reot Mean Squared Density-adjusted STD g n.. 1(t' 9 @)
Error or RMSE which is widely used for estimating the spread of
a stochastic variable around an expected value. and it measures timing deviation as a proportion I6¥l. The
The simpleStandard Timing Deviatio(STD) is measured in  sying passage with originally performed microtiming shows a

seconds, and itis calculated as follows: Density-adjusted STRalue of 0.1064 (or 10.64% of thel),

Y whereas the original funk performance has a value 0.0911 (or

g1 X 9.11% of the mean inter-onset-interval).

STDD ' — t 92 (D]
" ip1 3.2. Materials and Methods

3.2.1. Stimuli and Timing Manipulations
wheren is the number of note onsets in the musical passage, The stimuli for Study Bwere derived from the same two swing
the exact time of théth note onset, andis the corresponding and funk recordings that were used 8tudy A The timing was
quantized time point on the metronomic grid (or expected manipulated by scaling the originally performed microtiming
onset time). For the 20 s swing passage that is presented dviations (see transcriptions and microtiming deviatigigen
Figure 1 (with the originally performed microtiming deviations in Figure 1, 2) relative to the metronomic grid. The scaling
in milliseconds given as numeric values next to each note), whad eleven di erent levels: 100, 80, 60, 40, 20, 0,C20,
calculate arsTDvalue of 0.0272 s (27.2 ms). For the funk passage40, C60, C80, C100%. On the 0% level, the microtiming
showed inFigure 2 we calculate a smaller value of 0.0157 gjeviations from the metronomic grid were exactly as in the
(15.7 ms). originally recorded performance. TH@100% level upscaled the
The Tempo-adjusted Standard Timing Deviatiwas already original deviation of every note to double magnitude. And on
introduced in Senn et al. (2016)Based on the ndings of the 100% level, the deviation of every note was downscaled
Friberg and Sundberg (199%nd Ehrlé and Samson (2005) so that all events occurred on the metronomic grid, and the
we hypothesized that listeners would be more sensitive tmusic was perfectly quantized (with the swing example showing
microtiming deviations at higher tempi than at lower tempi.&h an eighth-note swing ratio of 2.66). The same procedure was
Tempo-adjusted STi® measured as a proportion of the beat, andapplied to the examples from both styles, swing and funk,
it is calculated as: based on the microtiming deviations occurring in the origin
performance. The upscaling exaggerated the microtiming g |
v of the original performances, whereas the downscaling rate
bpmﬁ 11X X these pro les (for more details on the timing manipulations, see
50 ti 92 (2)  Kilchenmann and Senn, 2015; Senn et al., 0The stimuli
iD1 for Study Bcan be downloaded from the Supplemental Material

section ofKilchenmann and Senn (2015)
where bpm is the tempo of the music in beats per minute, and all

other variables are the same as above. A comparison of Egsatio3.2.2. Participants, Procedure, Psychometric

(1) and (2) shows that the tempo-adjustment is a scaling oMeasures, and Statistical Design

the simpleStandard Timing Deviatiorby the constant factor A total of n D 160 persons participated in the experiment,
bpm=60, which represents the number of beats per second. Ferhich was carried out at the Lucerne University of Applied
the swing passage with the originally performed microtimitgg, ~ Sciences and Arts. Seventy nine participants were considered
Tempo-adjusted STI3 0.0681 (6.81% of the duration of a beat),to be musicExperts as they had either obtained a professional

