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ABSTRACT from the very beginning of a system design. Byrd an

Crawford [2] identify some requirements that they
This paper presents and classifies the main reqeitean consider every MIR system should meet, such as the
that the authors consider to be suitable for aestawel need of cross-voice matching, polyphonic queriether
music information retrieval system. According tesk clear necessity of taking into account both thezoutal
requirements, a method to index and retrieve slewel- and vertical dimensions of the music. For the dctua
music by content is presented. This method is based system design they talk about conflation and stergmi
a mathematical model that handles musical pieces as with musical units of meaning (event though it does
dimensional interpolating functions that considethb seem to be clear yet what these units are) and thei
pitch and rhythm contours. A mathematical analysigmplications to music index creation for large deses.
over these functions is used for the comparison okee and Chen [3] introduced some approaches to
musical pieces. With this method we come up withindexing monophonic music.

music retrieval either by inclusion or by similgfit g qiq06 Field [4] identifies three elements thay
offering a very extensible model to represent mussc

well as an indexing and retrieval method. SeveraFOrlfound both the_users when they spe_cn‘y th_e query
.and the actual retrieval systems at the time ofingak

nccbmparisons. These elements are rests, repeatesl note
and grace notes. Mongeau and Sankoff [5] talk about
the repeated notes and refer to these situations as
fragmentation and consolidation.

successful results according to the general reangings
identified.

1. INTRODUCTION
We list here some general requirements that should

The field of Music Information Retrieval (MIR) has be common in MIR systems since we consider them as
rapidly grown in the last years as an importaneks  basic for the general user needs. The requiremeats a
computer and network technologies as well as fodivided into two categories: vertical, dealing witltch,
musicology purposes and the music industry. Orteeef and horizontal, dealing with time.
main topics in the field deals with content-basetRM
systems, classified as audio or symbolic accortbiithe  2.1.Vertical Requirements
representation level they work with [1].

: . 2.1.1. Octave Equivalence
The symbolic-level, also known as score-level, is

usually categorized as string-based, set-based amlhen two pieces differ only in the octave they are
probability-based. In this paper we present a méatel played on, such as the ones in Figure 1, they tneist
music information retrieval that works in the scteeel  considered as equal by the retrieval system.

and may begin a new group within this categoryneve P e

F7
though it could be considered as set-based. / A6 C7+ZED#7C7 ; = ; c7 ;_7
mathematical model using interpolation is applied,) %@ﬁ T *t ; ,
handling most of the common problems of musi¢’ & v vy w w1 w v w :
information retrieval, which are presented in the
following section. Also, this model is capable of 06 6 b6 o b A a6 g
measuring the similarity of musical pieces accqdin |, fsp—poro ot —* L
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their content and in terms of pitch and time défeses. o ee——— ' I— !
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2. MIR REQUIREMENTS Figure 1. Octave Equivalence

Due to the nature of the information treated in MIR Isaacson points out in [6] that faculty and music

there are some requirements that have to be coadide students may want to retrieve pieces within somtaice
pitch range such as C5 up to F#3, or every worki@bo

© 2007 Austrian Computer Society (OCG). A5. However, we consider that most of the queries a
interested on the recognition of a certain pitchtoar,



and cases like those can be handled easily byadisgl  its third and fifth intervals), one might recogniz&o

the octave of the retrieved pieces. notes (typically the root and the fifth). Howeveome
other might recognize the root and the third, @t fhhe
2.1.2. Degree Equality root or even consider a 4-note chord.

: : . Thus, the system should be able to compare harmony
Figure 1.a shows a melody in the tonality of maior oy "and partially, considering again the Pitch

and the corresponding name and tonality degree fc\r/ariation problem as a basis to establish diffeesnc
each note. Figure 2 shows exactly the same melody

dlsplaced 7 semitones downwards to the tonality 05.1.6. Voice Independency
major B.
Figure 4 depicts a piano piece with 3 voices, which
work together as a whole, but can also be treated
individually. Indeed, if this piece is played withflute
only one voice could be performed, even tough some
Figure 2. Degree Equality streaming effect might be produced by changing emp
and timbre [7] so that two voices may be percetvea

The degrees used in both cases are the same, but figener.
resultant notes are not. It can be considered ttreat

second melody is a version of the first one, bul .ﬂ,’gﬂﬁ#”(rrr.ﬁ:'i = -I.“rﬁi'.‘
musically equivalent. Therefore, they should be _ == ==
considered as such by the retrieval system, whicl e ) (Fﬁ = )
should also consider the possibility of a key sigra R T <
change in the song. ! ' ! [—

2.1.3. Note Equality Figure 4. Voice Independency
On the other hand, it can be the case where extetly Therefore, a query containing only one voice should
same melodies, with exactly the same notes, belong match with this piece in case that particular voige
different tonalities and, hence, each note cornedpdo  similar enough to any of the three marked ones.

a different degree in each case. Figure 3, foraics,

shows the same melody as Figure 1.a, but in theditpn 2.2. Horizontal Requirements

of major C.

