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 DOI 10.1007/s00221-009-1817-2 RESEARCH ARTICLE
 Multisensory integration of drumming actions: musical expertise aVects perceived audiovisual asynchrony
 Karin Petrini · SoWa Dahl · Davide Rocchesso · Carl Haakon Waadeland · Federico Avanzini · Aina Puce · Frank E. Pollick
 Received: 30 September 2008 / Accepted: 11 April 2009 / Published online: 30 April 2009© Springer-Verlag 2009
 Abstract We investigated the eVect of musical expertiseon sensitivity to asynchrony for drumming point-light dis-plays, which varied in their physical characteristics (Exper-iment 1) or in their degree of audiovisual congruency(Experiment 2). In Experiment 1, 21 repetitions of threetempos £ three accents £ nine audiovisual delays werepresented to four jazz drummers and four novices. InExperiment 2, ten repetitions of two audiovisual incongru-ency conditions £ nine audiovisual delays were presentedto 13 drummers and 13 novices. Participants gave forced-choice judgments of audiovisual synchrony. The results ofExperiment 1 show an enhancement in experts’ ability to
 detect asynchrony, especially for slower drumming tempos.In Experiment 2 an increase in sensitivity to asynchronywas found for incongruent stimuli; this increase, however,is attributable only to the novice group. Altogether theresults indicated that through musical practice we learn toignore variations in stimulus characteristics that otherwisewould aVect our multisensory integration processes.
 Keywords Synchrony perception · Audiovisual integration · Audiovisual congruency · Drumming actions · Musical expertise
 Introduction
 Our understanding of the world comes from a fusion ofdiVerent senses. In order to socially interact and behaveappropriately we need to make sense of biological actionsby integrating information from diVerent senses. To us,however, sensory integration may seem eVortless. Indeedhumans are very good at maintaining accurate judgments ofsimultaneity for complicated sets of signals, such as visionand audition, which have diVerent processing latencies dueto diVerences in physical and neural transmission (King andPalmer 1985; Fain 2003; Spence and Squire 2003; King2005). The human brain can tolerate some delay betweenauditory and visual information with no eVect on the qual-ity of audiovisual experience (Dixon and Spitz 1980). Inother words, we can tolerate some amount of onset asyn-chrony between two sources of sensory information andstill perceive them as pertaining to a single event. The sizeof this tolerance provides us with a measure of humans‘Temporal Integration Window’ (TIW). The interest intemporal perception of synchrony has developed sinceDixon and Spitz (1980) examined and compared the TIW
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 for audiovisual speech stimuli to that of other kinds of com-plex non-speech stimuli (a hammer repeatedly hitting apeg). However, since then the investigations concerningaudiovisual integration have focused (beside speech) onmuch more simple and less naturalistic audiovisual events(light Xashes, brief noise, clicks, etc.…; Spence et al. 2001;Stone et al. 2001; Sugita and Suzuki 2003; Zampini et al.2003; Fujisaki and Nishida 2005) than on more complexand environmental non-speech events (music and objectactions; Miner and Caudell 1998; Hollier and Rimell 1998;Vatakis and Spence 2006a, b).
 The study of complex audiovisual non-speech eventswould help in better clarifying the extent to which factorsinXuencing sensitivity to asynchrony for simple audiovisualevents can account for more complex and natural audiovi-sual events. However, studies involving object action ormusic events have been almost completely neglected infavour of those involving complex speech events (Steinmetz1996; Grant and Greenberg 2001; Grant et al. 2004; Navarraet al. 2005; Vatakis et al. 2007a).
 Only recently, Vatakis and Spence (2006a, b) pointedout the necessity of investigating synchrony perceptionusing other non-speech stimuli, such as music and objectactions. SpeciWcally, these authors emphasised how equallycomplex time-varying events (i.e. music) have beenignored, probably because they are not experienced by mostpeople to the same extent as speech. To overcome theselimitations Vatakis and Spence (2006a, b) assessed peo-ple’s sensitivity to audiovisual asynchrony, by using shortvideo clips of speech, object actions and music. They pre-sented the three kinds of video clips at a variety of WxedSOAs (Stimulus Onset Asynchrony), and asked participantsto judge which stream, the visual or the auditory, appearedWrst using a TOJ (Temporal-Order Judgment) task. Theresults of Vatakis and Spence (2006a, b) showed that peo-ple are less sensitive to asynchrony for speech than objectactions (in agreement with Dixon and Spitz 1980) but,interestingly, people were found to be less sensitive toasynchrony in musical video clips than for either speech orobject action video clips. The authors assumed that thediVerences in sensitivity to asynchrony for the three kindsof audiovisual events might be a consequence of diVerencesin people’s familiarity with the stimuli (i.e. almost all peo-ple have high familiarity with speech events, but far fewerare highly familiar with music events). Vatakis and Spence(2006b) addressed this point and found a clear eVect offamiliarity on sensitivity to asynchrony for musical andobject actions events, but not for speech. Furthermore, theyalso found diVerences in the level of sensitivity to asyn-chrony within the musical event category. Whilst for guitarvideos the best perceived synchrony was achieved when thevisual stream lead the auditory stream, for piano videos theauditory stream had to lead the visual stream.
 The complexity of results provided by Vatakis andSpence (2006a, b) leave us with renewed interest in audio-visual temporal perception for complex non-speech eventsand with a lot of unanswered questions. For example, whendemonstrating that familiarity plays a role in sensory inte-gration abilities it may be interesting to test how enhancedlevels of expertise (due to long-term training) can aVectsensitivity to asynchrony. Addressing such a point wouldenhance our understanding of how humans’ sensitivity toasynchrony is modiWed by practice and long-term repeatedexposure to speciWc multisensory events; it also would cre-ate a background of knowledge for future neuroimagingand electrophysiological studies interested in functionaland structural modiWcation of cortical and subcorticalregions consequent to musical practice (Bengtsson et al.2005; Gaser and Schlaug 2003; Hodges et al. 2005; Bermudezand Zatorre 2005).
