A Novel Representation for Rhythmic StructureVijay Iyer (1)Jeff Bilmes (2)Matt Wright (1)David Wessel (1)(1) Center for New Music and Audio Technologies, U.C. Berkeley vijay, matt,wessel@cnmat.berkeley.edu, http://www.cnmat.berkeley.edu/People(2) International Computer Science Institute, U.C. Berkeley bilmes@icsi.berkeley.edu, http://www.icsi.berkeley.edu/~bilmesAbstractWe have developed a representation for musical rhythm and rhythmic structure based onconcepts derived from African and African-American musics. Included in the representation area model for expressive timing against an isochronous pulse, and a cellular approach to musicalorganization. In our implementation, the representation and its data structures are controlledand modified in real time using MAX. The richness of control over many meaningful musicalquantities distinguishes our representation from those in more common usage, such as musicnotation programs, sequencers, and drum machines.1 IntroductionMany authors [2][4][7][8] have attempted toaddress the universal issue of rhythm perceptionand cognition. While these efforts featurerigorous approaches to data analysis andmodeling, such work often contains musicalassumptions specific to Western Europeanclassical music, even if the music under studylies outside of that tradition. It is clear that onecannot transcend one�s own cultural context indiscussing something as culturally contingent asmusic. Subsequently, the present work embracesthe cultural perspective of its authors, andassembles a model based upon their specificmusical knowledge and experiences with themusics derived from West African and African-American cultures. The ensuing multiscalerepresentation of temporal structure in musicfeatures crucial musical concepts that appear inmany musics of the world -- particularly African,African-American, and many Asian musics, butalso European classical music to a lesser degree.Anthropologists, historians, andethnomusicologists have studied the presence ofimportant historical links and strong conceptualcommonalities between West African andAfrican-American cultures, including theirmusics [11][14]. The best-known among theircommon musical traits are the prominence ofimprovisation as a mode of expression, atendency towards percussivity, a prevalence ofantiphonal (call-and-response) relationships, and adeveloped stratification of contrasting rhythmiclayers. This last characteristic is crucial to ourwork, and it tends to come in tandem with alower priority for hierarchical organization oflarge-timescale musical structure. Such musicmay de-emphasize these hierarchical relationshipsin favor of referential, associative, or functionalrelationships [5]. This trait may be contrastedwith the notion of deeply recursive intra-musicalhierarchies suggested by Lerdahl and Jackendoff[6] for Western tonal music. So, for example, inmany examples of reggae, hip-hop, and funkmusic, the stress might be more on cyclicality,on reference to a shared body of knowledge, or onvariable relationships to a composite percussivepattern (see the discussion of �groove� below),and less on the recursive grouping of sectionsinto progressively larger chunks. Thus, manyAfrican-derived musical structures can be less�deeply� organized on a large scale (in the senseof the �depth� of a recursive tree) than Westerntonal structures, but are frequently �deeper� (i.e.more stratified or polyrhythmic, containing moreconstituent units) on a small timescale.

Another important feature of African-derivedmusics is a �bottom-up� cognitive approach tomusical organization. For example, rhythmictextures often arise from the superposition ofvarious cyclic musical patterns. A primeinstance of this trait occurs in Afro-Cubanrumba, which features fixed cyclic clave andwood-block ostinati, relatively stable repetitivelow- and mid-range conga drum patterns, and avariable, heavily improvised quinto (high congadrum) part, all combining to form an extremelyrich emergent texture. This bottom-up approachmay also occur at a higher hierarchical level.Musical pieces may have a number of differentrepeated sections or �spaces� that cycle forarbitrary lengths of time; the transitions amongthese spaces are often cued in an improvisatoryfashion, quite possibly without a preordainedlarge-scale temporal structure or a linear notionof time. The music of James Brown providesmany examples of this type. We maycharacterize these bottom-up methods of musicalorganization as �cellular,� large musicalstructures are assembled from small, fully-formedconstituent units.Yet another musical element crucial in African-derived and many other world musics is a conceptof groove. This elusive quality may be describedroughly as a complex relationship to acollectively-determined and relatively isochronouspulse. In groove-based music, the steady pulse isthe chief structural element, and it may bearticulated in a complex, indirect fashion. Onecould say that, among other functions, a groovegives rise to the perception of lifelike, steadypulse in a musical performance. In groovecontexts, musicians display a heightened,seemingly microscopic (~5 ms) sensitivity tomusical timing. Different kinds of rhythmicqualities, such as apparent accents, emotionalmood, etc., are created by playing notes slightlylate or early relative to their metric location. Weclaim that this variety of expressive timingagainst an isochronous pulse contains importantinformation about the inner structure of groove.While numerous studies have dissected thenuances of expressive ritardandi and other tempo-modulating rhythmic phenomena [3][10][12], toour knowledge there have been few carefulquantitative studies that focus on expressivetiming with respect to an isochronous pulse. Ingroove-based contexts, even as the temporemains constant, this fine-scale rhythmicdelivery becomes just as important a parameteras, say, tone, pitch, or loudness. All thesevarious musical quantities combine dynamicallyand holistically to form what some would call amusician�s �feel.