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ABSTRACT

The approach calledlecomposition into autonomous an
comparable blocksspecifies a methodology for producing

music structure annotation by human listeners basea set
of criteria relying on the listening experiencetbhé human
annotator [12]. The present article develops furtheumber
of fundamental notions and practical issues, so dacilitate
the usability and the reproducibility of the apmia

We formalize the general methodology as an iteggbnocess
which aims at estimating bothstructural metricpatternand

its realization by searching empirically for an optimal com-

promise describing the organization of the contérihe mu-
sic piece in the most economical way, around ecalgime-
scale.

Based on experimental observations, we detail qumaetical

considerations and we illustrate the method by »x@ansive

case study. We introduce a set of 500 songs fochwive are
releasing freely the structural annotations torgsearch com-
munity, for examination, discussion and utilization

1. INTRODUCTION

Given its numerous applications, the automaticranfee of
musical structure is a key subject in MIR [1], whinlcas been
focusing significant research effort in the pasargd2-10]. It
has also triggered several studies [11,12] ancept®j[13,14]
supporting this research with the investigationnwthodo-
logical issues and the collection of annotated.data

In this context, the structural description apploaalledde-
composition into autonomous and comparable bloslks
recently introduced [12] in terms of general corsgpn-
spired from structuralism and generativism. It bagn de-
signed to be applicable to a wide range of “conoerat”
music, including pop music.

The present follow-up paper develops further thppraach,
with the purpose of facilitating the usability atted reproduci-
bility of the method. With hindsight resulting froour own
annotation experience and from reactions of felkmentists
to our first paper, this new contribution providesre practi-
cal elements and a number of novel points in tesfrsrob-
lem statement (section 2), introduction ofteuctural metric
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pattern as a central concept (section 3.4), reformulatdn
the former concept ahusical consistencgreservation (sec-
tion 4.1), clarification of the notion of affixesdction 4.3)

and practical illustrations of the annotation plsésections
5.2 and 6). This paper also announces the reldas@0oan-

notated and partially commented music pieces ioraence

with the proposed conventions.

2. PROBLEM STATEMENT
2.1 Levelsof musical organization

It is commonly agreed that the composition andpgbecep-
tion of music pieces rely on simultaneous procesgeish
vary at different timescales. Similarly to [15], wensider
the three following levels corresponding to threfedent
ranges of timescales :

e the low-level elements which correspond to fineigra
events such as notes, beats, silences, etc... Wehezll
level theacoustic levelnd its time scale is typically be-
low or around 1 second.

» the mid-level organization of the musical contdrased

on compositional units such as bars or hyper-barsno

perceptual units such as musical cells and phraseg;
ing typically between 1 and 16 seconds. We wilereb
this level as thenorpho-syntagmatitevel.

the high-level structure of the musical piece, Whie-

scribes the long term regularities and relationsHie-

tween its successive parts, and which we will gl lev-
el of the semiotic structure typically at a time scale
around or above 16 seconds.

The figure of section 6 provides an illustrationtioése three
levels. Note that we use the tesemioticin a quite restricted
scope, (compared for instance to that of Nattié)[as de-
noting the high-levesymbolicandmetaphoricrepresentation
of musical content

2.2 Semiotic structure

What we consider as tre=miotic structureof a music piece
is something that may look like :

ABCDEFBCDEGDEDEH

sonal or classroom use is granted without fee deavithat copies are not ; . . . .
made or distributed for profit or commercial adwayet and that copies bear ~ Y€ thus avoid the tersemantic referring to some musicedean-
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ing of objects (for instance, chorus, verse, etc...ichsa notion
falls completely outside the scope of this paper.
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thus reflecting :

1) some sort of high-level decomposition/segmentatibn
the whole piece into a limited number of blocksrén&6
blocks) of comparable size, and

2) some form of similarity or equivalence relationshig-
tween blocks bearing identical labels (here, 8irlist
symbols)

Providing a semiotic description for a music pieequires
primarily the identification of the most adequatanularity
(block size and number of blocks) which then caodi the
inventory of labels.

From the example below, choosing a finer granylarguld
lead to a sequence of labels such as:
AA’BB’CC’'DD’EE’FF’BB’CC’DD’EE’GG’DD’EE’DD’EE’HH’
where any symboXis systematically followed by symb#l
therefore yielding a rather redundant semiotic dpson.