 Music shares a lot of characteristics with speech. As oneof the most primitive means of social interaction it is stillone of the most eVective forms of communication besidesspeech. Also similarly to speech, it is composed of percep-tually discrete elements organised in time-varyingsequences. Thus when looking at a musician playing hisinstrument (as when looking at someone speaking), at aconcert or in a video clip, we integrate visual and audioinformation to create a singular perceptual event. However,the act of making music is not experienced or practiced asmuch as speech (Vatakis and Spence 2006a, b) and thismakes music events a perfect tool to discriminate betweenexperts and non-experts. The playing of music then is notonly a useful tool to better understand fundamental issuesin speech processing (with which it shares many similari-ties), but also a special kind of non-speech stimulus requir-ing extensive study itself. To date only Arrighi et al. (2006)have embraced this exigency by examining the conditionsnecessary for audiovisual simultaneity using drummingvideo clips. They showed that the width of the TIW and thepoint of subjective simultaneity (PSS) varied inversely withdrumming tempo (i.e. the faster the drumming tempo thenarrower the TIW and the smaller the sound delay neces-sary to perceive the best synchrony) and that the PSSalways occurred when the auditory pattern was delayedwith respect to the visual one. These results are in agree-ment with the Wndings by Vatakis and Spence (2006b) forguitar videos and object actions, as opposed to speech andpiano playing videos. These results provide us with an ini-tial understanding of how vision and sound from diVerentmusical events are integrated, and suggest that sensitivity toasynchrony may change considerably with change in stimu-lus physical characteristics thanks to high Xexibility of TIW(Navarra et al. 2005; Vatakis et al. 2007b).
 Here, we investigate whether professional musical trainingaVects the human TIW and PSS by exploring any diVerence
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 in audiovisual synchrony perception between these groups.To the best of our knowledge no study has attempted toclarify how audiovisual integration processes change withmusical expertise. Nevertheless some evidence indicatesdiVerences between musicians and non-musicians in detect-ing asynchrony (Miner and Caudell 1998), while other evi-dence does not support such a diVerence (Vatakis andSpence 2006b). Finally, activation diVerences betweenmusicians and non-musicians have been demonstrated inbrain regions thought to be involved in audiovisual integra-tion (Hodges et al. 2005).
 To investigate the diVerences between musicians andnon-musicians in perceiving temporal synchrony we usedpoint-light displays (Johansson 1973) of drummingactions. The decision to use this kind of display was madeafter considering the similarity in sensitivity to asynchronyfound by Arrighi et al. (2006) when using video clips ofdrumming actions or biological motion displays that pre-served the same motion proWle. Also, the use of point-lightdisplays is at the core of current research on audiovisualintegration of human actions (Saygin et al. 2008; Brookset al. 2007; Luck and Sloboda 2007), where the focus ofinterest concerns the study of biological motion processingfrom a multisensory point of view. Point-light displaysallow us to isolate the eVects of perceiving the biologicalmotion from contextual factors, which is key to diVerenti-ating between experts and non-experts in the present work.Thus, because our primary interest concerned the eVect ofexpertise on audiovisual integration mechanisms, the stim-uli were chosen to enhance diVerences in familiaritybetween expert musicians and non-musicians, and to pre-serve some of the richness of human activity whileenabling parametric manipulation of the audio and visualsignals. For this purpose we used point-light displays incombination with the synthetic sound of a professionaljazz drummer playing a swing groove, where “swing”denotes a jazz style.
 The term “swing” is strictly related to rhythmic qualitiesof music performance so that, when played, the listener iscompelled to move Wngers, feet, head and so on along withthe music. More precisely swing groove can be deWned as aparticular rhythmic ostinato played by jazz drummers(Waadeland 2003, 2006). Rhythmic isochronous sequenceshave been already widely used in psychoacoustics to studyjust noticeable diVerences for timing perturbation of a tone(see Friberg and Sundberg 1995 for a review of the topic),by showing that sensitivity to perturbation changed withchanges in IOIs (Inter Onset Intervals), i.e. with changes intempo. However, whereas Friberg’s and Sundberg’s (1995)study did not Wnd an eVect of expertise on sensitivity totone perturbation, Drake and Botte (1993) found a signiW-cant diVerence between musicians and non-musicians with
 regard to temporal discrimination. Hence, examining theeVect of expertise on audiovisual synchrony for a rhythmicsequence appears a natural continuation of these studieswhere only an auditory stream and less naturalistic stimuliwere used.
 We built on the few studies described above, regardingthe playing of music, by assessing musicians’ and non-musicians’ sensitivity to audiovisual asynchrony in twodiVerent experiments. In the Wrst experiment, we investi-gated whether changes in physical characteristics (i.e.tempo and accent) of a musical pattern diVerently aVect theperception of asynchrony of professional jazz drummersand musical novices. This was done by creating drummingdisplays for three diVerent tempos (see Arrighi et al. 2006),and three diVerent accents of the swing groove. We alsoinvestigated, in a second experiment, whether the elimina-tion of any of the natural correspondence between thetime-varying characteristics of the visual and the auditorystimulation (achieved by eliminating the covariationbetween drummers’ movements and relative sound) wouldaVect diVerently the asynchrony judgments of musiciansand non-musicians.