� A careful study of these kindsof music requires similarly integrative treatmentof these parameters.2 Modeling ExpressiveTimingOne of the authors [1] has developed a tripartitemodel for expressive timing in performance ofgroove-based music. In addition to the salientmoderate-tempo pulse or tactus, anotherimportant rhythmic unit is defined at the finesttemporal resolution. It is called the temporalatom or tatum (in homage to the great African-American improvising pianist, Art Tatum), thesmallest cognitively meaningful subdivision ofthe main beat. Multiple tatum rates may beactive simultaneously. In Western notation,tatums may correspond typically to sixteenth- ortwenty-fourth-notes, though they may vary overthe course of a performance. Groove-based musicis characterized in part by focused attentiveness toevents at this fine level. The tactus and thetatum provide at least two distinct clocks forrhythmic synchronization and communicationamong musicians.In Bilmes� scheme, a performance displaysmusical phenomena that may be represented onthree timescales. First, the musical referent or�score� corresponds to the most basicrepresentation of the performed music as it wouldbe notated in Western terms, using quantizedrhythmic values (tatums) that subdivide the mainpulse. All note-events are represented at thislevel. Secondly, at relatively large timescale,inter-onset intervals are stretched and compressedthrough tempo variation. This variation may berepresented as a tempo curve -- a function ofmusical time vs. score time. However,particularly in percussive music, there is no realmusical continuum separate from the note-events; score time is quantized in units oftatums. In fact, the tempo curve operates ontatums, modifying their durations such that theirsequential sum corresponds to the integral of thetempo curve. In this way, the tatum may beregarded as a sampling rate.

Thirdly, the tatum-relative temporal deviationscapture the aforementioned fine-grainedexpressive timing. They quantify themicroscopic delays or anticipations of note-events relative to the theoretical tatum onsets. Inother words, deviations represent the microscopicvalues by which note onsets differ from rigidquantization, over a metronomic background.Deviations take on continuous values from -0.5to +0.5 tatums, so that all possible rhythmicplacements are allowed. In the case of multiplesimultaneous tatum rates, this may allow for aredundant representation, in that a given note-event may be described in a number of differentways. For example, an event may be representedas a deviated sextuplet or as a differently deviatedsixteenth-note. We include this ambiguitypurposefully, because such ambiguities occurfrequently and naturally in the types of musicunder study, such as Afro-Cuban percussivemusic.In his previous work, Bilmes used signal-processing techniques to extract each of thesethree quantities from a musical performance. Thework demonstrated that analysis of deviations canshed some light on musicians� internalrepresentations of the rhythmic content of theirperformances, particularly in ensemble contextsthat feature fixed and variable rhythmic groups. 3 Representation andImplementationMore recently, we have elaborated upon theabove model to develop a powerful representationfor musical rhythm. Implemented in MAX (agraphical, object-oriented music-programmingenvironment [9]), the representation includesfeatures such as pitch, accent, rhythmicdeviations, tempo variation, note durations(which are found to carry important rhythmicinformation and are therefore treatedindependently), and probabilistic processes. Itmay be used in conjunction with MIDIinstruments or other synthesizers or soundmodules. To facilitate the use of the representation, wehave developed various Editors and Players, forcreating and musically enacting the datastructures, respectively. One of our main goalshas been interactive music performance, so ourPlayers have been designed with real-time controlin mind. A Player agent steps through the datastructures, scheduling and playing the note-events. Multiple data structures are handled withease thanks to MAX�s parallel programmingmodel. Players may also improvise by selectingfrom banks of rhythmic data or by creating newstructures in real time. The Editors consist ofgraphical user interfaces for creating andmodifying data structures in the representation.The basic unit of our representation is the Cell, adata structure containing a Duration, aTempo_curve, and any number of Note_layers.A given Note_layer contains either a discrete,regular Tatum_grid whose elements containNotes, or a list of Notes occurring at fractionalpoints of the cell duration. The presence ofmultiple Note_layers allows a rich variety ofrhythmic possibilities at the most fundamentallevel, including multiple tatum rates, �a-tatum�rhythms [1], hierarchy, and stratification. ANote is a tuple containing data about the notetype, loudness/velocity, note duration, anddeviation (in the discrete case). Thus, expressivetiming against a metronomic background standson equal footing with other continually-modulating musical parameters.Cells may be combined either in series or inparallel into larger Cells, or they may be cycledindefinitely. The system employs a novelmethod for handling large numbers of complexrhythmic structures, using features of the MAXcollection object, a versatile and open-ended datastructure. This method facilitates many of thebottom-up combination techniques mentionedabove, such as the stratification of different-length rhythmic cycles, creation of compositebeat schemes, repetition, rhythmic progression,and most importantly, improvisatorymanipulation of these structures. Thus, a usermay create a number of different Cells and selectrapidly from among them in real time,superimposing, serializing, or otherwisemanipulating the constituent units. Note thatthe overall design privileges hierarchy at theintra-cellular level, and emphasizes �heterarchy�or modularity at the multi-cellular level. Thisprioritization arises from African-derived conceptsof musical organization, as described in theintroduction.

