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1 In tro duction

The Voronoi diagram is a mathematical tool applied acrossmany scienti�c disciplines, but some-
how rarely in the �eld of music. The diagram is described in this essay along with someof its
mathematical properties which have found many usessincethe 17th century . Recent applications
in the �elds of medicine and data visualisation, and a solitary but inspiring paper in the �eld of
musicare then explored. From there I explore the practicalities behind mapping musical structures
to the diagram, and �nally intro duce someideas and experiments towards intro ducing possibly
novel applications of the Voronoi diagram to music.

1.1 The Voronoi diagram

A Voronoi diagram, aspictured in �gure 1, showsboundariesbetweenneighbours. The neighbours,
termed sites, are shown as dots, and the boundaries,shown asblack lines mark locusesof halfway
points betweenneighbouring sites.

The black line around each site contains the site's region. The regionsare always concave.
A line betweentwo regionsis termed an edge. An edgeis always sharedby exactly two regions.
Where three or more edgesmeet is termed a vertex. There are always at least three edgesat

a vertex, but there may be more.
A Voronoi diagram tessellates, that is, it consistsof polygons that �ll an entire spacewithout

gapsor overlaps.
By connecting all the sites on a Voronoi diagram that share an edge, we �nd its dual, the

Delaunay tessellation.
The properties described so far have beenof the 2D Voronoi diagram generatedby point sites

in a Euclidean space. This is the most common form of the diagram, and the one focussedupon
in this essay, although other forms will be described with di�eren t properties.

1.2 Terms

The following terms are useduniformly to refer to the di�eren t parts of a Voronoi diagram in this
essay.

Site A feature belongingto the set from which a Voronoi diagram is generated. Also known
as a generator. Thesesites are commonly points, but they may also be lines, curves,
and multidimensional forms such as discs,spheres,hypercubesand so on.

Edge A locus of points halfway betweentwo sites. 1

Vertex A point where Voronoi edgesmeet.

Region A region containing the points closestto a site.

1An edge may also be considered as a pair of half-edges with one half-edge belonging to each neighbour. This
is useful for considering the direction of a half-edge to be (for example) clockwise in relation to its generating site,
where a pair of half-edges would run in opposite directions.
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Diagram Unless otherwise speci�ed, in this essay the phrase \V oronoi diagram" refers to a
nearest-point Voronoi diagram in two dimensionalEuclidean space,generatedby point
sites.

Other terms which may otherwise be ambiguous;

Live The word \Liv e" is usedhere in the context of live music performance. An analogous
phrasein the context of computational geometrywould be on-line, wherean algorithm
runs continually with a live stream of data.

Music For the purposesof this essay I term music as a seriesof sound events. That is, music
as it is either played directly by a musician, generatedautomatically by an algorithm,
or livecoded by a musician/programmer.

Livecoding The act of changing an algorithm during its execution phase,either for the purposes
of fast, involved development or during a performancewith an audience.

1.3 History

The recorded history of Voronoi-like diagrams goes back to the 17th century , when Descartes
drew Voronoi-like diagrams to describe fragmentation of spaceby the stars, although he doesnot
describe rules that would allow us to credit him with inventing the diagram outright. [1, 6][2,
203-204]That honour goes to Dirichlet, who described the diagram formally in 1850. Since then
the diagram has beenindependently rediscovered many times acrossmany �elds of research, and
as a result has acquired a number of names.2 Despite their long history, research into Voronoi
diagrams are still very much ongoing, spurred on by the in
uence of computational geometry,
which beganexploring them in 1975. [7]

1.3.1 Pre-history - Voronoi diagrams in nature

Voronoi-like forms occur in nature, most often in growth patterns, for example �gure 3 shows

orets growing from sites in the head of a daisy and meeting to form Voronoi regions. [1, p. 470]
The sitesare arrangedin a spiral pattern, which is accentuated by the Voronoi edges.Voronoi-like
forms may also be found in spherulite growing patterns, sand parapets around mouth-breeder
�sh territories[1, p480], gira�e and turtle markings, mud crack patterns and in large scale rock
formations such as the giant's causeway. These occurrencesmake it probable that their study
extends earlier than that documented, even before Descartes,as early philosophers spent some
time looking at patterns in nature. [1, p6]

1.4 Solutions o�ered

Someapplications of Voronoi Diagrams are explored in greater detail in section 2, but to further
explain the nature of the Voronoi diagram, here are some mathematical problems the diagram
most directly helps solve.