 Incongruency between diVerent sensory modalities hasbeen already demonstrated to aVect temporal perception(Spence and Walton 2005) and recently a clear eVect ofaudiovisual incongruency has been found on perceivedasynchrony when using the ‘McGurk eVect’ (McGurk andMacDonald 1976; MacDonald and McGurk 1978) to dis-rupt the correspondence between visual and auditory speechinformation (Munhall et al. 1996). That is, the audiovisualincongruency generated by the McGurk eVect was found tofacilitate the detection of asynchrony in comparison to thecongruent condition (van Wassenhove et al. 2007). Also,this eVect of facilitation was found by Vatakis and Spence(2007), using gender mismatch (i.e. hearing the speech ofone gender but seeing the face of the other) in their audiovi-sual temporal order judgments task. Hence, our aim in thesecond experiment is to examine whether this facilitationcan be generalised to other non-speech events and to peoplewith diVerent levels of musical expertise.
 Experiment 1
 The purpose of this experiment was to investigate diVer-ences between expert drummers and novices in perceivingaudiovisual synchrony of drumming actions, when diVerentphysical characteristics of the played swing groove weremanipulated. SpeciWcally, we aim to examine whetherchanges in characteristics of the musical pattern such astempo and accent would diVerently aVect drummers andnovices.
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 Methods
 Participants
 Four expert jazz drummers (all males with eight to 13 yearsof drumming training and with a mean age of 20.5) andfour novices (all males with no experience in drumming orany other music instrument and with a mean age of 19.5),with normal hearing and normal or corrected-to-normalvisual acuity, participated in the experiment. The studyreceived IRB approval and all participants gave informedconsent to participate. Participants received cash or coursecredits for their participation.
 Apparatus and stimuli
 All the visual stimuli were presented on a Sony Trinitronscreen, by a Macintosh G4 OS9, with resolution1,024 £ 768 pixels, 32-bit colour depth, and refresh rate of60 Hz. Auditory stimuli were digitized at a rate of44,100 Hz and presented through two high-quality loud-speakers (Harmon/Kardon) Xanking the computer screenand lying in the same plane 1 m from the participant.Speaker separation was 55 cm and stimuli range intensitiesat the sound source varied from 65 to 92 dB.
 Point-light displays
 Point-light displays of a professional jazz drummer playinga swing groove (Fig. 1a) were generated using 3D motioncapture data (240 Hz), previously obtained by Waadeland(2003, 2006) to analyse jazz drummers’ movements duringperformance. The data coordinates representing the shoul-der, elbow, wrist, hand joints and two points on the drum-stick (one at the level of the grip and the other of thedrumstick head) of the drummer’s right side were used toreproduce the video and the audio for the drumming dis-plays. For the video we converted the 3D motion coordi-nates of the drummer performance into point-light displays,
 by importing them into a Matlab script and using the Psych-toolbox routines (Brainard 1997; Pelli 1997). The pointswere represented in the display by white discs (luminance:85 cd/m²; diameter: 2 mm) on a black background (lumi-nance: 0.12 cd/m²), while a thick white line, oriented 25°from horizontal, represented the drumhead (width: 2.2 cm;height: 2 mm; luminance: 85 cd/m²). As the drummer per-formed the swing groove at three diVerent tempos (60, 90and 120 beats per minute) and with three diVerent accents(on the Wrst, second or third beat), nine sets of movementdata (three tempos £ three accents) were converted intopoint-light displays. The videos were produced using OSXand OpenGL functions of Matlab toolbox version 4, andsaved as AVI Wles of diVerent duration (25, 20 and 15 s) inaccord with the drumming tempo (60, 90, and 120 BPM).
 Sound
 The matching synthetic sounds were obtained by a simu-lation of the Wrst 25 modes of a circular membrane(Fontanaet al. 2004) that takes as input the time andimpact velocity of a strike and output the resulting audiosignal. Both time and impact velocity were derived byplotting the displacement and velocity of the drumstickhead marker versus time and selecting, for each impact,the frame at which the drumstick head velocity changedfrom negative to positive (Fig. 2) representing the strikeevent (Dahl 2004, p 765). To use only the vertical dis-placement and vertical velocity of the drumstick markerversus time (Dahl 2004, p 765), motion data were rotatedto a coordinate frame where horizontal was parallel to thedrumhead and vertical perpendicular to the drumhead,before collecting impact times and relative velocities(Fig. 2). The resulting nine sounds were saved as WAVWles and the duration of the sound Wles, as well as for thevideos, varied (25, 20 and 15 s) in accord with the drum-ming tempo. The range of intensities at the sound sourcewas 65–90, 71–91 dB, and 76–92, respectively, for 60, 90and 120 BPM.
 Fig. 1 a Frame sample of the jazz drummer point-light dis-plays; b waveform sample of the 9 impacts sound selection, with relative 3-beat cyclic pattern for accent on 2nd beat in the swing groove (see Waadeland 2006 for more details). The numbers 1, 2 and 3 at the top of the Wgure indi-cate, respectively, the 1st, 2nd, and 3rd beat in the pattern, while >indicates the accented beat
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 Movies
 To produce the audiovisual QuickTime1 movies (60 Hz)used as stimuli (Movie 1: example of movie with the drum-mer playing the swing groove at 120 BPM and with accenton 2nd beat), the video (AVI) and audio (WAVE) Wles wereimported in Adobe Premiere 1.5. Hence, they were com-bined by delaying the video with respect to the audio (AV)by 0, 4, 8, 12 and 16 frames (corresponding to AV lags: 0,–66.67, –133.33, –200, and –266.67 ms) and the audio withrespect to the video (VA) of the same frames’ numbers(corresponding to VA lags: 0, 66.67, 133.33, 200, and266.67 ms) for a total of nine audiovisual lags. After dis-carding the initial 5-s of the audio and video Wles (to assurea stabilization of the drummer performance) a sound selec-tion of nine impacts (Fig. 1b) was made always startingfrom two frames before the Wrst impact and ending at oneframe before the tenth impact. The sound selection waskept constant for the nine diVerent lags within each tempo/accent condition, while the video was selected each timeaccordingly. Hence, the video sequence was shifted alongthe Adobe Premiere timeline to be delayed (AV) oradvanced (VA) with respect to selected audio to create,respectively, the four negative and four positive audiovisuallags. Since the total amount of audiovisual display avail-able was much longer than that needed for the nine impacts
 there was always audio and video at the beginning and atthe end of each experimental display.