2.2.1. Time Signature Equivalence

Figure 5.a depicts a melody with its original 2ithe

signature. On the other hand, if a 4/4 time sigrats

considered, like in Figure 5.b, the piece wouldspét
Figure 3. Note Equality into bars of duration 4 crotchets each.

Even thought the degrees do not correspond one
each other, the actual pitches do, so both picvesld
be considered the same one by a retrieval system.

2.1.4. Pitch Variation

Sometimes, a melody is altered by changing only thi’ ~& ==
pitch of particular notes. For instance, the melaay
Figure 1l.a might be changed by altering the lase no
from D7 to A6. A change like that should not mebatt The only difference among these two pieces is
both melodies would not match when retrieving. bufe  actually how strong certain notes must be played.
they should match with a certain similarity measure However, they are in essence the same piece, anubil
ThUS, the retrieval process should not be Only b}ﬂo regular listener will note the difference. Besmwf
inclusion where the query is part of a piece in thethis reason, we state that the time signature shuat be
repository; but also by similarity, where the quemgy  considered when comparing musical performances.

be similar enough to match it.

Figure 5. Time Signature Equivalence

2.2.2. Tempo Equivalence

2.1.5. Harmonic Matching For some people, the piece in Figure 5.a, withnapte
Another desired feature of a MIR System is theOf 112 crotchets per minute mlght sound like the on
capability to compare harmonic pieces in such a wayigure 6.a, where notes have twice the length bet t
that allows the partial matching of harmonic piedes  Whole staff is played twice faster, at 224 crotshger
instance, in a triad chord (made up by the roo¢mod ~ Minute, resulting in the same actual time.



compare. However, the Note Equality problem suggests
the opposite. The solution so far for these thretozd

a)
problems seems to be the use of pitch differences o
intervals as the units for the comparison instefathe
actual pitch or degree values [6].

b)

3.2.Horizontal Requirements

Figure 6. Tempo Equivalence Despite the time signature of a performance is hwmt

On the other hand, it might be considered a tenfpo @ther purposes such as pattern search, it seenssthat
56 crotchets per minute and notes with half thetiom, it should not be considered at comparing-time beeaiu
like Figure 6.b depicts. Therefore, note lengths san does not make any difference.

be considered as the only horizontal measure, ivese According to the Tempo Equivalence problem, actual

three pieces will sound equally to the listener. time should be considered rather than score timee st
would be probably easier for a regular user to i®v

2.2.3. Duration Equality actual rhythm information. On the other hand, the

o . ) Duration Equality problem requires the score timédo
If the melody in Figure 5.a is played slower oraeir ,seq instead. We consider here that both measases h
by means of a tempo variation, maintaining thelthyt 5 he taken into account. The actual time is vakidibt
the result would be like Figure 7 depicts. most of the regular users that do not have knoveeaty
music theory, whilst the score time might be more
valuable for people who do have it.

However, when facing the Duration Variation
problem it seems necessary the usage of a timeless
model which may have to have another way to gather

Even though the melody actually changes, the rhythimorizontal information, sinctt is evident that the pitch
and pitch contour do not. Therefore, they should beontour of a melody is by no means its only memerab
considered as similar to some extent, considerigy t feature” [2]. The solution could be to compare both

Figure 7. Duration Equality

rhythm contour. actual and score time or use some kind of diffezenc
factor between a note and its predecessor, sattiate
2.2.4. Duration Variation progression can be built just like a pitch progiess

Sometimes, a melody is altered by changing only the 4. A MODEL BASED ON MATHEMATICAL
duration of several notes. For instance, the melody ' INTERPOLATION

Figure 8 maintains the same pitch contour as Figuage

but changes the duration of some notes. In order to apply the mathematical model that i9éo

presented, some initial steps have to be applie@. Th
first one consists in distributing the notes in the
temporal dimension so that each onset time willabe
multiple of a minimum duration considered, mainitagn
a distance relation according to the duration c& th
Moreover, the tempo can change in between thgotes. That is to say that if a crotchet has dumatica
melody and hence change the actual time of eaah nominim has duratior2-d and a quaver has duratio2.
Variations like these are common and they should b@ our current implementation, the shortest duratio
considered in a MIR system as well, just like thelP considered is a demisemiquaver in a tuplet (with
Variation problem, allowing matches by similarity duration 2 units), so that a quaver, for exampks h