1.4.1 Nearest site problem

Given a set of sites, what is the closestsite to a given point? This is also termed the post o�c e
problem, after the exampleof �nding the closestpost o�ce to a particular building. This is perhaps
the most direct application of a Voronoi diagram, and is applied in many �elds including consumer
behaviour analysis [3, Ohyama, pp. 279-290]where the journeys of consumersare modelled as
moving between Voronoi sites, making choicesbasedon distance. Nearest sites calculations are
also central to coding and decoding signals in telecommunications, where a discreet value for a
multi-dimensional analoguesignal may be found by matching its Voronoi region.[5, Intro, pp. 1-20]

2Sack and Urrutia [2, 203] list the following names; the medial axis tr ansform in biology and physiology, the
Wigner-Seitz zones in chemistry and physics, domains of action in crystallograph y, and Thiessen polygons in
meteorology and geography. Klein [8] also notes its reinvention in the �eld of Art as the regents graphic.
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Figure 1: A Voronoi diagram of random points renderedwith qhull and geomview

Figure 2: Voronoi-like diagram by Descartes,published 1644
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1.4.2 Closest pair

Given a set of sites, which pair are closesttogether? Without a Voronoi diagram, we might resort
to searching every combination of sites to �nd the closest pair. Once we have constructed our
diagram however, we needonly search the distancesbetweenneighbours. 3 One example of this
problem is collision detection and motion planning, where we look for sites most in danger of
colliding.

1.4.3 Largest empt y circle

Where is the centre of the largest circle that does not contain any sites? This problem may be
solved by �nding the Voronoi vertex the furthest distance away from its generating sites, and is
alsoknown asthe toxic wastedump problem after its usein placing undesirableobjects away from
sites sensitive to them.

1.5 Dimensions

In theory, Voronoi diagrams may be constructed in spaceswith any number of dimensions. With
sites in Euclidean spacethe following geometrical forms are generated(with the special caseof
point sites in brackets):

Dimensions Edge Region
1D Point Straight line
2D Line (Straight line) Area (Polygon)
3D Area (Polygon) Volume (Polyhedron)
4D Volume (Polyhedron) 4D Hyper-volume (4D Polytope)
. . . . . . . . .

The simplest caseis a one dimensional diagram, represented by a line marked with the point
sitesalong it and Voronoi edgesassinglepoints halfway betweeneach neighbouring site. A Voronoi
region consistsof the locus of points between the two edgesof a given site. In two dimensional
spacespoint sites generateVoronoi edgesthat are lines, and regionsthat are polygons. When we
add a third dimension, the edgesbecomefacets, and the regionspolyhedra.

It is theoretically possible to keep adding dimensions, and useful to do so for the purposes
of abstract geometry, however beyond the seventh dimension we begin to run out of computing
power and storagenecessaryto keeptrack of all the data.

1.6 Space

When constructing Voronoi diagrams, we generally use Euclidean straight-line distance through
space.There arealternativ eshowever, including Manhattan distance, 4 wherewecalculatedistance
asif travelling along the lines of a grid. This measureis particularly appropriate when the Voronoi
diagram represents geographicalspacewithin cities, particularly those with grid-lik e layouts.

Further, distance may weighted, for example "b oat on a river" distance, where greater e�ort
is required to travel in one distance than the other, giving a skew. We might imagine spaceswith
grid-lik e paths on a steep hill, which could be analysed using Manhattan distance that is also
weighted.

1.7 Bey ond poin t patterns

Voronoi sitesneednot be singlepoints in space,depending on the number of dimensionsavailable
they may be straight or curved lines, areassuch asdiscsor polygons,or 3D objects such asspheres
or polyhedra. The complexity of the Voronoi sites have somebearing on the complexity of the

3 If we have a constructed a Delaunay tessellation things are even simpler - the shortest line of the tessellation
is the closest pair.