 The resulting QuickTime movies were compressedusing QuickTime Pro 6, and were shown to participantsthrough Showtime (Watson and Hu 1999), a componentof Psychophysics Toolbox (Brainard 1997; Pelli 1997)extensions to Matlab (see also Zhou et al. 2007, forShowtime used in multi-sensory integration). As thenumber of impacts was kept constant at nine for all thetempo and accent conditions, the duration of the Wnalmovies varied from 5.21 s for the slower tempo to 3 s forthe faster one.
 Procedure
 Observers sat in a darkened room at a distance of approxi-mately 1 m from the screen where the stimulus was dis-played. The experimenter, after brieXy explaining the taskto the participant, asked him to read the instructions writ-ten on the screen. The experiment consisted of 21 blocksof the 81 movies (for a total of 1,701 presentations) run inthree, daily-separated sessions of seven blocks each (for atotal of 567 presentations), to control for eVects of fatigue.Participants had to press “1” on the keypad if for them thedrummer’s movements were in synchrony with the sound,or to press “3” if they were perceived as asynchronous.Before starting the experiment participants performed abrief set of practice trials to familiarise themselves withthe task and to give them also the possibility to ask for fur-ther clariWcations in case the task was not completelyunderstood. After the short training the experimenter leftthe participant alone and the participant could start theexperiment by clicking the mouse. The 81 movies withineach block were presented randomly, and at the end ofeach block participants could take a few minutes’ breakand start the next one by clicking the mouse. After eachmovie, a short text message was displayed at the centre ofthe black screen to remind participants of the task and ofthe keys to use. When either response key was pressed thenext movie was automatically displayed and so on until theend of the block.
 Results and discussion
 In this experiment, we delayed by a variable amount eitherthe audio or the video of point-light movies of a jazz drum-mer playing a swing groove and measured the frequencywith which four expert jazz drummers and four novicesjudged the video and audio of the movies to be in syn-chrony. The results for the three diVerent tempo £ threeaccent conditions are shown in Fig. 3. The primary analysisinvolved Wnding the best-Wtting Gaussian to synchronyresponse rates, from which the TIW and the PSS could be
 1 Using a series of static frames sampled at 30 Hz like Arrighi et al.(2006) would increase the possibility that the frame showing the actualpoint of contact between the percussor and the resonator is not actuallyshown (see Arrighi et al. 2006, p 266); we used QuickTime moviessampled at 60 Hz to maintain as much as possible the original informa-tion of the drummer’s performance.
 Fig. 2 Vertical displacement of drumstick marker versus time (topdiagram) for 250 frames (240 Hz/s), and corresponding vertical drum-stick marker velocity (bottom diagram) for a swing groove played at120 BPM/1st accent. The vertical dashed line shows the correspon-dence of impact displacement and change in velocity direction. Thelast point before the change in velocity direction (red open circle) wastaken as the impact frame and the corresponding velocity derived(horizontal dashed line)
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 derived. The Gaussians were taken as an estimate2 ofparticipants’ TIW width and the time of the peaks of theGaussians as their PSS. This analysis is identical to thatused by Arrighi et al. (2006) and Petrini et al. (2009) so asto allow comparisons between the data.
 In Fig. 3 lines represent the best-Wtting Gaussian curves(all with R² values ranging from .84 to .96 for novices andfrom .93 to .99 for drummers3) for both experts’ and nov-ices’ averaged data (top diagrams and bottom diagrams,respectively). The three colours and styles—blue-solid,green-dashed, red-dotted—correspond, respectively, to thethree diVerent drumming tempos (60, 90, and 120 BPM),plotted separately for each accent condition (from left toright). The inter-subject variability within each group wasfound to be quite low as indicated by the error bars (repre-senting the standard error) in Fig. 3. The PSS or the per-ceived best alignment between the visual and auditorystimuli occurred, with no exception, when the audio wasdelayed with respect to the video. However, there is a gen-eral eVect of expertise on the width of TIW and on the sizeof the best auditory delay to perceive synchrony; indeedexperts’ PSSs and TIW widths are much smaller than thoseof novices.
 Figure 4 plots the PSSs and TIW widths against drum-ming tempo after collapsing the data across the three accentconditions. Accent had very little eVect. The only apparenteVect occurs at the faster tempo for novices’ PSS, which iscloser to the physical point of synchrony for the 1st accentcondition with respect to the other two. Novices’ PSSs for60–120 BPM occurred when the auditory stream wasdelayed from about 80 to 40 ms, while drummers’ PSSoccurred when the auditory stream was delayed from about40–20 ms (Fig. 4). Furthermore, novices’ TIW widthsdecreased from approximately 200 to 150 ms with increas-ing tempo, while drummers’ TIW widths from 130 to100 ms. A linear relationship between delay and tempo(Arrighi et al. 2006; Petrini et al. 2009) can well describethe trend in the data for both PSS and TIW width as shownby the slopes of the best linear Wts in Fig. 4. Hence, for both
 measures of sensitivity to asynchrony the eVect of tempo ismore accentuated for the novices’ group when compared tothe drummers’ group.