Conversely, a coarser granularity would requirdegitthe
uneven grouping of the units inbomegular segments (i.e. of
more diverse sizes) :

A BC DE F BC DE G DE DE H
or a very misleading representation such as :
AB CD EF BC DE GD ED EH

which completely hides the similarities existingveeen por-
tions of the piece which had identical labels kiveer scale.

This example thus illustrates a simple case wheseetexist
clearly a preferable granularity at which the seiitevel of
the music piece can be described with some foriwptimal
compromiséetween :

- The minimality of the set of labels
- The informativeness of the sequence of labels
- The regularity of the block size

The goal of this work is to present a set of methogical
principles for :

1) identifying the most appropriate granularity forsdeb-
ing the semiotic structure, and

is therefore to locate tH#ock boundariegwith the convention
that they are synchronized with the first beat bfig). We call
sizethe dimension of the blocks relative terapscale propor-
tional to that of the beat (see 3.3).

We call structural metric patternthe underlying high-level
organization of the musical content which is thestnade-
quate for representing economically the semiotielleand
we assume that block boundaries rest on the (palignir-
regular)realization of that structural metric pattern. The an-
notation task thus consists in jointly inferringetbtructural
metric pattern and its realization.

3.2 Musical information layers

Even though this is a simplified view of realityewonsider
that a piece of music is characterized 4ynain reference
properties potentially evolving over tinte

e intensity (amplitude / sound level)

« tonality/modality (reference key and scale)
e tempo (speed / pace of the piece)

e timbre (instrumentation / audio texture)

We also consider that a piece of music shéwsain levels of
temporal organization :

« rhythm (relative duration and accentuation of nptes
« melody (pitch intervals between successive notes)
« harmony (chord progression)

« lyrics (linguistic content and, in particular, rhgs)

These levels of description forBnmusical layers

Because of their cyclic properties in conventiomaisic, the
levels of temporal organization are central to die¢ermina-
tion of block boundaries, in our approach. Indeed, xas e
plained in section 4.1, we assume that block boueslaoin-
cide with the convergence of cyclic behaviors tgkplace
simultaneously in the 4 levels of temporal orgatiira

On the opposite, blocks may globally differ in terof inten-
sity, tonality, tempo or timbre but these propertivay hap-
pen to change within a block without correspondinga
structural boundary.

3.3 Block size

2) locating as univocally as possible the correspanding primary property of blocks is their size, whicle wescribe

block boundaries.

In this article, the granularity referred to inntel is defined

in a custom unit that we calhap and which is defined as the
number of times a listener would snap his fingeradccom-

as thestructural metricof the music piece and the actual borPany the music, at a rate which is as close astpeds 1 bps

ders of the segmental units (item 2) as rimdization of the
structural meter.

The proposed process relies on the listening ofusierpiec-
es, but can be extended to music in written foroors).
However, note that scores may not be available somde-
times are even meaningless w.r.t. the type of musiontent
under consideration.

3. BASIC CONCEPTS

3.1 Definitions

As exposed in the previous section, the hypothafdisis work
is that the semiotic structure of “conventional” siwupieces is

(beat per second). As opposed to the beat (whiahcmmpo-
sitional notion), the snap is a perceptual unit.

Although we may come to consider the blocks frowadety

of perspectives during their identification, theitimate de-
scription within the scope of this paper is thémesn snaps.
The definition of the snap requires further cordsation,
since a tempo-invariant unit would be desirablewkleer, an
evolution of the definition of the snap would ndfeat the
structural segmentatigoer se as the snap is only a measure
of the block size.

YIn previous work, we identified 3 reference proj@=only, but we
consider now thantensityshould also be part of the list.

built on structurablocks characterized by the content of their’ These layers may not all be active simultaneousty some addi-

musical layers. One of the aim of semiotic strue@mnotation

tional layers may be observed in some music pieces.
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3.4 Structural metric pattern music piece without creating the perception ofstaln-

A fundamental assumption of the proposed methduhsed tinuity in the remaining musical stream

on the hypothesis that the semiotic structure eaddscribed Indeed, if one thinks of a periodic signal, eachiqecan be
in reference to atructural metric patterni.e. a prototypical repeated indefinitely and can be removed from tigeas
partition of the beat or the snap scale. As an @ana very Without disrupting seriously the organization oé tremain-
common structural metric pattern is the repetitifrblocks ing signal. This generalizes conceptually to qugsiic pro-
of 16 snaps (structural pulsation perl¥d= 16) cesses, as defined above.