4Manhattan distance is also known as taxicab and cit y block distance.
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regionsgeneratedby them. For example,point sitesalonemay only generatestraight line Voronoi
edges,but sites that are lines may generatecurved edges.A paper showing music mapped as lines
is cited in section 2.3.

2 Curren t applications

Voronoi diagrams are a truly cross-disciplinaryarea of research. This makesthe absenceof litera-
ture about Voronoi diagrams in music conspicuous- only one referencecould be found, described
later in section 2.3. I �rst visit two other recent papers which give some
a vour of how they are
applied within other �elds of study, which lead to someideasabout how they may be applied to
music.

2.1 Topological analysis in medicine - cancer diagnosis

Computational diagnostic tools allow automated identi�cation of cancercells, with the possibility
of faster and more objective decisionmaking than by human pathologists. As described by Demir
& Yener [13], Voronoi diagrams may aid this diagnosis of cancer by describing the topology of
cells within tissue samples.Figure 4 shows such a Voronoi diagram applied to cells found through
automatic feature extraction.

Figure 5 shows how di�eren t ways of distributing sites generateVoronoi regions with certain
features; regular distributions exhibit regions with low variance in the number of edgesper re-
gion, random distributions show high variance in the number of edgesper region, and clustered
distributions exhibit high variance in the area of regions. Thesefeatures can be captured in met-
rics easily calculated during the construction of the diagram, and matched against the clustering,
crystallising or randomising e�ects of disease.

Similar techniques could be applied in the �eld of musical analysis, to examine the topology
of a piece of music. Without wanting to be crass, an analogy might even be drawn between
the relationships between benign and malignant tumours and dissonant and resonant musical
structures.

2.2 Data visualisation - treemaps

The treemapwasinvented by Ben Shneidermanin 1990asa compact, spatial visualisation of a tree
structure. Figure 6 shows a treemap of a stock market, representing the total value of the market
proportionally divided into market sectors. Each rectangle within a sector represents a company,
coloured according to rising or falling value. We can gain some insights into the comparative
performanceand makeup of the sectors,but such a treemap hassomeproblems. The aspect ratios
of the individual rectangles vary enormously, leading to di�cult y of comparison by the human
eye. Further, rectangle edgeseither side of a boundary often meet, leading to false intersections
and therefore unclear segmentations. E�orts to correct the former problem tend to exasperate the
latter.[15, p. 2]

Balzer et al [15] intro ducea method of constructing treemapsashierarchical Voronoi diagrams,
consisting of polygonsrather than rectangles. In order to properly re
ect the data spatially, their
Voronoi diagrams have sites that are weighted and centroidal5. Each site is weighted so that
it producesan area of the correct proportion to the value mapped to it, and centroidal so that
the polygons are easily comparedwith one another by the human eye. Their results are visually
stunning and overcomethe problems they identify with rectangular treemaps.

Producing a weighted centroidal Voronoi diagram is computationally expensive, involving many
iterations. Each iteration involves looking at each site in turn, moving it to the centre of the
Voronoi region it generates,adjusting the weighting of the site in the direction of its target area,
then regenerating the diagram. An iteration does not directly produce either a centroidal or

5The centroid of a polygon can be described as its mean average point or centre of gravit y.

5



Figure 3: Daisy 
orets growing to form Voronoi regions. Photo (c) Kenneth Peterson

Figure 4: Cancercellsassiteson a Voronoi diagram (dotted line) and Delaunay tessellation (solid
red line)

(a) Regular distribution (b) Random distribution (c) Clustered distribution

Figure 5: Voronoi diagrams of di�eren t topologies. Seeappendix 1 for java applet.
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correctly proportioned diagram, but rather is an adjustment towards such an ideal. The number
of iterations required dependson the amount of accuracy required.

Lerdahl & Jackendo� 's General Theory of Tonal Music [18] describesa tree structure behind
tonal music of groups within groups, for example notes within phrases within themes within
musical works. Perhapsa Voronoi treemap could be constructed around such groups.

More generally, the idea of well spacedsitesof central gravit y within their Voronoi region could
translate to musical structure. An experiment in this area is intro duced in section 5.3.