 An analysis of variance with a 2 (expertise) £ 3(tempo) £ 3 (accent) mixed factorial design was conductedon the PSS and TIW width data to test our observations.The between-subjects factor “expertise” was found to havea signiWcant eVect on both PSS (F(1, 6) = 6.345, p = .045)and TIW width (F(1, 6) = 8.919, p = .024). Also, the withinfactor “tempo” signiWcantly aVected the PSS (F(2,12) = 5.366, p = .021) and TIW width (F(2, 12) = 9.701,p = .003), while no eVect of accent was found on either PSS(F(2, 12) = 1.137, p = .35) or TIW width (F(2, 12) = 1.850,p = .19); likewise a tempo £ expertise interaction was notfound for either PSS (F(2, 12) = 1.592, p = .24) or TIWwidth (F(2, 12) = 1.670, p = .22). However, Fig. 4 revealsthat while drummers do not diVer much in their judgmentof asynchrony when presented with swing groove stimuliplayed at 60, 90 and 120 BPM, novices do diVer consis-tently in their sensitivity to asynchrony especially when itcomes to the slower tempo (60 BPM). In other words, onlythe performance of the novices’ group is signiWcantly wors-ened by the slower tempo condition. A series of repeatedcontrast measures were run on the PSS and TIW width datato compare the eVect of each level of tempo, after collaps-ing the data across the diVerent accent conditions (Fig. 4).A signiWcant interaction between tempo and expertise wasfound when comparing the TIW width for swing grooveplayed at 60 BPM to that played at 90 (F(1, 22) = 5.558,p = .028), while no signiWcant eVect of interaction wasfound for the two faster tempos (F(1, 22) = .012, p = .915).Also a similar result was found when comparing the PSSsfor 60 and 90 BPM, though for this measure the interactionwas only marginally signiWcant (F(1, 22) = 4.220,p = .052).
 In summary, musical expertise was found to aVect sensi-tivity to asynchrony by reducing the extent of both TIWand of PSS. Also, consistent with the results of Arrighiet al. (2006), we found that sound must be delayed withrespect to sight to produce the perception of best audiovi-sual synchrony, and that the size of the sound delay (PSS)is negatively correlated with drumming tempo. The eVectof tempo on sensitivity to asynchrony was found to be moreevident for the novices group, which performed poorly indetecting asynchrony at the slower drumming tempo(Petrini et al. 2009). This is an interesting result that indi-cates how musical practice enhances sensibility to asyn-chrony by mitigating the inXuence of other signals’characteristics such as tempo.
 However, would this diVerence between drummers’ andnovices’ sensitivity to asynchrony still be evident whendecreasing the coherence between auditory and visualstimulation? In other words, will drummers show a higher
 2 The estimate of TIW width was derived by calculating the SD of thenormal distribution, which is known to be equal to FWHM/2.3548. TheFWHM or full width at half maximum is a simple measure of the widthof a distribution, and is easily obtained from empirical distributions.The FWHM for a distribution described by the probability density f(x)is deWned by the absolute diVerence between one point on the left x2and one on the right x1 of the mode xm (deWned by f(xm) = max), withf(x1) = f(x2) = f(xm)/2.3 R² measures how successful the Wt is in explaining the variation of thedata. That is, R² is the square of the correlation between the responsevalues and the predicted response values. R² is deWned as the ratio ofthe sum of squares of the regression (SSR) and the total sum of squares(SST). R² can take on any value between 0 and 1, with a value closerto 1 indicating that a greater proportion of variance is accounted for bythe model.
 123

Page 7
                        

Exp Brain Res (2009) 198:339–352 345
 sensitivity to asynchrony even when their expectancy iscontradicted? To answer to this question we investigatedthe eVect of expertise on perceived audiovisual synchronyin a further experiment, where the eVect of audiovisualincongruency was examined.
 Experiment 2
 This experiment aimed to investigate the eVect of audiovi-sual incongruency on drummers’ and novices’ judgmentsof audiovisual asynchrony. Thus, we aimed to examine
 Fig. 3 Results for Experiment 1: Number of “Synchrony” responsesout of 21 as a function of audiovisual delay for drummers (top dia-grams) and novices (bottom diagrams) showed separately for the threeaccent conditions. Negative delays indicate AV lags (visual stream wasdelayed), while positive delays VA lags (visual stream was advanced).
 Blue-solid, green-dashed, red-dotted lines represent the best-WttingGaussian curves, respectively, for 60, 90 and 120 BPM, while symbolsof the same colours represent the data. The peaks of the Gaussiancurves provide an estimate of the PSS (point of subjective simultane-ity). The error bars represent the standard errors of the mean
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 whether audiovisual incongruency would facilitate thedetection of asynchrony even for our complex non-speechstimuli and for groups with diVerent levels of musicalexpertise.
 To investigate the eVect of audiovisual congruency, onlyone tempo and one accent condition were selected. Thiswas done to reduce as much as possible any confoundingeVect of tempo or accent on drummers’ and novices’ sensi-tivity to asynchrony for the congruent condition (for whichthe original auditory and visual stimulation was used), sothat any eVect of expertise found on PSS and TIW widthcould be explained only by the elimination of audiovisualcongruency. From the results of the Wrst experiment weknew that the faster tempo (120 BPM) was the one forwhich both groups were more sensitive to asynchrony asdemonstrated by the PSS and TIW width data. Moreover,the second accent condition of swing groove appeared to bethe one for which both drummers’ and novices’ TIW widthwas very consistent across all the diVerent tempos (Fig. 3:central top and bottom diagrams).