Among the various tools for manipulating thedata structures, we provide a way to exaggerate orde-emphasize rhythmic features by the use ofnon-linear (power-law) compression andexpansion. This technique applies mosteffectively to deviation and accent data, wheresubtle expressive features may be either softenedor enhanced via a continuous controller.The richness of control over many meaningfulmusical quantities distinguishes ourrepresentation from those in more commonusage, such as music notation programs,sequencers, and drum machines. In addition, asmentioned above, the representation supportscreative applications in improvised performancewith electronic instruments.4 Future WorkWe intend to use our implementation to collectrhythmic data from musicians for analysis, and todevelop hypotheses and models of rhythmcognition. Although we will not go into thedetails here, we have also begun to employprobabilistic processes to construct a usefulpreliminary representation of rhythmicimprovisation. If used wisely and in conjunctionwith careful treatment of other parameters, thesecontrolled random processes can yield musicallyinteresting output. Lastly, we have begun todevelop more sophisticated Players thatincorporate ideas about the body, kinesthetics,and embodied cognition [13].References[1]Bilmes, J. 1993. Timing is of the Essence:Perceptual and Computational Techniquesfor Representing, Learning, andReproducing Expressive Timing inPercussive Rhythm. Masters� thesis,Massachusetts Institute of Technology.[2] Clynes, M. and J. Walker, 1982.�Neurobiologic Functions of Rhythm,Time and Pulse in Music,� In Clynes, M.,Editor, Music, Mind, and Brain. New York:Plenum Press, pp. 171-216.[3] Desain, P. and H. Honing, 1996.�Physical Motion as a Metaphor forTiming in Music: The Final Ritard,� InProc. ICMC, Hong Kong, pp. 458-460.[4] Fraisse, P. 1982. �Rhythm and Tempo,�In Deutsch, D., Editor, The Psychology ofMusic, New York: Academic Press, pp.149-180.[5] Honing, H. 1993. �Issues in therepresentation of time and structure inmusic,� Contemporary Music Review 9,pp. 221-239.[6]Lerdahl, F. and R. Jackendoff, 1983. AGenerative Theory of Tonal Music.Cambridge: MIT Press. [7]Longuet-Higgins, H. and C. Lee, 1982.�The Perception of Musical Rhythms,�Perception, Volume 11, pp. 115-128.[8]Longuet-Higgins, H. and C. Lee, 1984.�The Rhythmic Interpretation ofMonophonic Music,� Music Perception,Volume 1, Number 4, pp. 424-441. [9]Puckette, M., 1991. �Combining Eventand Signal Processing in the MAXGraphical Programming Environment,�Computer Music Journal, Volume 15,Number 3, pp. 58-67.[10]Repp, B., 1990. �Patterns of ExpressiveTiming In Performances of a BeethovenMinuet by Nineteen Famous Pianists,�JASA Volume 88, pp. 622-641.[11]Southern, E., 1983. The Music of BlackAmericans. New York: W. W. Norton &Co.[12]Todd, N., 1989. �Towards a CognitiveTheory of Expression: The Performance andPerception of Rubato,� CMR Volume 4,pp. 405--416.[13]Varela, F., E. Thompson, and E. Rosch,1991. The Embodied Mind: CognitiveScience and Human Experience.Cambridge, MIT Press.[14]Wilson, O., 1974. �The Significance of theRelationship between Afro-American Musicand West-African Music,� in The BlackPerspective in Music 2, pp. 3-22.