Figure 8. Duration Variation

besides by inclusion. duration 8 units.
The second step distributes the notes in the pitch
3. GENERAL SOLUTIONS TO THE dimension, considering a pitch range from 0 to 127,
REQUIREMENTS since those are the possible values defined irvitia

specification. However, there is no limitation duist
point. It is important to note that with this repeatation,
accidentals are not needed, since two notes that she
The immediate solution to the Octave Equivalencesame height are bound to have the same pitch. Bygdo
problem is to consider octave numbers as a relativthis, the staff in Figure 5.a would look like inglire 9,
variation within the piece. Surely an octave chamgye where the notes have been translated to pointplare.
important in between a song because it denotegheehi Once the musical piece is defined in this plane, th
or lower pitch progression. For the Grade Equalitynext step is to consider it as a functio(t) that defines
problem it seems to be clear that tonality degreast  the interpolating curve for the sequence of notes,
be used, rather than actual pitch values, in otder mapping a point in time with the corresponding lmitc

3.1. Vertical Requirements



C: ® [0,127] (1) some kind of penalization can be applied each tme
pce has to be shrunken or stretched, meetingtheus

In case the performance has several voices, each%l . L
uration Variation problem.

them can be considered as a functi@t) defined in a

different pitch dimension, but sharing the sameetim

dimension, where the subscript indicates the voic

number. By doing so, a melody within a voice wobkl  The comparison of a piece defined ®\t) and another

considered as in Figure 9. one defined byD’(t) would be achieved by comparing
eachc’;;(t) with the corresponding’;;(t) that leads to
the smallest global difference. Since the firstidgive
here is a measure of the pitch change along the tine
area between derivatives gives the difference iohpi
change between the actual musical pieces.

é.z. The Actual Comparison

Thus, the difference in pitch between two pieces is
Figure 9. Melody as an Interpolating Function

Ii,j+1

D(C(t), D(t)) =
g

. . : . . ci; () - di (t)| dt  (4)
Having music defined with these functions, every

vertical requirement identified in Section 3 canrbet.
If a melody is defined with a polynomial such as where is calculated the area between the firsvdevies
of each spain each voice. This way, a value can be
given about the difference in pitch between twaces
thereby solving the Pitch Variation problem.

Ci(t)y=a,t"+a, t" +. +at+a, 2)

another melody with the same pitch contour wilfelif
only in the constanta, which indicates the height
difference between melodies in semitones. Therefore™
melodies in Figure 1 are defined by the sameThe standard Lagrange interpolation method is tejec
polynomial with constants that differ in 12 unitésing  because the effect of the Runge’s Phenomenon, where
the first derivative we get rid of this differens® that  the interpolating curve wiggles as the number dhiso
every pair of compositions that are equal accordmg increases [9], is not acceptable in this case.
the vertical requirements will be represented bg th
same function

The Tempo Equivalence and the Duration Equality
problems can be solved, since they imply a linear
transformation in the time dimension. For examje,
the melody in Figure 5.a is denoted ®Yt) and the one
in Figure 6.a is denoted Wy (t), it can easily be probed
thatC'(2t)=D’(t) .

Moreover, the Voice Independency problem is solved
as every pitch dimension defines only one voice.

3.Interpolation with Splines

b)
4.1. Piecewise Comparison

By applying a linear transformation to the time- Figure 10. Runge’s Phenomenon

dimension the Duration Variation problem still rénsa .

unsolved, because the transformation applies to th&@stead, splines [9] are used because they allevusie
whole curve. Therefore, the function will be spfito  ©Of low-degree polynomials, are already split intecgs
several pieces so that they start and end at thetime ~ @nd do not suffer the Runge’s Phenomenon. Figure 10
of two successive notes. Thus, if a voideis given as a  Shows the effect of changing 3 points with Langessg
sequence(m o, M ..., M, ) of notes ordered by onset interpolation, while Figure 10.b shows it with sys.

time, its interpolating function is defined as 4.3.1. Uniform B-Splines
Ciol) toEtEL, The chosen interpolating method to build up the
cii(t) ti EtEL, functions for musical pieces uses Uniform B-Splioés
CGit)= (3)  degree 3. These curves have a set of equidistats kn

that define spans all along the curve, each of them
G-t G ETEY, defined by the sum of 4 blending functions applipdn
the control points (i.e. the notes). These blending
functions are defined by convolution of a single
function, which leads to the following system for a
degree 3 Uniform B-Spline:

wheret;; denotes the onset time of the noig (the j-th
note of the i-th voice). With these piecewise fimmts a
linear transformation can be applied only to a keing
piece without affecting the whole curve. Moreover,



-1 3-31 m, [10], which intends to be a general information
13-630 m, representation model supporting, and being intedrat
= /! (4) with, a vector space retrieval model [11].