2.3 Grouping - musical polyphon y

In their paper \Applying Voronoi Diagramsin the Automatic Grouping of Polyphony,"[17] Hamanaka
& Hirata describe an application of Voronoi diagrams with referenceto Lerdahl & Jackendo� 's
Generative Theory of Tonal Music (GTTM) [18]. They considermusic asa two dimensionalspace,
with one dimension representing pitch interval and the other representing time. Hamanaka & Hi-
rata mention two of the seven Grouping PreferenceRules (GPR) of the GTTM; GPR2 and GPR3.
GPR2 is the rule of proximit y (in time) and GPR3 is the rule of change,sohere they relate GPR2
to their time axis and GPR3 to their pitch axis.

Hamanaka & Hirata point out a problem of scaling. By mapping time and pitch interval
to the Euclidean spaceof a Voronoi diagram they mix three di�eren t systemsof measurements.
How much distance is dedicated per time measurement governs how much weight time has over
distance, with great in
uence over the results. This amounts to a con
ict between GPR2 and
GPR3.6

Hamanaka & Hirata o�er a single rule for how groups should be found; \the smallest Voronoi
cell is �rst merged to an adjacent group." They do not go into further detail in their paper, leaving
somequestions. In particular, what happens where there isn't an adjacent group, or if there is
more than oneadjacent group? The subject of constructing and grouping within Voronoi diagrams
is explored further in the following sections, and an experiment showing a similar approach to
mapping but in the area of live music visualisation is intro duced in section 5.1.

This is an interesting paper reporting good results, but covers only a small section of the
GTTM, leaving room for further work in this area.

3 Constructing Voronoi diagrams around music

As we've seenso far, there is a great body of knowledgesurrounding Voronoi diagrams, but little
applied in the �eld of music. Our greatest problem is how to map music, in particular live music,
to form siteswithin a Voronoi diagram. Taking the archetypal exampleof a 2D Euclidean diagram,
we have two axesto somehow map the many possibledimensionsof a musical event to.

We must map betweena musical spaceand a Voronoi space,a processcalled Voronoi assign-
ment. Okabe et al [1, pp. 454] de�ne four assumptionsas the Voronoi assignmentmodel with I
summarise:

VAM1 Each point is located simultaneously before any assignment procedureoccurs

VAM2 Each point remains �xed throughout the assignment process

VAM3 Each point is of equal importance

VAM4 This assumption describes the Voronoi model and is not reproduced here.

With live music, VAM1 and VAM2 present a problem for us, we want to construct a diagram live,
while the music is played or generated. We seetwo possibleways around this problem in section
??. VAM3 also presents a problem, clearly every musical sound is not of equal importance, to

6This kind of con
ict is to be expected. The GTTM is an application of Gestalt theory to music, and as such
contains a number of con
icting rules. Research is ongoing to quantify the relationships between and weightings of
the rules which cause con
icts. Hamanaka & Hirata's scaling amounts to such a quanti�cation.
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Figure 6: Stock market treemap from smartmoney.com

Figure 7: Voronoi treemap of the static structure of the packages,classes,methods and attributes
of the software system \jfree." A rectangular treemap generatedusing the slice and dice method
is shown for comparison.
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consider them as such is a simpli�cation. Whether such a simpli�cation is acceptabledependson
the context, but we could consider disregarding VAM3 by constructing a Voronoi diagram with
individually weighted sites.

3.1 Represen ting the dimension of time

If we are to represent live music, a temporal art form, it follows that we have to represent time
somehow. If we chooseto map time to an axis on our diagram, we have the possibility of creating
Voronoi diagrams on-line using Fortune's sweep method. This method is explored further in
section 3.4.

As mentioned earlier, wemay weight a Voronoi diagram, most simply in a singlegivendirection,
soshouldweweight in favour of the direction of time? If a musical event is rememberedfor a longer
period of time than it is anticipated then perhaps it may make senseto add such a weighting.
This would be another interesting area of research.

An alternativ e to showing time as an axis is to render a diagram of a snapshot of time,
representing the musical events triggered, in progressor reverberating around a spaceat that
particular moment. A sequenceof thesesnapshotscould be played in quick successionto produce
animated video. This would free up a dimension for the mapping of an extra musical parameter
at the expenseof losing the full context of time from the diagram.