Tempo-adjusted STD
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music degree (musicians or music educators), or were esd@ll  red; responses to tHeunk stimuli are plotted in blue. In each of
programs to earn such a degree. The remaining 81 participantie nine plots, the stimuli with completely quantized timing i
did not meet these criteria and were considered to be music&ither style are shown to the far left and marked with a vaitic
Non-ExpertsMost of the participants were either a liated with black line. This position corresponds to a magnitude of zero
the Lucerne University of Applied Sciences and Arts or withon all threeStandard Timing Deviatioscales. The microtiming
Lucerne University. The sample consisted of 82 female and #8agnitudes of the original performances are marked with a red
male participants, their ages ranged from 18 to 47 yedi3 @4, (Swing or a blue FunkK) vertical line. These values di er for each
s D 4.3), and all participants were uent German speakersStyleand for each of the thre8TDmeasures. The responses to
The majority of participants was recruited via emails and slasthe stimuli with doubled microtiming deviations are furtbieto
visits, a few were invited through personal communicationthe rightin each plot.
channels. As a general response pattefntrainmentand Enjoyment
The experimental procedure dbtudy Bwas identical to ratings are high for small timing deviation values and deelin
the procedure employed istudy A it was also approved by with larger valuesjrritation inverts this pattern (for a more
the Ethics Committee of the Canton of Lucerne. Participantsletailed report, se€enn et al., 20)6We are now interested to
performed the listening test alone in a quiet o ce. They folled  study, to what extent response patterns di er or align acrogest
on-screen instructions, listened to the stimuli throughudio ~ when theEAGratings are represented as functions of either of the
headphones and lled the questionnaires by mouseclick. Eadifiree timing deviation measures.
participant heard all stimuli of one style, and the sequence In order to compare the responses across styles for the
of the presentation was randomized. The participants ratedi erent combinations of timing deviation measurements and
the stimuli using theEmotional Assessment of Grodl#\G  EAG scales, either linear or quadratic regression models were
and Self-Assessment Manik{SAM) questionnaires. Only the tted to the data. With respect toEntrainmenf a quadratic
three EAG scales Entrainment Enjoyment and Irritation) will ~ model ts the Swingdata better than a linear modeff, 957y D
be considered in the subsequent analyses. These threes sc&lg75,p D 0.016], but an additional quadratic term does
have been shown to record participants’ emotional responses twt signi cantly improve the t of the Funk data [F(1, 945) D
microtiming manipulations quite consistently (sé&=nn et al., 2.123p D 0.145]. Consequently only linear models were used
2016andStudy A. to analyse theEntrainmentdata of both Styles With respect
Statistical analyses were carried out separately for eathef to Enjoyment the situation is similar: the quadratic term is
combinations of measurement metho@&TD Tempo-adjusted signi cantly di erent from zero for Swing[F1 957y D 8.690,
STD Tempo-adjusted STand outcome variableEntrainment  p D 0.003], but not forFunk [F; g45) D 1.060,p D 0.303],
Enjoyment and lIrritation). In each combination, regression hence only linear models were tted to the data. For thré@ation
models were tted to the data, separated Btyle(Swing Funk),  data, quadratic models have a signi cantly better t thandar
with the microtiming measurement as predictor, and listesier models for bothStylegSwing F1 957y D 19.791p < 0.001;
emotional response as outcome variable. Quadratic modeks weFunk F; 945y D 20.690,p < 0.001], hence quadratic models
used if they had a signi cantly better t in both styles than were used to compare thgitation responses.

alternative rst-order linear models. Finally, model coeients The model coe cients using the simplé&tandard Timing
were compared across styles in order to determine whether tHeeviation as predictor variable are presented Table 2 the
models were signi cantly di erent. models are visualized as sloping straight linEmntainment

The overall signicance level was set to D 0.05. No Enjoymen}, or as parabolaelrtitation) in the left column
correction was applied for familywise error protection, bessmu of Figure 4 The linear models predict thaEntrainmentand
Type | errors are no serious concern 8tudy B the focus lies Enjoymentare negatively related tStandard Timing Deviation
on non-signi cant test results, because they indicate tt@re for both Swingand Funk as expected. As thigtandard Timing
is little evidence against the null hypothesis of no di erenceDeviation increases, theéentrainment and Enjoymentratings
between listener reactions t8wing or Funk stimuli. Non-  decline, indicating that the groove experience detericratéh
signi cant test results inform us that the respective miénoing  higher Standard Timing DeviatianFor Irritation, the quadratic
measure predicts invariant listener responses across the twerm was signi cantly greater than zero with respect to both
style contexts; hence it is potentially a generally applicabligne Swingand Funk datasets. The models predict that listeners'
measure for microtiming, and the adjusting variable is arritation grows increasingly with higher values &tandard

mediator. Timing Deviation
Comparative tests for the di erence betweBwingand Funk
3.3. Results models are also presented ifable 2 (Swing — Funk). For