The high-level structure of the music piece is goed by the The property of cyclicity gives a founded ground tioe syn-
structural meter but actual semiotic blocks rebolin there-  tagmatic definition of structural blocks. It estabkes more
alization of the structural meter and this realization megdl clearly the criterion formerly based on the preagon of
to blocks ofirregular size. For example, even if the structuralmusical consistency” [12] and also brings addiéibisub-
period of a piece is equal to 16, the size of sbineks may Stance to the concept of Constitutive Solid Loop] [1
deviate from the prototypical value (for instant8). We de-
velop further the fact that, in a large number ades, irregu-
lar blocks can beeducedto regularstemsthat conform to the
structural metric pattern.

The listener’s ability to identify iterable and supssible
segments in the music piece is a key point in ttup@sed
analysis and it does not require the annotatoetalije to ex-
press in musicological terms the actual propertésthe
The structural metric pattern is analogous to the but op- structuring cues.

erates at a higher level : whereas the bar is th@nizational
entity of low-level elements such as beats and spotiee
structural metric pattern governs the organizatidnmid-
level elements (bars, cells, phases, etc...).

When necessary, the analysis can be complementeahby
explicit designation of the structuring cues, hitgr@tion must
be paid that these cues should not be expecteel tmikiocal-
ly associated to blocks boundaries : all structurines are

not systematically observed at all segment bordedssome
4. ANNOTATION CRITERIA AND NOTATION cues can also be observed within block boundaries.

4.1 Detection of cycles (syntagmatic analysis) 4.2 Detection of similarities (par adigmatic analysis)

In conventional music, the various temporal orgatn lay- The identification of actual block boundaries istter (or, in

ers tend to show (quasi-)cyclic behaviors, whichdséne as practice, simultaneously) carried out by performpayadig-

the recurrent return of the considered layer toesapecific - - - L
state or set of stateg or instance, rhythmic patterns generalfnatlc analysis on the musical content, for reinfigcand

ly show a short-term recurrence which participaiesthe dlsa}mblguatln'g the set of candidate borders hibjethe de-
. R L . tection of cyclic segments.

mid-level organization of the music piece, melodiessd to

return to tonic or to exhibit particular intervgtdepending on It consists in searching for “repeating” patterrcsoas the

the piece), specific chords sequences concludedmecnpro- musical content, which are identical, similar ogrengener-

gressions (cadences), etc... ally speaking,easy to explain economicallglative to one

We consider that, in conventional music piecesretrexist another (for instance, transposition, change inlekel of in-
time instants for which the 4 levels of temporagamization Strumental support, superimposition of a melodidifna-
exhibit somephase convergenceowards their respective Sertion of a musical segment, ...).

ends of cycles, which creates identifialoleesof the piece As for the syntagmatic analysis of section 4.1, ltwations
structure. In other words, block boundaries shoctdre- of such paradigms do not coincide univocally witlock

spond to some form of recurrent convergence ofa#ls of poundaries : they only constitute additional cuéssach
temporal organization. boundaries.

These instants of convergence take very versaii®s, as pNote that the paradigmatic analysis performed &t stage
they can be signaled in the music content by vevgrde g5 for similar processes to those that are rebéoielabel-
cqmblnatlon ofstru_cturlng_ cuessuch as a partlcul_qr rhyth- ing the segments. However, whereas the labelingeste-
mic pattern combined with the return to a specifate or g ires the determination of a global system of Emts be-
chord, the completion of a system of rhymes inlyhies the  \yeen segments, the extraction of paradigmaticcstral
conclusion of a&arrure and a recurrent sound effect... cues simply requirepairwise comparisons of musical seg-
Even though these cues and their combinationsaatly gon- ments for the only purpose of identifying and laogitcandi-
ventional (at least within a particular music gentieey gener- date blocks.

ally vary from one piece to another and their idmattion is
part of the empirical analysis conducted by theogator.

In our approach, cyclicity plays a central role igentifying FOF many conventional music pieces, it can be assimat a
structural blocks through the 2 ensuing properties majority of blocks within the piece have a compéeatize in
snaps, hence corresponding to some structuraltjprigaeri-

1) iterapility : structural b!ocks can be looped to yield g,y ). Blocks whose size is equal to the structurasatin
consistent (larger) musical stream period are calledegular blocks.

2) suppressibility: structural blocks can be skipped in theSome blocks have a smaller size tNarwhich can generally

be interpreted as corresponding to a shorteneaéah of a
! Note thatcyclic does not necessarily mean periodic, the latter b&egular block. This is especially true for halfesitarget seg-
ing a stronger property. For example, the zerosingsof a se- ments, which can often be matched with the firssecond
quence of values form a set of cycles which maybegperiodic.