6-3 0 30 My The RSHP model was designed to be applied as a
1 4 10 m;, software representation meta-model because it gHmul
able to represent and further reuse every type of

one function defines the pitch and another ondithe) information needed to construct software (_requmame
andu is evaluated in the interval [0, 1. text documents, UML models, etc.) by using the same

Because each span is defined by 4 blending fumtioﬁepresent_atipn schema. . . L
and hence by 4 notes, B-Splines have the Local The principle of RSHP determines that informatisn i

Modification property, whereby changing one noty s In essence related fac.ts, af‘d. therefore, '.t couid b
my;, will not affect the whole curve, but only its kbsest possible to use the relat|onsh|p itself as the dere of
spans from;;, 1o t;.. Thus, identical pieces can stil a representation model. Every information conteftsn

match almost completely, even if some notes change. artifact could be represented using relations_hips.
In addition, and in order to model harmony, every A concept (named Knowledge Element in the RSHP

single possible path that the curve may follow asrhe model) is the atomic comp.onenF of in'formation tizat
notes in a harmonic line will be interpolated. Tksuo linked, by one or more _relatlonshlps, V.V'th othenaepts
the Local Modification property, the number of © forml knowledge. A simple concept is represeied
interpolation steps is finite and restricted witdispans, "ormalized term (a keyword coming from a controlled

each of them containing all the interpolation plotities domam). Mqreover, a concept can also b.e a sutaerti
that may occur in that time interval. (an information container found inside a widerfadi).

For instance, with a sentence likeecar must always
have wheels and a motonve can come up with the
following artifact:

¢ j(w=u® u®u

where the curve is defined as a parametric fundiien

4.3.2. Properties of B-Splines for Music Modelling

As stated above, degree 3 Uniform B-Splines arsamo )

as interpolating function because of several progeer hextual_ artfact = {RSHP,RSHR ]

that make them suitable for music modelling: where each of the RSHPs is defined as
They do not suffer the Runge’s Phenomenon.
They are already piecewise curves.
Due to the Variation Diminishing property, the RSHR ={ ToHaye Car Motpf9oesaion

oscillation between points is minimal. andCar, Whee) Motor andToHaveare KEs.

Each piece of the curve is a parametric The RSHP model implements a vector space retrieval
polynomial of degree 3, so it i€'€ontinuous.  model [12] that allows finding similar artifacts by
Thanks to the Strong Convex Hull property, content. The semantic distance between an artfadta

the curve do not go beyond the domain limitsquery is measured considering the common concegplts a
and stays in the interval [0, 127] defined by the common RSHPs int both documents.

MIDI. In order to compare concepts, term occurrences )KEs
Due to the Local Modification property, the are used. To compare RSHPs a distance function was
curve does not change globally whenever acreated measuring a semantic quantification basete
note changes, allowing thus harmonic type of the relationship and the concepts it inekid
comparison.

Since the curve does not pass through the Fsemanics™ Kke ‘Fie (8, 0) + KrsrpFrsup(2,0) - (5)

points, no large peaks are created, which makes \yhere k.. and Kesye are constants for fine tuning,

it not very sensible to large changes in pitch. g 4 q) measures the difference in the amount of KEs
As the curve is pargmetnc there is a functionpanyeen the artifact and the query, whitasu{a,q)

for the pitch dimension and another one for thegompytes the distance between all the artifact’/iRS
time dimension. Thus, pitch contour and 5nq g the RSHPs of the query. It is calculated by
rhythm can be compared independently. comparing the distance of every single RSHP from on
Due to the Affine Invariance property, if @ span of the documents (the one that has less numbein) adlit
length changes the overall shape of the curvgne RSHPs from the other (one by one), using atiomc
does not. that assigns a distance value to every pair of RSHP