Figure 4 plots the threeEAG response variablegtrainment  Entrainment the slope of th&unklinear model was signi cantly
Enjoyment and Irritation) against the three summary steeper than the slope of tlf&wingmodel. ForEnjoyment this
microtiming measures §TD Tempo-adjusted STDand dierence was only nominal. Fofrritation the quadratic term
Density-adjusted ST)Dfor each of the stimuli. Each row of of the Funk model was signi cantly greater than the equivalent
diagrams refers to the same response variable, whereas e&sm of the Swingmodel. This means that the simp&tandard
column of diagrams refers to the same timing deviation measu Timing Deviationis sensitive to the style context: the models
Participants' responses to the elev@ningstimuli are plotted in  predict that listeners react more strongly to microtimingfank
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FIGURE 4 | Study B: Mean EAG variables Entrainment Enjoyment Irritation) as a function of three microtiming magnitude measures, segrated by Style (Swing,
Funk). The Standard Timing Deviatiormeasures microtiming magnitude in seconds (s), th&empo-adjusted Standard Timing Deviatioimeasures it as a proportion of
mean beat duration (B), and theDensity-adjusted Standard Timing Deviatioms a proportion of mean IOI. Error bars represent the standardreor of the mean.

compared toSwing if it is measured using th&tandard Timing  3.4. Discussion
Deviation If listener reactions were expressed as a function oStiaedard
Table 3 presents a similar analysis, but this time usingTiming Deviationor of the Tempo-adjusted Standard Timing
the Tempo-adjusted Standard Timing Deviatias a predictor Deviation the Stylevariable had a signi cant e ect. In contrast,
variable. This analysis corresponds to the plots in the middi&tyle became irrelevant, when microtiming magnitudes were
column of Figure 4 We observe that theSwing and Funk measured a®ensity-adjusted Standard Timing Deviatidrhe
regression models are signi cantly di erent from each otheruniformity of responses across the t@tylessuggests that the
for all three EAG response variable€(trainment Enjoyment  Density-adjusted Standard Timing Deviatisna more context-
Irritation), hence th&'empo-adjusted Standard Timing Deviationinsensitive measure for the subjectively experienced riimnog
is also sensitive to the style context. magnitude, compared to the two other measures. Rhythmic
Table 4 nally analyses theEAG responses with respect to density, potentially, is a moderating factor for listenersiotional
the Density-adjusted Standard Timing Deviatias predictor responses to microtiming.
variable. We observe that the di erences between the models Note that the originally performed microtiming magnitudes
tted to the Swingand Funk data are statistically insigni cant. also aligned, when they were measure®assity-adjusted ST.D
The models align quite closely, as can be seen in the rightmom both the Swingand Funk examples, the originally performed
column of Figure 4 This suggests that th®ensity-adjusted mean microtiming magnitude amounted to approximately 10%
Standard Timing Deviatioomeasure is relatively insensitive to of the music's mean 10Il. The density-adjustment suggests that
the di erences between th&wingand the Funk examples of the musicians' performances show consistent microtiming s&€ro
Study B the two styles.
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TABLE 2 | Regression models for the relationship betweerStandard Timing Deviatiorand Entrainment Enjoyment and Irritationfor Swing, Funk, and the difference
between Swing and Funk

Standard Timing Deviation

DV Style Coef cient Estimate SE df t p
Entrainment Swing Constant 3.072 0.065
Linear 9.974 2.050 958 4.866 < 0.001*
Funk Constant 3.085 0.076
Linear 16.354 4.108 946 3.981 < 0.001*
Swing — Funk Constant 0.013 0.153 205 0.084 0.933
Linear 6.380 2.813 1,747 2.268 0.023*
Enjoyment Swing Constant 3.064 0.060
Linear 8.150 1.893 958 4.306 < 0.001*
Funk Constant 3.096 0.064
Linear 11.401 3.484 946 3.272 0.001*
Swing — Funk Constant 0.032 0.124 247 0.260 0.795
Linear 3.250 2.921 1,747 1.113 0.266
Irritation Swing Constant 2.093 0.096
Linear 12.289 7.872 957 1.561 0.119
Quadratic 616.639 138.610 957 4.449 < 0.001*
Funk Constant 2.068 0.095
Linear 33.153 13.493 945 2.457 0.014*
Quadratic 1871.108 411.358 945 4.549 < 0.001*
Swing — Funk Constant 0.025 0.151 520 0.165 0.869
Linear 20.864 12.940 1,745 1.612 0.107
Quadratic 1254.469 360.500 1,745 3.480 < 0.001*

DV, dependent variable; SE, standard error of the estimate; df, degrees offedom; t, t-value; p, signi cance probability;*p < 0.05.