4.3 Regularity and reduction
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half of a regular block observed somewhere eldbérpiece.
Alternatively such blocks may be considered aslarkali-
zation of the structural metric (this is often ttese for pre-
chorus and bridges).

In a significant number of cases, blocks are lorigan the
structural period. However, in these cases, theyaften be
reduced into atemof size¥ and araffix. An affix is a subset
of snaps which can be viewed as having been inkarte a

(regular) stem and affixes are therefore supprikesgibm the

original block (but not necessarily iterable), ,i.the stem
forms, on its own, an admissible block. If the ntisa of the

affix takes place at the beginning (resp. at thd) eaf the

block, it is called a prefix (resp. suffix).

Affixes are particularly easy to identify and loeawithin a

block when there exist, somewhere else in the sangther

block which corresponds to the realization of ttemsalone.

But sometimes, the stem has to be hypothesizedd baise
more subtle considerations, because it is nottattesdone in
the piece (but, for instance, with a different gffi

Frequent examples of suffixes are observed whemébance
a block is extended by lengthening the last snag @vmore
snaps (resulting in some form of break), by dowptime dura-
tion values of the notes on the last 2 snaps oblbek or by

repeating the last 4 snaps twice (thus renderinghsiatence
effect). Affixes within blocks can be more tricky detect, and
may take versatile forms, for instance the repetitf a p-snap
segment, a tonal excursion of a few snap or a seigwith to-

tally different properties from the rest of thedio

By convention, prefixes and suffixes should be aximum
size equal to half of that of the block (prefera$iictly less)
and they should not alter the harmowaenceof the block,
i.e. the harmonic properties at the block boundarie

4.4 Structural metric pattern notation

To describe the structural metric pattern, we tsefollow-
ing notation :

n a constant stem size of n snaps throughout the piec

{n1,n} 2 stem sizes in the piece; and B occurring in any
order but in decreasing frequency (can be genedhliz
to more than 2 values)

(n,np) a systematic alternance of stem sizeamd n starting

with n; (can be generalized to more than 2 values)

These notations are superscripted with a star {m,n;}",
etc...), if the piece contains only within-blockseigularities,
or very few short blocks considered by the annotasonon-
representative of the dominant structure of theei@n par-
ticular, in intros, outros, re-intros, etc...). lfleeant, the an-
notator can combine further the notations, for dnse
{16,(12,8)}, but these needs are quite exceptional...

In conventional pop music, the most common segrhetrtac-

[n+p] Insertion of a p-snap suffix after stem

[p+n] Insertion of a p-snap prefix before stem

[n&p] Insertion of a p-snap infix (somewhere) inside stem
[p-n]  Omission of p snaps at the end of stem

[-p+n] Omission of p snaps at the beginning of stem

[n\p] Omission of p snaps (somewhere) inside stem

[n/2] Half-size block (undetermined place of missing half)

[x] Undeterminable size (usually owing to a lack of snap)

Sometimes, two structural blocks may overlap ovenaps,
which we call blockiling. This is the case when the realiza-
tion of a new block starts while the previous bedk still p
snaps before its final boundary and continues @ rttean-
time (for instance, in canons). It is also the caben some
snapdunctionsimultaneously as the end of a given block and
the beginning of the next one. The notation corieanfor
tiling situations is : [n-p [p] —p+n].

Note that the internal structure of blocks could fogher
specified by decomposing the block size into sudzkd ac-
cording to paradigmatic properties within the bldéér in-
stance 4x4 as the internal structure of a size l@ékh but
this goes beyond the scope of the current paper.

5. GENERAL METHODOLOGY
5.1 Annotation process

Based on the notions introduced in the previousisgcthe
annotation of a music piece X can be understooana@m-
pirical) joint estimation task, namely the deteratian of :

e The most likely structural metric pattern (M) ftwetpiece
* The most likely decomposition of the piece intoea af
blocks (S), i.e. the realization of M.

In practice, the annotator proceeds iterativelfodews :

1. hypothetizea structural perio®’, or (more generally) a

structural metric pattern M from the listening of X

2. (attempt to) decompose into blocks following M, by
introducing, if and only if necessary, irregulari(af-
fixes, irregular blocks) so as to satisfy cycliciof
blocks and to maximize similarities across blodlesg.
sections 4.1 and 4.2).

considerpossible alternatives % or M

if such alternative(s3eem to be worth consideringe-
turn to step 2and test the new hypothesis

3.