3.2 Represen ting time in terv al

How time interval is represented depends on the geometry of the Voronoi sites. The examplesin
the paper cited in section2.3 represents musical notesas lines, with each line's length representing
the duration of the note mapped to it. As a result the generatedVoronoi regions re
ect the rest
interval betweenthe notes.

An alternativ e is to use sites that are single points that represent the trigger point, or onset,
of the musical event. The duration of the event is therefore not represented, and the generated
Voronoi regionsrepresent the inter-onset interval (or IOI) of the musical events.

Both approachesare valid in music analysis,capturing di�eren t aspectsof the music. However
using point sites and their generatedIOIs would seemthe most suitable approach for rhythmic
music where the musical soundsare percussive in nature.

3.3 Represen ting other musical dimensions

There are many parameters with which we may describe a musical event such as pitch, timbre,
volume, resonanceand distortion, each parameter adding a new dimension to a musical space. If
we are constraining ourselves to a simple 2D diagram, and have already assignedone dimension
to time, we only have a one dimensional axis remaining to encode all these parameters. Even if
we do not represent time in the diagram, or to construct a 3D diagram, that still few dimensions
in which to describe many.

Hamanaka & Hirata only represent oneof theseparameters- pitch. This is adequatefor tonal
music where pitch is the primary property, but what of sectionsof music dominated by rhythm,
where soundsvary primarily in timbre rather than pitch?

One solution would be to divide the axis between di�eren t instruments, for example with
percussive soundsconstrained to half of the axis and tonal soundson the other half. This is the
approach taken in the exampleshown in section 5.1.

Another solution could be to take the lead from Lerdahl and Jackendo�, who in the context
of grouping describe all of these parameters within one rule named change. Instead of mapping
valuesdirectly to the axis we could map rates of changefrom sound to sound. Therefore a steady
beat of bassdrum would produce little change and be placed at the bottom of the axis, and a
roaming melody would produce large amounts of changeand be placed at the top. This is worth
future experimentation.
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3.4 Fortune's sweep-line algorithm

Sweepalgorithms are useful for solving many geometricalproblems,wherea plane sweepsacrossa
space,from left to right7, calculating valuesacrossthe plane as it goes. This is akin to calculating
a seriesof n-1 dimensional spacesin order to solve an n dimensional spaceand can be an e�cien t
aswell aseasyto understand approach. However a sweepline can only calculate valuesin response
to events acrossits plane and to the left of it. This makesthings di�cult when using a sweep-line
to �nd Voronoi vertices,we can't calculate verticesonly basedon sitesalready seen,assites found
during later iterations are likely to interfere with them.

Steve fortune published an elegant solution for this problem in 1987[6]. He found that while
vertices cannot be calculated along the sweep-line, they can be calculated with certainty halfway
between the sweep-line and the closest sites. These points of certainty between a site and the
sweep-line forms a parabola, and where the parabolas of two closest sites touch, we know a
Voronoi edgecrosses.Where this crossinglies at the centre of a circle with its edgestouching its
sites and also the sweep-line,we know the crossingis a Voronoi vertex.

Fortune's sweep-line is both elegant and e�cien t, but there is another reasonfor highlighting
it here. It allows us to ignore VAM1 as described earlier. If one of the Voronoi axes is time, we
can place the sweep-lineon this axis and have it progresswith the movement of time. This allows
us what is termed on-line construction of a Voronoi diagram of live music. An exampleof this is
intro duced in section 5.1.

4 Automatic grouping

As mentioned in section 2.3, somesuccesswith grouping musical noteshas already beenreported,
but not in detail. In this section I turn to more general literature, which refers to grouping as
segmentation, to learn more about how Voronoi diagrams may aid automatic grouping of musical
events. Duyckaertset al [11] outline a straightforward method for segmentation which I summarise:

1 Find the smallest Voronoi region and label it the reference region.

2 Examine each neighbouring region in turn, and add it to the referenceregion's group
if its area doesnot exceedthat of the referenceregion by a given global threshold.

3 Repeat step 2 for each region newly added to the referenceregion's group until no
further neighbouring regionswithin the threshold can be found

4 Removethe groupedregionsfrom the Voronoi diagram (in that they may not be chosen
again, the remaining regionsare not recalculated).