The main nding of Study Bcan be related to previous  microtiming as measured by thEAG may also depend on
research: listeners' sensitivity to timing discrepancies. The resulf
both Madison (2014)and Study Bare presumably rooted in
the same cognitive substrate that governs 3ND of time
perception Friberg and Sundberg, 1995
A further connection can be drawn to thd@heory of
Attentional DynamicgLarge and Jones, 1999; Jones et al.,
2006 which discusses models of attention and expectation in
the perception of periodically recurring events. This theory
models the expected arrival time of an event as a bell-
shaped probability distribution, which is updated every cycle
in a quasi Bayesian way. The spread of the distribution
(and hence the expected temporal variability of events) is
thought to depend on the variability of past events and on
the mean IOl between these events ($eege and Jones,
1999 p. 132). Hence, th@heory of Attentional Dynamics
appears to associate the variables in a similar wéayriasrg
and Sundberg (1995and the present study, but it adds a
procedural perspective.

1. The result agrees with theerceptiororiented ndings of
Friberg and Sundberg (19958imilar to the just-noticeable
di erences, listeners' emotional responses to microtiming3
deviations appear to depend on rhythmic density or,
reciprocally, on the mean time interval between subsequent
events. Thus, they seem to obey Weber-Fechner's law: when
time intervals between events are small, listeners are edect
by small microtiming variations. But if intervals are large
it takes greater microtiming variations to have an e ect on
listeners.

2. The result is compatible with recent ndings osensori-
motor synchronizatianMadison (2014)found that tapping
along with a musical stimulus was more accurate, when a
higher number of metrical levels was present in the acoustic
stimulus (for example eighth notes in addition to quarter
notes). Adding metrical levels is equivalent to augmentirey
rhythmic density without altering the tempo. We may assume
that the precision of sensori-motor synchronization dependdn summary, the idea that rhythmic density (but not tempo)
on tappers' perceptual sensitivity to timing discrepancies amight be a relevant moderating factor for listeners' emoéb
studied byFriberg and Sundberg (199%only people who response to microtiming deviations seems to be compatible with
perceive that they are tapping o the beat are able to adaptheories on auditory perception, sensori-motor synchronizat
their performance). Similarly, the emotional reactions toand dynamic attending. Nevertheless, our study's empirical
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TABLE 3 | Regression models for the relationship betweeffempo-Adjusted STDand Entrainment Enjoyment and Irritationfor Swing, Funk and the difference between
Swing and Funk

Tempo-Adjusted Standard Timing Deviation

DV Style Coef cient Estimate SE df t p
Entrainment Swing Constant 3.072 0.065
Linear 3.990 0.820 958 4.866 < 0.001*
Funk Constant 3.085 0.076
Linear 9.812 2.465 946 3.981 < 0.001*
Swing — Funk Constant 0.013 0.153 205 0.084 0.933
Linear 5.823 1.567 1,747 3.715 < 0.001*
Enjoyment Swing Constant 3.064 0.060
Linear 3.260 0.757 958 4.306 < 0.001*
Funk Constant 3.096 0.064
Linear 6.841 2.090 946 3.272 0.001*
Swing — Funk Constant 0.032 0.124 246 0.260 0.795
Linear 3.580 1.627 1,747 2.200 0.028*
Irritation Swing Constant 2.093 0.096
Linear 4.916 3.149 957 1.561 0.119
Quadratic 98.662 22.178 957 4.449 < 0.001*
Funk Constant 2.068 0.095
Linear 19.892 8.096 945 2.457 0.014*
Quadratic 673.600 148.089 945 4.549 < 0.001*
Swing — Funk Constant 0.025 0.151 520 0.165 0.869
Linear 14.976 7.211 1,745 2.077 0.038*
Quadratic 574.937 124.515 1,745 4.617 < 0.001*

DV, dependent variable; SE, standard error of the estimate; df, degrees offedom; t, t-value; p, signi cance probability;*p < 0.05.

evidence, based on two performances only, is too circumistiant lab-generate&hiftandDisturbancepatterns Study A compared
to warrant a general claim. More research is necessary irrtwde to the variable microtiming pattern that arose in the origina
study whether the scope of the result expands beyond these tierformanceéStudy B. The rationale behind this claim is that
particular recordings, beyond the playing of these two paléicu we expect listeners to be more accustomedPgrformance
musicians at this particular day, and beyond the swing andnicrotiming patterns than t&hiftandDisturbancepatterns. And
funk styles. For the data at hand, however, Density-adjusted we also hypothesize thd&xpertlisteners react more strongly
Standard Timing Deviatiormppears to be our best guess of ato microtiming deviations, compared tdlon-Expertlisteners,
metric that allows to compare listeners' response behaviasac due to the Expertstraining and re ned auditory perception.
the di erent musical contexts. In order to test these hypotheses, we will t regression msdel
to listeners'EAG ratings, using theDensity-adjusted STRAs a
common predictor variable.