The understanding of step 2 is crucial to the psedometh-
odology : at that stage, the annotator is actuajiyng to es-
timate the realization of M via the minimizationtbe neces-
sary distortion that M should undergo to make itahahe
properties of the actual musical content of X.

Ultimately, among various hypotheses for M and ¢bere-

ture is m x 16 (m being the number of blocks, which is itselfSPonding decompositions, the annotator retains wWidth

usually close to 16), but pieces from the géloeshave usu-
ally block sizes based on 24 snaps. More compldtenpa
such as {16,12}, (16,8) or (16,16,8) happen to lbseoved.

4.5 Block size notation

Following are the corresponding notation convergiahich
we use to designate the size of (realized) blacksference
to a structural pulsation period of n snaps:

seems globally more economical for describing #mistic
level, i.e. the solution which results in a satisfmy com-
promise between :

« the simplicity and typicality of the structural met

« the regularity of the decomposition

* the non-redundancy of successive blocks

« the closeness of the structural period(s) to aeafe val-
ue (currently set to 15 seconds)
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5.2 Hypothesizing the structural metric pattern

5.2.1A priori properties and typical values

Previous work [12] has put forward arguments basedhe
“Predictive Information Context” (PIC) suggestirttat ana

Given the central role played by the canonical mothe
value of 16 is usually investigated in priority,less obvious
evidence in the musical content direct the annoteewards
another hypothesis (for instance, 24 in many piec¢édues).

6. A CASE STUDY

priori economical description of the structure of a music,

piece is based on segments of typical length etpahe
square root n =+/N of

total number of snaps: 200

Figure 1 illustrates the analysis of song Genrefrogh the
RWC database [17] (labeled B®cR. Structural blocks are
depicted both as

the length of the piece. In **
the annex section, we pro-
pose complementary con-
siderations based on in-
formation theory concepts,
which  strengthen this
point.

-

1642
16 16 L2 [ '

I ] m v v

We assume that structural%
blocks of approximate size g
VN happen to be aea- ~
sonable initial assumption
when estimating the struc-

492

Jeea4444444 444

-2

RWC Genre 08

16+2 16

6-2
Vi Vil Vil JIX] X X1

442 -8+16

4444444 444 ‘4444444;&4444

~&— full piece their span on the

x-axis (time in
snap) and their
height on the y-
axis (in log
scale). Each
block is identi-
fied by a distinct
roman number.

SEMIOTIC LEVEL

16+2 structural

¢ decomposition
X

16 16
1 16-2 I

X

“2 MORPHO-
SYNTAGMATIC
LEVEL

The duration of
the song is 3'26”
(including initial

tural pulsation period.
However, the actual analy-
sis of the musical content ,
may lead to a finalg pos- ¢ 2 e e ®  w
teriori) result which devi-
ates significantly from this
initial guess.

On the basis of an average song length of 240 secdN
falls in the range of 15.5 s. With a snap aroursd the size of
a block will therefore typically be of 16 snaps.relegain,
this property should only be consideredaapriori hypothe-
sis (the one to start with).

From these consideration,canonical modelvhich summa-
rizes all thea prioris can be laid down :
blocks of 16 snaps of 1s each. For a given pideestructur-
al metric pattern and its realization are thus cdesd as the
minimal deviation from this canonical modelhich enables
a structural description compatible with the mulsocantent.

5.2.2Estimating plausible snap and structural period(s)

By definition, the snap is the multiple of the beatrespond-
ing to a duration as close as possible (in loganithscale) to
1 s (in fact, it usually corresponds to the dowmbbat not
always). ldentifying the snap is, in general, rathgaight-
forward from the listening of parts of the pieceefprably
away from the beginning or the end, which may eixhobr-
ticular beat and tempo properties. Depending ontype of
bar, admissible intervals for the snap are : [0TZ41] for
binary bars and [0.58, 1.73] for ternary ones (fmre com-
plex, odd bars, the snap can be unevenly altegattween
different numbers of beats).

Once the snap is determined, plausible valueseo$tituctur-

al pulsation period(s) are hypothesized by listgnia the

piece and considering in priority its most saliand steady
parts : typically the chorus (if any), the develgnts of re-

curring motifs or phrases, the parts of the pieeeg@ved as
homogeneous, etc... From these segments, the annotato
generally infer rapidly one or two plausible valugspulsa-

tion period(s), from which he/she will start a ma@@mpre-

hensive analysis of the piece, looking for paracypatterns
and locating irregularities.

rote, best ACOUSTIC LEVEL

Time (in snaps)

Figure 1 : illustration of the case study of senti®

~§— snap scale . N
and final silenc-

es) and the size
of the song in
snaps is 200
(snap is almost
equal to 1 s).