 Before running the experiment we ran a pilot with a newgroup of three expert jazz drummers and a new group ofthree novices using a similar apparatus to that of Experi-ment 1. Once the 120 BPM/2nd condition was selected wemanipulated the covariation between sound and sight tostudy the eVect of audiovisual incongruency. In the pilotthree diVerent levels of incongruency were used (Congru-ent condition: where the covariation between the auditoryand visual information was maintained; Averaged/Incon-gruent condition: where the covariation between auditoryand visual information was eliminated by giving as input tothe sound model the averaged impact velocity; scrambled/incongruent condition: where the covariation between audi-tory and visual information was eliminated by giving asinput to the sound model the list of impact velocities in ran-domized order). The procedure and task of the pilot was thesame as in Experiment 1, but the stimuli were presented tothe participants through two diVerent sound sources (head-phones and loudspeakers). Results showed a signiWcanteVect of audiovisual incongruency on sensitivity to asyn-chrony and no eVect of the diVerent sound sources. Thus,we selected, for the main experiment, only two levels ofincongruency (congruent-scrambled/incongruent) alongwith the headphones as sound source.
 Methods
 Participants
 Thirteen new drummer experts (all males with a mean of23 years of drumming training and with a mean age of36.7) and 13 new novices (all males with no experience in
 drumming or any other music instrument and with a meanage of 36.6), were recruited for this experiment. All partici-pants had normal or corrected-to-normal visual acuity andhearing. All of them gave informed consent to participate inthe study which was approved by the Institutional ReviewBoard at West Virginia University and received cash fortheir participation.
 Apparatus and stimuli
 All the visual stimuli were presented on a MacintoshPowerBook G3, running OS9, with resolution 1,024 £ 768pixels, and a refresh rate of 60 Hz. Auditory stimuli werepresented through headphones (Beyer Dynamic DT Head-phones). Stimuli range intensities at the sound source var-ied 50–70 dB. The tempo and accent condition of allstimuli, as mentioned above, was 120 BPM/2nd accent.The two levels of incongruency used were:
 Congruent condition
 The congruency between auditory and visual stimulationwas maintained by using a point-light display for thecondition 120 BPM/2nd accent, previously used in Experi-ment 1, where input to the sound model (Fontana et al.2004) was the original impact velocity (Fig. 5a). The waveWle used to create the congruent drumming stimulus had amean intensity of 71 dB and duration of 15 s.
 Scrambled/incongruent condition
 To eliminate both audiovisual covariation and regularity inthe sound the scrambled list of impact velocities (Fig. 5b)was given as input to the sound model. That is, the sameoriginal impact values of the congruent condition were usedbut they were given in a scrambled order to the soundmodel. As previously, the impact time remainedunchanged. The WAV Wle used to create the scrambled/incongruent drumming stimulus had mean intensity of71 dB and duration of 15 s.
 Procedure
 The procedure was identical to that of Experiment 1, exceptthat it consisted of 10 blocks of 18 movies each.
 Results and discussion
 The averaged results are shown in Fig. 6a where the black-solid, and black-dashed lines represent the best-WttingGaussian curves (all with R² values ranging from .77 to .97for novices and from .81 to .99 for drummers), respectively,for the Congruent (C), and scrambled/incongruent condition
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 (S/I). Overall, drummers have much smaller TIWs widthsimilarly to what we found in Experiment 1. Also an appar-ent diVerence in the eVect of incongruency on drummers’and novices’ TIW width emerged (Fig. 6). Indeed, it is easyto see from Fig. 6b that the eVect of incongruency on theTIW width is only obviously present for the novices group,which have an evident improvement in detecting asyn-chrony when auditory and visual stimuli do not covarytogether. This was not true for experts, who had the samekind of performance with both congruent and incongruentaudiovisual stimuli.
 The inter-subject variability is once again quite low asindicated by the error bars in Fig. 6a, and though the PSSvalues for both groups in this experiment are higher thanExperiment 1, this is probably due to the reduced numberof stimulus presentations.
 An analysis of variance 2 (expertise) £ 2 (congruency)for a mixed factorial design was conducted on the PSS andTIW width data to test our observations. The between-sub-jects factor “expertise” (PSS: F(1, 24) = 0.036, p = .851;TIW width: F(1, 24) = 14.037, p = .001), the within-sub-jects factor “congruency” (PSS: F(1, 24) = 2.134, p = .157;TIW width: F(1, 24) = 32.730, p < .001) and the interactionbetween the two factors (PSS: F(1, 24) = 1.209, p = .282;TIW width: F(1, 24) = 11.926, p = .002) were found to behighly signiWcant only for the TIW width.
 Figure 6b plots PSS and TIW width against incongru-ency. A signiWcant eVect of congruency is evident only for
 novices, but not for drummers, which is why we found asigniWcant interaction between expertise and incongruency.This result is made evident by the steeper slope (¡34.82 ms/I)in Fig. 6b for the novices group when going from congruentto incongruent condition.
 In summary, the results of this further experiment bothconWrm and extend the results of Experiment 1. Indeed, ageneral eVect of expertise on the TIW width was found aswell as in Experiment 1, conWrming the enhancement in sen-sibility to asynchrony for the drummers group. However, theaudiovisual incongruency was found to narrow only the TIWof the novices group, suggesting that only this group is facili-tated by a mismatch between auditory and visual informationwhen detecting asynchrony between the two signals.
 General discussion
 The results of the two experiments described in this studysupport previous Wndings on synchrony perception ofaudiovisual actions, and also add further evidence to helpus understand how musical expertise aVects perceived sen-sitivity to audiovisual asynchrony.