4. STUDY C: COMPARING THE EFFECT OF

LAB- AND PERFORMANCE-GENERATED 4.1. Method

MICROTIMING PATTERNS ON MUSIC No new listener responses were collectedSaudy C Instead,

EXPERTS AND NON-EXPERTS the EAGgroove ratings fronstudies Aand B were re-analyzed in

order to test the hypotheses raised above. Dieasity-adjusted

The previous section presented some evidence thab#mesity- STDvalue was calculated for each stimulus, using Equation (4).

adjusted Standard Timing Deviati@tigns listener responses to These values are presentediable 5

microtiming deviations across di erent musical contextshig We observe that, in th8hiftand Disturbanceseries, negative

alleged invariance is not more than a claim at this point. Butand positive displacements of the same magnitude are projected

if con rmed by further research, it might provide a welcome onto the sameDensity-adjusted STDalue for both theShift

common ground for the comparison of microtiming e ects and Irregularity series (this follows from the fact that negative

arising in di erent situations and contexts. and positive values are positive when squared). We also see
In Study C we probe into the potential of such comparisons:that the originally performedSwing and Funk microtiming

we hypothesize that listeners respond di erently to the invatja patterns (0%) show considerably largeensity-adjusted STD
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TABLE 4 | Regression models for the relationship betweemlensity-Adjusted STDand Entrainment Enjoyment and Irritationfor Swing, Funk, and the difference between
Swing and Funk

Density-Adjusted Standard Timing Deviation

DV Style Coef cient Estimate SE df t p
Entrainment Swing Constant 3.072 0.065
Linear 2.553 0.525 958 4.866 < 0.001*
Funk Constant 3.085 0.076
Linear 2.825 0.710 946 3.981 < 0.001*
Swing — Funk Constant 0.013 0.153 205 0.084 0.933
Linear 0.272 0.553 1,747 0.492 0.623
Enjoyment Swing Constant 3.064 0.060
Linear 2.087 0.485 958 4.306 < 0.001*
Funk Constant 3.096 0.064
Linear 1.970 0.602 946 3.272 0.001*
Swing — Funk Constant 0.032 0.124 247 0.260 0.795
Linear 0.117 0.575 1,747 0.203 0.839
Irritation Swing Constant 2.093 0.096
Linear 3.146 2.015 957 1.561 0.119
Quadratic 40.412 9.084 957 4.449 < 0.001*
Funk Constant 2.068 0.095
Linear 5.728 2.331 945 2.457 0.014*
Quadratic 55.850 12.279 945 4.549 < 0.001*
Swing — Funk Constant 0.025 0.151 520 0.165 0.869
Linear 2.582 2.546 1,745 1.014 0.311
Quadratic 15.438 12.633 1,745 1.222 0.222

DV, dependent variable; SE, standard error of the estimate; df, degrees offedom; t, t-value; p, signi cance probability;*p < 0.05.

than the largest values associated with 8t and Disturbance responses to th&unk stimuli with the di erent scalings of the
series. This discrepancy is particularly striking wing In  original Performancemicrotiming pattern (from Study B are
order to compare data with an approximately similar range orshown in blue on the left, th&wingstimuli are presented in red
the predictor variable, only listener responses to stimulihwi on the right.
originally performed (0%) and downscaled Z0, 40, 60, Test results for thdrritation response data are presented
80, 100%) microtiming were used for the regression analysisn Table 6 The Shift — Performancdests analyse whether the
the data corresponding to stimuli with exaggerated (upsQaledntercepts or the slopes of simple linear regression modeés tt
performance microtiming were not included. to the Shift series di er signi cantly from the models of the
The regression analyses test whether linear models tteddot correspondingPerformanceseries. Similarly, th®isturbance
Shiftand Disturbancdistener response data (both fro8tudy A  Performancéests detect di erences between thesturbanceand
di er signi cantly from linear models tted to thePerformance corresponding?erformancenodels.
data. The stimuli from the twoStyles(Funk Swing will be Table 6 shows further that, for musi&xpertslistening to
analyzed separately. Similarly, the tigpertiseggroups Expert  Funk the slope of thdrritation linear regression model tted
Non-Exper} will each be modeled on their own. With three to the series withDisturbancepattern is signi cantly greater
EAG outcome variables Entrainment Enjoyment Irritation)  than the slope of the model tted to the respectiRerformance
and four ExpertisEStyle combinations, twelve regression pattern. We can state that music expetsitation increased
models will be tted in parallel. The overall signi cance &v signi cantly stronger, when larger irregularities werérioduced
is setto D 0.05. There were twelve parallel comparisonsinto the stimuli by displacing the snare drum events, compared to
hence the Sidak-corrected signicance level was set tahen the originally performed microtiming pattern magnitude