Segments IV, VII, Xl and XIlI present a clear pdigmatic
relationship (chorus of this piece). Three of thé&mt 18
snaps but Xll lasts only 16 snaps and can be cereidas
the stem on which the three other blocks are hyiltength-
ening the harmonic content over the last 2 snaps.

Segments Il, V, X form a second paradigm, withréterrn to

it consists in 16tonic as a clear (conventional) structuring cueingef size

16, they are in line with th&#=16 hypothesis. An alternative
hypothesis would be to consider them as the rapetf 2 al-
most identical (half-)blocks of 8 snaps, but istould need
the introduction of a second structural periodn@)occurrence
of such a half-blockalone is observed in the song and iii) it
would split the rhyme pattern of block V.

Segments lll, VI and Xl constitute a third paradigrheir raw
form amounts for 14 snaps, but they can be destebea 4x4
snapcarrure of theababtype, whose last quarter has been trun-
cated of the last 2 snaps, hence the notation T&i&,comforts
(or at least does not contradict) the hypoth&sis6.

Segments | and IX are very similar, | being anrunsental
intro of 16 snaps and IX the second half of I, uasdan in-
strumental bridge (hence the notation -8+16). Rnadlll is
a solo, which conveniently lasts exactly 16 snaps.

The segmental structure of the piece is thereforsidered to
be 13 x 15 i.e. a basic 16-snap pattern realized 13 timés wi
a few within-block irregularities. Alternative optis could
have been 25 x 8but this would introduce much redundancy
in the underlying semiotic description, since altnal seg-
ments would be observed in systematical pairs,owitibring-
ing significantly down the number of irregular semts (only
IX would thus become regular). A pattern such #514,18)
could be envisaged given the recurrence of thiscodar size
sequence in lI-lll-IV and V-VI-VII but the existeacf XII as

a 16-snap realization of the chorus just in betwéleand XIlI
makes this complicated alternative a non-sustagnaysfion.
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7. CORPUS DESCRIPTION
7.1 RWC Pop set

A first set of annotations is composed of the 1@gs from the
RWC Popular Music database [17], written and predufor

research purposes. Their structural annotatione lheen re-
leased and used last year for the MIREX 2010 etiatufl 8] in

structural segmentation and since then, they hese marginal-
ly revised.

RWC Pop
7.2 Quaero set

100 titles

The Quaero sets composed of 159 titles selected by IRCAM

which are being used in the Quaero project [13ltHier eval-
uation of music structure detection algorithms :

Quaero 2009 Development set 20 titles
Quaero 2009 Evaluation set 49 titles
Quaero 2010 Evaluation set 45 titles
Quaero 2011 Evaluation set 45 titles
Total 159 titles

The average length of songs is approximately 4 tafuA

8. CONCLUSIONS

The work presented in this paper constitutes arittion

towards the general strategic goal of defining|diog and

disseminating consistent re-usable resources fmareh and
development in MIR. It proposes operational congepbn-
sistent procedures and freely available data ferdéscrip-
tion of music structure.

Our current work direction is to consolidate cortitats be-
tween music structure description and informatioeoty, so
as to encompass a wider range of concepts andriicydar,
to integrate several timescales in the structuzatdption.
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ANNEX

Let’s consider a song represented as a sequerntiscoéte elements
at a given time-scaleX = {x;},<x<y and let’'s now consider a bi-
dimensional organization ofX into blocks of sizen, ie. a
m (lines) X n (columns) matrix representation ¢ :

X = [xij]lsi'jSm’n with m=N/n and k=({—-1)xXn+j
Given this structure, the quantity of informatioeeded to index all
elements in the matrix requires :

N N
I, =mlog,m+nlog,n = Zlog2;+nlog2n

Thus, the index of each line in mati¥can be coded with lggn
bits, and the total number of bits required to indk lines inX ism
log, m (the same applies for the columns, hem&=g, n).

Seeking for the minimum dof, (by zeroing the derivative ofl,
w.r.t. n) yieldsn = v/N.

Hence, in the absence of any particular knowledgeerning the
redundancies inX, the most economical way todex it bi-
dimensionally is to shape it as a “square” matnixcture.
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