 EVect of tempo and accent on sensitivity to asynchrony
 In Experiment 1, in agreement with drumming results ofArrighi et al. (2006), we found that sound must be delayed
 Fig. 5 Example of the mapping from original velocities measured tothe impact velocities used by the algorithm to generate the sounds.Conditions used include (a) the original and (b) the scrambled veloci-
 ties. The two audio Wles resulting from this manipulation were used tocreate audiovisual drumming displays with diVerent level of visualand auditory incongruency (congruent and scrambled/incongruent)
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 with respect to sight to produce the perception of bestaudiovisual synchrony, and that the size of the sound delay(PSS) is negatively correlated with drumming tempo. Thatis, in order to perceive synchrony the sound has to bedelayed less for a faster tempo of swing groove than for a
 slower tempo. This eVect of tempo increase on synchroni-sation has also been found recently by Luck and Sloboda(2007) in their study of synchronization to three-beat con-ductors’ gestures indicating that faster tempos consistentlyimprove perception of synchrony no matter what kind of
 Fig. 6 Results for Experiment 2: a Number of “Synchrony” responsesout of ten as a function of audiovisual delay for drummers (on the left)and novices (on the right), where negative delays indicate AV lags (vi-sual stream was delayed), while positive delays VA lags (visual steamwas advanced). Black-solid and black-dashed lines represent the best-
 Wtting Gaussian curves, respectively, for congruent (C) and scrambled/incongruent (S/I) condition. b PSS and TIW width plotted as a functionof audiovisual incongruency. The solid lines represent the linear Wts tothe data, with their slopes. The error bars represent the standard errorsof the mean
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 task participants are required to do (e.g. judge simultaneityvs. tap in synchrony with the beat). Also, in agreementwith Arrighi et al. (2006) we found that the range of delayssupporting audiovisual synchrony (TIW width) could bevery broad, especially at slow tempo, and that theincreased range with drumming tempo depends on anasymmetric lowering of the upper bound (Novices: ¡25 to170 ms for 60 BPM; ¡25 to 136 ms for 90 BPM; ¡25 to126 ms for 120 BPM; Drummers: ¡25 to 99 ms for 60BPM; ¡24 to 89 ms for 90 BPM; ¡21 to 82 ms for120 BPM), especially for novices. Finally, the width of theTIW was found to be inversely related to drummingtempo, with the width decreasing as the drumming tempoincreased.
 Whereas the lagging of auditory information withrespect to visual information can be accounted for by adap-tation of the central nervous system to diVerences in thespeed of light and sound (Massaro et al. 1996), we do nothave a clear idea of why PSS and TIW width shoulddecrease with drumming tempo. Arrighi et al. (2006)explained this result by indicating that when people arejudging simultaneity between two signals (in a phase-basedtask), rather than simultaneity between changes in the twosignals, frequency matters (CliVord et al. 2003) and sensi-tivity to asynchrony increases for higher frequency. Thusthey argued that their task was necessarily a phase align-ment task because in their movies the frame that showedthe actual point of contact between hand and drum could bemissing. However, unlike Arrighi et al. (2006) our movieswere sampled at 60 Hz instead of 30 Hz, enhancing thepossibility that the frame showing the contact pointbetween drumstick and drumhead was presented, thusreducing the possibility for the task to be performed byphase alignment.
 An alternative explanation of the eVect of diVerent tem-pos (diVerent frequencies in other terms) on sensitivity toasynchrony could refer to the notion of humans’ spontane-ous tempo. Spontaneous tempo, as determined from sub-jects freely tapping out a rhythm with their Wnger, wasfound to average »2 Hz (Kay et al. 1987; Collyer et al.1994; Moelants 2002), and also was found to correlate withthe cadence of walking in locomotion experiments (Murrayet al. 1964) as well as in extended periods of natural activ-ity (MacDougall and Moore 2005). Furthermore, a prefer-ence towards 2 Hz frequency of movement has beenobserved in music (Moelants 2002), where a clear prefer-ence for rhythm of 2 Hz (120 BPM) was found sampling awide selection of Western music and asking participants totap along with it. Therefore, if we possess a preferredtempo at around 120 BPM, we should expect that we wouldbe better in detecting audiovisual asynchrony for swinggroove approaching this tempo. Our results are consistentwith this assumption.
 Finally, no eVect of accent was found in the Wrst experi-ment. This result suggests that striking velocity and prepa-ratory height (Dahl 2004; Schutz and Lipscomb 2007) arenot salient information when judging synchrony betweenvisual and auditory streams, at least as long as coherentaudiovisual information is presented. Thus, though thekinematic information contained in the accented gesturesare probably very important for musicians (Luck and Slo-boda 2007; Luck and Nte 2008) when performing alongwith conducting gestures, they might become irrelevantwhen no motor synchronization is required. However,because in our experiment we compared three diVerentaccented conditions (i.e. the accent was always present butin diVerent positions of the cyclic drumming sequence),instead of comparing a condition with an accent to onewithout an accent, we cannot exclude the possibility thatthe presence of an accent in itself would make a diVerencein the way we judge audiovisual asynchrony. Nevertheless,because accents can be deWned as events that attract atten-tion (Jones 1987; Palmer and Krumhansl 1990), in order tocompare a condition with accents with a condition withoutaccents the attention demand should be carefully balanced.
 EVect of audiovisual incongruency on sensitivity to asynchrony
 In Experiment 2 we additionally found, in agreement withvan Wassenhove et al. (2007) and Vatakis and Spence(2007), a consistent eVect of incongruency on TIW width,with the tolerance to asynchrony (TIW width) decreasingwhen the audiovisual incongruency was introduced. Thisresult is similar to what van Wassenhove et al. (2007)found for incongruent and congruent audiovisual speechstimuli (syllables). The congruent condition was found bythe authors to elicit a broader tolerance to asynchrony thanthe incongruent in complete accord with our results. How-ever, on average the size of the integration window foraudiovisual drumming events (»112 ms) was found to bemuch smaller than that found by van Wassenhove et al.(2007; »200 ms) for audiovisual speech events. This diVer-ence in the extent of TIW for drumming and speech stimulimight be a result of diVerences in duration between drum-ming impacts and syllables. That is, because it is knownthat a TIW for audiovisual speech of »200 eVectively cor-responds to the average of syllable duration across lan-guages (Arai and Greenberg 1997), the narrowing of TIWfor audiovisual drumming could depend, at least in part, onthe general short duration of diVerent kinds of impact (usu-ally in the order of few milliseconds: Wagner 2006, p 30).Hence, the smaller width of the TIW for drumming stimulimight ensue from a compromise between the duration ofcontact time and the tolerance to asynchrony necessary tosuccessfully integrate sound and sight in a unique percept
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 despite diVerences in arrival and time processing of thesetwo signals. Yet, it is more important to underline the evi-dence that incongruency between auditory and visualstreams appears to enhance people’s sensibility to asyn-chrony for speech syllables as well as drumming stimuli.That is, for both drumming and speech the visual action ofmotion and the resulting sound are integrated to a greaterdegree when the two kinds of information covary together.