s D 0.004. was increased. In other words: the few xed snare displacesnent
against a quantized background were more irritating to ekper
4.2. Results listeners than the exible timing displacements occurrinoader
Figure 5 plots the meanirritation ratings against théensity- the actual performances.
adjusted STDfor the dierent stimuli series Shift (green), The Shift of the bass track against the drums track did not

Disturbance (purple), and Performance(blue or red). The have such an e ect. Tests applied to tNen-Expertand Swing
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TABLE 5 | Density-Adjusted STDvalues for the stimuli of theShift, Disturbance need to be augmented to 69 m®isturbancg and 59 ms
and Performance microtiming patterns. (Shify) in order to attain the Density-adjusted STDalue of
the original performance (note that these magnitudes andyfai

Pattern Level Density-adjusted STD .
close to those used bilatsushita and Nomura (201p) A
Funk Swing new experiment could clarify the e ect of di erent microtiming
) patterns by adjusting th®ensity-adjusted ST comparable
Shift (A) 8 ms 0.0215 0.0144 magnitudes.
16 ms 0.0429 0.0289
24 ms 0.0664 0.0433
c8ms 0.0215 0.0144
C16 ms 0.0429 0.0289 5. CONCLUSIONS
caams 0:0064 00433 This paper'sStudy Areplicated results from previous research.
Disturbance (A) 8 ms 0.0209 0.0123 It showed that, on one hand, the mutual displacement of the
16 ms 0.0418 0.0246 bass track against the drums track by a magnitude up to 24
24 ms 0.0627 0.0369 ms (Shiff) did not have a signi cant e ect on listeners' groove
c8ms 0.0209 0.0123 experiences (thus solidifying the main resulBoftter eld, 2010).
C16 ms 0.0418 0.0246 On the other hand, the study showed that displacing the snare
C24 ms 0.0627 0.0369 drum track alone against the other track3igturbancga ected
listeners' groove experience negatively (thus it con rmecbee
Performance (B) 0% 0.0911 0.1064 nding of Frithauf et al., 2073 Overall, we could con rm that
20% 0.0729 0.0851 not only the magnitude of microtiming deviations seems to
40% 0.0546 0.0639 matter, but also which layers of a musical fabric were a ected
60% 0.0364 0.0426 displacements between instrumental parts played by the same
80% 0.0182 0.0213 musician had a negative e ect, whereas displacements between
100% 0.0000 0.0000

parts played by di erent musicians had no e ect.
The Shift series refers to displacements of the bass notes against the dminotes. The The e ect of the Disturbancemanipulation measured in
Disturbance series refers to displacements of the snare drum notes agashthe other Study A was considerably smaller than the e ect found by
zptes. The man_lpulat|or.13.of the Performance series indicate the peeatage by which the Frithauf et al. (2013)Thi$ may have had several reasons: rstly,
isplacements in the original performance were downscaled. K A A A
Study Ahad a aw in the experimental setup that invalidated
the responses to the quantized stimuli. This loss of data a@ct
data were not signi cant; similarly, no e ects were measuredhe statistical power of the experiment adversely. Secotiuty,
with respect to theéentrainmentand Enjoymentdata (tables and musical patterns of the stimuli iStudy Adi ered considerably

gures are omitted). from those inFruhauf et al. (2013)The latter used a simple,
_ ) straightforward rock music drum pattern, in which the snare
4.3. Discussion drum played the quintessential backbeat and nothing else. In