5 Repeat from step 1 until no further regionsremain

Ahujan and Tuceryan [10] give a more complex method of segmentation, where each segment is
classi�ed as one of the following �v e types; an isolated point, a curvilinear structure, a cluster
with an empty interior, a boundary around a cluster or a cluster within a boundary. They assign
sites to thesesegments using properties such as compactness,area, elongation and eccentricit y of
sites in relation to their neighbours. Such an approach has been applied to identifying channels
in macro-molecularassemblies and texture segmentation in images. [1, p527]

It is reassuringthat such detailed structural analysisof a point pattern is possible,that we can
identify and separatefor examplethe curvilinear cluster of a rising melody from isolated, perhaps
rhythmic notes around it. It seemspossible that a detailed comparison between musical forms
using the �v e types of groupings suggestedby Ahujan and Tuceryan would unearth someuseful
analytical techniques.

7The direction of the sweepcan of course be arbitrary , but left to righ t is assumedhere for the easeof explanation.
This is in common with the general western perception of time (although some cultures imagine time 
o wing
upwards).
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5 Prop osed applications of Voronoi diagrams to liv e music

5.1 Visual reference for musicians and audience members

Here we visualisethe on-line construction of a Voronoi diagram towards two di�eren t ends. One is
as a referencefor the musicians,so they may get a visualisation of the music they are producing.
This usedeservesexperimentation but if we assumethat musiciansshould placeall their focus on
the soundsthey're producing, it would follow that such a visualisation would be too distracting
to be useful.

The secondproposeduse is as a referencefor audiencemembers. Again, we could say that
the audienceshould be focussingon the music itself, but let us considerthe increasingly common
scenario of the laptop performance. Here a performer gazesinto their computer laptop screen
taking actions unseento the audience,appearing to be motionlessand sometimesdisinterested, in
a way incongruousto the often highly dynamic sound produced. This perceived distance between
the performer and their performancecan also be re
ected in the audiencessenseof involvement
and therefore immersion in the performance. Here an on-line Voronoi diagram projected behind
or even onto the performer, representing someaspects behind the structure of the music might
lend somevisual dynamism to the performance.8

In order to explore this idea further, I adapted somesoftware by Odgaard and Nielsenso that
it could be controlled by my live music generation software.9 Figure 8 shows screenshotsof the
software in use. When a musical event occurs, it is represented asa Voronoi site at the sweep-line,
shown on the far right of the diagram. The site's position on the Y axis is chosenaccordingto the
instrument and pitch. The regular events shown at the bottom of the diagram represent a simple
rhythm, and the clustering patterns above represent a melodic structure. Several features related
to the Voronoi diagram can be displayed including sites, Voronoi edges,the beachline, Delaunay
edgesand Delaunay circles. The Voronoi diagram is incrementally calculated at a high framerate
allowing smooth transitions, particularly evident in the beachline.

This software was trialled during a performanceby myself and Dave Gri�ths at the Make Art
festival in Poitiers, France early 2006. The results were visually pleasingand later feedback from
audiencemembers was encouraging.

5.2 Automatic application of e�ects to groups of musical events

As we have seen,Voronoi diagrams allow us to identify clusters of musical events, and calculate
metrics revealingsomedata about the topology of such clusters. This could allow e�ects that react
to the structure of the musical events behind the sounds that are being e�ected. For example,
a densecluster of notes might be enhancedso that each sound can be better distinguished, and
more widely spacedsoundsmight have sometime varied modulation applied to accentuate their
presence.This processof e�ecting soundsbasedon Voronoi metrics would be akin to soni�cation
of the diagram, the result being an accentuation of topological features of the music.

Becausethere is a lag between seeinga site and gathering enough context to construct its
region, such an approach to live music would intro duce a great deal of latency, undesirablewhere
human performers work with soundsdirectly and require immediate feedback in order to feel in
the moment. It would be most suitable then for performanceswhere humans are manipulating
algorithms, as their distance from the actual sounds triggered by the algorithms would mean a
few secondslatency would not be crucial.