 EVect of expertise on sensitivity to asynchrony
 In both Experiment 1 and 2, we showed that novices anddrummers highly diVer in their performance. Our resultsindicate a clear eVect of expertise on the sensitivity to asyn-chrony, showing that professional drummers were less tol-erant to asynchrony as compared to novices, in that TIWwidth and PSS values were found to be much smaller forthe former group than for the latter. These Wndings are inline with those of previous research that have shown diVer-ences between musicians and non-musicians in temporalintegration ability (Miner and Caudell 1998; Hodges et al.2005), in tapping synchronization to gestures (Luck andSloboda 2007; Luck and Nte 2008), and in brain areasinvolved in audiovisual integration (Hodges et al. 2005).
 Most importantly in Experiment 1 we found that theeVect of tempo on sensitivity to asynchrony (Arrighi et al.2006; Petrini et al. 2009) was more evident for the novicesgroup (Petrini et al. 2009). This is an interesting diVerencebetween drummers’ and novices’ sensitivity that focusesupon the slower tempo. Novices were clearly much moretolerant than drummers to audiovisual asynchrony for theswing groove played at 60 BPM than for those played at thefaster tempos. This diVerence between experts and novicesfor very slow tempo might be accounted for by a higherability of musicians to tap at slower rates than non-musi-cians, as demonstrated by results of forced tapping tasks.That is, the musicians can produce a wider range of tempos,especially slower tempos, than non-musicians (Drake et al.2000). If musicians are able to produce a wider range ofslow tempos, while novices cannot, then this might explainwhy only novices are very poor in detecting audiovisualasynchrony at low frequency. In other words, drummersmight learn through practice to process the two signals ofthe audiovisual event without any interference from addi-tional physical characteristics of the music stimulus, andthus give unbiased judgments on whether those signalstemporally belong to a unique event.
 In line with this view are the results of Experiment 2showing that only novices’ sensitivity to asynchronyappears signiWcantly enhanced by audiovisual incongru-ency between the auditory and visual stream. Indeed, fromthe results of Experiment 2 it emerged that incongruencynarrows the TIW width only for the novices group, while
 there was no such eVect on drummers’ TIW. This resultmight indicate that drummers, due to practice, are not fur-ther facilitated in their detection of audiovisual asynchronyby a mismatch between the two signals. That is, drummersmight be able to treat as separate the two signals in bothcases of audiovisual congruency or incongruency, and con-sequently be better in evaluating whether or not the two arein synchrony. This hypothesis needs to be tested by futureresearch by investigating whether the eVect of audiovisualincongruency on sensitivity to asynchrony decreases after along musical training period.
 Based on our Wndings we can speculate that, after a longperiod of musical training, some characteristics of theaudiovisual stimulation (such as tempo and congruency),that would normally be used by our neural system to recali-brate our tolerance to signals asynchrony (Vroomen et al.2004; Navarra et al. 2005), are ignored. In other words,with musical practice the binding process changes in such away that additional factors are no longer used by our neuralsystem to integrate the multisensory information, becausethe system reaches a very high and unbiased level of preci-sion itself. If this is true, it means that with practice thecross-modal binding of stimuli might not be modulatedanymore by variations in the low-level stimulus properties,even if could still be modulated by top-down factors.
 One top-down factor which has been proposed to beimportant for multisensory processing is the “unity assump-tion” (Vatakis and Spence 2007), which holds that the bind-ing of diVerent sources of sensory information will beinXuenced by whether or not they are held to correspond tothe same category. For example, Vatakis and Spence(2007) showed that whether the gender of a face and voicematched or mismatched had an eVect on audiovisual bind-ing even when the temporal alignment and correlationbetween streams was high. While such a Wnding is impor-tant, it is not directly relevant to our results in Experiment 2since we manipulated the congruency of audiovisual infor-mation at a low-level, and always within the category ofdrumming. Cross-category presentation of music stimuli ispossible and has been used by Schutz and Kubovy (2008)with presentation of visual stimulation from one music cat-egory with auditory stimulation from a diVerent music cate-gory. Therefore, it would be interesting to examine whetherthe diVerence between drummers and novices would standalso when presenting, for example, a drumming displaytogether with a guitar sound and vice versa. However, thelack of an eVect of the “unity assumption” on temporalorder judgments shown by Vatakis and Spence (2008) formusical stimuli suggests that this kind of top-down factormight be speciWc to speech (Vatakis et al. 2008).
 Finally, in view of all the behavioural diVerences thathave been found between musical experts and novices inthis and previous studies (Miner and Caudell 1998; Hodges
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 et al. 2005; Petrini et al. 2009) it would be very importantto run further brain imaging studies (Bengtsson et al. 2005;Gaser and Schlaug 2003; Hodges et al. 2005; Bermudezand Zatorre 2005) to better understand which of thesediVerences are reXected in structural changes rather thanfunctional rearrangement of the brain areas involved inmultisensory integration processes.
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