The question of whether and how di erent microtiming patterns the present paper, both the swing and funk stimuli present a
a ect the emotional reactions of listeners cannot be conelely  more complicated pattern, where the snare drum may appear on
answered from the data available. We found some evidench erent, more or less metrically important positions. Atteoti
that Expertlisteners reacted more irritatedly to the xed snareresearch claims that irregular signals are easier to detétwn
displacements of th®isturbanceseries inFunk compared to they are perceived against a regular backgroutde(bo et al.,
scaled microtiming variations of the original performancBsit  1986; Bregman, 1999; Parasuraman, 2000; Helton et al.; 2005
this result is isolated, and it needs to be corroborated theer  Dalton et al., 2007; Winkler et al., 2008ompared to an irregular
research. background. The pattern presented krihauf et al. (2013)
Nevertheless, the data o ers clear pointers why the questiorepresents a regular background, whereas the music used in
at hand could not be fully answered: we observe that théhis papersStudy Aare rhythmically far more complicated and
independent variableQensity-adjusted ST)f the Disturbance irregular, and this might have a ected both the detectabiind
and Shift pattern series showed considerably smaller rangemmotional impact of the microtiming displacements.
in comparison to the scaled original performance patterns. Study Bexplored di erent ways of measuring the magnitude
Under the assumption that microtiming magnitude is adequatel of microtiming deviations in music. Using data from an earli
measured byensity-adjusted ST,Dhe microtiming deviations study Senn et al.,, 20)6it showed that emotional listener
of the Disturbanceand Shift series would need to be expandedreactions aligned with each other across two select mustglals
in order to compare the patterns on an equal footing.(Funkand Swing, when microtiming magnitude was measured
Speci cally, the maximum displacements Funk would have as a proportion of the mean 10l, and rhythmic density is
to be augmented to 35 ms for thBisturbancepattern, and accounted for as a moderating factor. The result suggeatshb
the Shift would need to be augmented to 34 ms in order toDensity-adjusted STI3 potentially better suited than the simple
match at theDensity-adjusted STRalue of the originalFunk  STD or the Tempo-adjusted ST measure and compare the
performance. The deviations within th8wing stimuli would  magnitude of microtiming phenomena across a variety of maisic
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FIGURE 5 | Study C: Mean Irritationas a function of the Density-adjusted Standard Timing Deviatioifproportion of mean 10l) across differenBtyle/Expertise
combinations for the Disturbance (purple) andShift (green) manipulation patterns and théerformance pattern (blue or red) scaled from quantized to original
magnitude. Error bars represent the standard error of the men.

situations. This nding resonates with results from resgar suggests that, in future research, the magnitudes of labted
on just-noticeable di erences in auditory perceptiofrriperg and performance-generated microtiming patterns need to be
and Sundberg, 1995sensori-motor synchronizationadison, matched in order to be comparable.
2019 and attentional dynamicsJpnes et al., 20D6Further Overlooking the corpus of groove studies concerned with
studies are necessary to establish whether the result eggand microtiming, we may summarize that this branch of researak h
other musical contexts beyond the two situations inveséidan  surprisingly few results to show for its e orts. This is what we
this paper. know so far: stimuli with quantized timing receive high grao
Finally, Study C probed into the eects of dierent ratings, atleast in the context of an experiment. We also know
microtiming patterns on listeners' emotional response, gsinthat groove ratings deteriorate, as microtiming deviatioare
the Density-adjusted STBs common measure of microtiming expanded Davies et al., 2013; Fruhauf et al., 2013; Matsushita
magnitude. This inquiry yielded one marginal result only: i and Nomura, 2016; Senn et al., 202We further obtained some
showed that music expert listeners reacted with miorgation  evidence that the groove ratings of stimuli with microtingin
when the snare drum was displaced against a quantizetiat arises in professional performance are on par with those
background, compared to the widely distributed microtiming elicited by stimuli with quantized timinggenn et al., 20)&@&nd
patterns present in the originally recorded performances. Ahat it is not necessarily the quantized stimuli that motvdhe
collateral result is perhaps of greater importan&udy C most intense body movement in listener&ilchenmann and
showed that the arti cially introduced microtiming deviahs  Senn, 2016 Finally,Hofmann et al. (2017suggested that tight
(Shift Disturbancg were of far smaller magnitude than microtiming patterns are preferred by listeners, compared to
the displacements found in the original performances. Thigarger microtiming magnitudes.
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TABLE 6 | Regression models for the relationship betweelensity-adjusted STDand Irritation