What is the point though of analysing musical data that has just been produced by an algo-
rithm? Surely we have full knowledge of structure of the music as it is being generated,and to
post-processit in order to add further musical parametersis not worthwhile? We should consider
two points, �rstly there may be several algorithms running concurrently , with the Voronoi analysis

8Performers are encouraged to show at least some part of their computer music interface to the audience, so
they make further connections with the performance.

9The original software is viewable as an applet at http://www.diku.dk/hjemmesider/studerende/du�/F ortune/
. The software was modi�ed with permission of the authors. The modi�ed version is available at
http://do c.gold.ac.uk/~ma503am/soft ware/ , and is controllable via the Open Sound Control proto col.
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applied to the total output, not that of individual algorithms. Secondly, we may want to keep
our algorithms simple for easeof understanding and development, particularly in the caseof live
programming [14].

5.3 Spacing musical events

An occasionally derided but nonethelessuseful tool common in music sequencingsoftware is the
groove quantiser. Having marked a discrete set of musical events on a time line, the composer
turns to the quantisation tools to automatically shu�e the onset of the events backwards and
forwards slightly , usually according to a presetgroove pattern, to hide someof the computer aided
precision behind their method. This is similar to processesof blurring in graphics.

To investigate whether Voronoi diagrams could aid such shu�ing, I conducted an experiment
where I generated a simple melody and deformed it towards a Centroidal Voronoi Tessellation
(or CVT, as seenin section 2.2). Appendix 2 contains audio �gures of the melody at di�eren t
numbers of CVT iterations 10.

An accompanying visualisation for each audio �gure, renderedwith qhull and geomview, can
be seein �gure 9.

The hope behind this experiment was that the deformation would make this simplistic, uni-
form melody sound more 'natural', has structural qualities accentuated, and perhaps develop an
interesting layer of symmetry. These �rst results were encouraging, but only during the early
iterations. The �rst iteration does indeed add an interesting shu�e e�ect, but from there the
melody quickly becomesunrecognisable.By the time an approximation of a CVT is achieved, the
melody is lost, becomingmore like a seriesof chords. Further research might be best focussedon
the early iterations.

From the �rst results of this experiment it seemspossiblethat further research might reveal the
�rst iteration to be the most useful. It shold be pointed out that at that �rst stage the outcome
is simply a set of centroids taken from the initial Voronoi diagram, and not an approximation of
a CVT.

6 Conclusions

The Voronoi diagram is a cross-disciplinary tool applied widely throughout the sciences,but
little in the �eld of music. This essay showed how musical structures can be mapped to Voronoi
diagrams,and highlighted someareaswhereexisting techniquesmay be adapted in the production
and analysis of music, with some focus on live music. Two experiments were intro duced, one
applying Fortune's sweeplinealgorithm to the visualisation of live music and the other applying a
Centroidal Voronoi Tessellationalgorithm to a simple melody. While they have not yet met full
analysis, early results were shown which the author feels exhibit interesting and useful musical
possibilities.

An explanation for the lack of literature in the area of Voronoi diagrams and music could not
be found. The early successesof the experiments intro duced in this essay and also in the work of
Hamanaka and Hirata, aswell asthe breathtaking rangeand depth of work in other �elds, suggest
that there is much to be gained from further experimentation and study. Areas for future study
highlighted here include in the segmentation, structural analysis,structural manipulation and the
visualisation of music.

7 App endices

Pleaseview http://do c.gold.ac.uk/~ma503am/writing/v oronoi/ appendices.html with a webbrowser
to view the Java applet and hear the sound �les that accompany this essay.

10 The CVT deformations were carried out by a small program written using the C++ CVT library by John
Burk ardt. Burk ardt's library is available at http://www.scs.fsu.edu/~burk ardt/cpp src/cvt/cvt.h tml . My workings
are available in the src folder accompanying this essay.
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Figure 8: Screenshots of live Voronoi diagram and Delaunay tessellation with beach lines
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(a) Original melodic
structure

(b) After 1 CVT iteration (c) After 2 CVT itera-
tions

(d) After 3 CVT itera-
tions

(e) After 100 CVT itera-
tions

Figure 9: Early results of experiments with deformation of musical structure towards a Centroidal
Voronoi Tessellation,visualised with geomview. Refer to appendix for audio samplesof the data
visualised by thesediagrams.
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