Style Expertise Pattern Coef cient Estimate SE df t p
Funk Expert Shift — Performance Constant 0.356 0.205 702 1.734 0.083
Linear 3.958 3.780 650 1.047 0.295
Disturbance — Performance Constant 0.517 0.205 702 2.522 0.012
Linear 14.536 3.855 650 3.771 < 0.001*
Funk Non-expert Shift — Performance Constant 0.086 0.179 709 0.482 0.630
Linear 1.522 3.079 642 0.494 0.621
Disturbance — Performance Constant 0.016 0.179 709 0.088 0.930
Linear 1.099 3.142 642 0.350 0.727
Swing Expert Shift — Performance Constant 0.386 0.192 693 2.014 0.044
Linear 1.730 4.707 647 0.368 0.713
Disturbance — Performance Constant 0.386 0.192 693 2.014 0.044
Linear 8.539 5.453 647 1.566 0.118
Swing Non-Expert Shift — Performance Constant 0.093 0.208 676 0.448 0.654
Linear 2.151 5.061 622 0.425 0.671
Disturbance — Performance Constant 0.260 0.208 676 1.250 0.212
Linear 4.989 5.868 622 0.850 0.396

Study A timing displacement patterns (Shift, Disturbance) relative to theePformance patterns from Study B. SE, standard error of the estimate; df, degreeof freedom; t, t-value;
p, signi cance probability; *p  0.004.

These results o er little support to the claim of thEneory Another yet unchartered territory in groove studies is teth
of Participatory Discrepancidéisat microtiming deviations are to the variability of microtiming patterns across the time af
essential for groove. Rather, it led scholars to the oppositgerformance. In the past, average microtiming variation pes|
conclusion, namely that music should be played with as littldhave been extracted from performed music (see examplesjin
microtiming as possible in order to have high groove—thiset al., 2011; Kilchenmann and Senn, 2011, 2015; Naveda et al.
opinion has been most prominently voiced byerker (2014) 2011; Hellmer and Madison, 2015; Hofmann et al., J0These
This conclusion, however, is at odds with the rm belief ofmya patterns may well represent a systematic aspect of microtiming
musicians that microtemporal aspects are crucial for grooven a certain style or context. But they do not take the procexdiur
(Berliner, 1994; Monson, 1996; Do man, 2Q0&nd with the aspect of music performance into account: the development of
ndings of Hove et al. (2007¢hat the presence of certain kinds the music in time and the rhythmic interaction between plaser
of microtiming improves rhythmic precision in musicians. According toKeil (1966, 1987, 1995, 201his procedural aspect

In a recent article, Witek pointed out with respect tois of great importance. Large's and Jongkeory of Dynamic
microtiming that “it seems to matter greathpowthese rhythmic  Attending (Large and Jones, 1999; Jones et al., )2atight
nuances are implemented,” and she observed that “the camditi provide a solid conceptual basis for tackling process-related
under which microtiming is e ective have been dicult to aspects of musical performance.
recreate in a laboratory settingW\(tek, 2016 p. 16, emphasis In recent years, research has moved on to discuss other
in the original). Taking into account relevant moderating musical aspects that promise to be relevant for groove, b&side
factors bridging between *“conditions” and using patternsmicrotiming. Beat saliencesvent densitynd pulse clarityhave
from expert performance in empirical research may allow tdeen identi ed as possible sources for (or at least correlafies
reach beyond the lab situation and better capture the groovgroove (Madison et al., 2011; Stupacher et al., J0Beveral
phenomenon. Up to now, most experimental studies investigatestudies have shown thasyncopationis associated with the
the e ect xed microtiming patterns, and manipulated them experience of grooveMadison and Sioros, 2014; Sioros et al.,
by scaling themagnitudeof the deviations. But the e ect of 2014; Witek et al., 20)4nd with body movement\itek et al.,
systematically varying thgatterningof microtiming deviations 2017. The groove qualities of rhythmic patterns have also been
while retaining the magnitude of the deviations has not yediscussed, albeit not yet empiricalBi{ikowski, 2004; Danielsen,
been su ciently approached. The methodological advantage006; Witek, 2016 The diversi cation of groove studies, to
of varying magnitude as an experimental variable consists imclude other factors than microtiming, is a fruitful and oessary
the fact that, being a quantity, magnitude can be manipulatedevelopment. There is currently no shared doctrine among
along one single dimension. Varying patterns is inherentlyscholars whether microtiming is relevant or not, but evesgi
multidimensional, and it is di cult to imagine how systemiat  will agree that microtiming cannot be the only relevant asgect
manipulations can be achieved. groove, and that there are innumerable other routes to explor
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