RSHP ={ ToHave Car Whgdporegaton

5. THE RSHP MODEL AND CAKE ENGINE 6. TRANSLATION TO THE RSHP MODEL

Besides the music representation schema, which Wgccording to the hierarchy defined in the RSHP niode
have presented in the previous sections of thi®pa» e define four main artifact types for the musicngin:
retrieval algorithm is necessary for retrieving meb  gequence, Staff, Voice and Span. A Sequence
pieces. The authors have been working severasyear represents a certain performance, which may contain



several Voices, which contain as many Spans agpiecand trills, the authors are working to include graotes

in the interpolating function of the voice. For tasce,

and lyrics, as well as the capability of handling

the piece in Figure 4 would be modeled as a Seguendragmentation, consolidation and cross-voice matghi
artifact containing a single Staff sub-artifact ftre =~ Moreover, we are studying the possibility of anerd

piano, which contains 3 Voice sub-artifacts. Thrstfi

implementation based on the mathematical functions

voice would contain 13 Spans, whilst the second on¢hat define each span of the interpolating cureésng
would contain 5 Spans. Moreover, each of thesavith the creation of a large repository of musigigices.

artifacts contains metadata about the title, author
instrument, etc.

Each of those Span sub-artifacts contains as many

RSHPs as curve pieces are defined in the inteipglat
function, according to the harmonic intervals. 8irtke
first derivative of the interpolating function is a
polynomial of degree 2, there are two possible ebap
for it: convex, concave or flat. Each of these ¢higpes
defines two RSHP types in the domain: one reprasgnt
a note with trill and another one without it.

The Action concept of a RSHP is a sub-artifact that
contains two terms: the score and the actual time
duration of the corresponding span. As concepttl, i
contains the value of the first derivative at tlegibning
of the span (i.ec’;;(0)) and as concept 2 the value at the
end (i.e.c’jj(1)). These terms measure the position of the
piece in the pitch-dimension. Concepts 3 and 4
represent, respectively, the value of the second
derivative at the beginning and end of the interval
measuring therefore the direction of the interpotat
curve. Since the curve has degree 2, it is coniplete
defined by these values.

Concept number 5 is a factor representing the amoun
of sound in the span. That is to say, that if thans
contains a single crotchet, a factor of 1 measarg80%
of sound all along the span. However, if the span
consists on a crotchet and a quaver rest, therfacold
be 2/3, since there is a 33% of silence at theddritie
span.

Each Span sub-artifact contains two additional sub-
artifacts of type OtherVoices, containing the dative
values at the beginning and end of the span for the
additional voices in the Staff. This way, we caramge
somehow the effect that additional voices have len t
current one, detecting differences such as traaslair
spreading of one voice over the time.

7. EXPERIMENTATION

The mathematical model presented has been
implemented in a prototype with the RSHP Model and
the CAKE Engine, tested with a small repository3df
pieces from 14 classical authors as MIDI files.al&i
have been performed to test each of the requirement
presented in Section 2, obtaining successful result

8. CONCLUSIONS AND FUTURE WORK

This paper presents a brand new method for content-
based MIR at the score level, based on mathematical
interpolation. As seen throughout the documentyeve
vertical and horizontal requirement can be solvétth w
that method. While it also deals successfully wéhts

[1]

(2]

(3]

[4]

[5]

[6]

[7]

[8]

[9]

9. REFERENCES

Typke, R., Wiering, F. and Veltkamp, R. C.,
“A Survey of Music Information Retrieval
Systems”ISMIR2005

Byrd, D. and Crawford, T. “Problems of music
information retrieval in the real world”,
Information Processing and Management
38:249-272, 2002.

Lee, W. and Chen, A. L. P. “Efficient multi-
feature index structures for music data
retrieval”, Proceedings of SPIE Conference on
Storage and Retrieval for Image and Video
Databasesl 77-188, 2000.

Selfridge-Field, E. "Conceptual and
representational issues in melodic comparison",
Computing in Musicology 13-64, 1998.

Mongeau, M. and Sankoff, D. “Comparison of
musical sequences”,Computers and the
Humanities 24161-175, 1990.

Isaacson, E. J. “Music IR for Music Theory”,
The MIR/MDL Evalutaion Project White Paper
Collection 2" edition:23-26.

McAdams, S. and Bregman, A., “Hearing
musical streams” in Roads C., and Strawn, J.,
Foundations of computer musiIT Press, pp
658-598, 1985.

Lemstrom K., Haapaniemi A. and Ukkonen E.,
“Retrieving Music — To Index or not to Index”,
ACM Multimedia '98 1998.

de Boor, C., “A Practical Guide to Splines”,
Springer, 2001.

[10]Llorens, J. Morato, J. and Genova, G., “RSHP:

[11]Salton, G., Wong,

An information representation model based on
relationships”, in Damiani E., Jain L. C. and
Madravio M., Soft Computing in Software

Engineering (Studies in Fuzziness and Soft
Computing Series, vol. 159), Springer, pp 221-
253, 2004.

A. and Yang, C. S., “A
Vector Space Model for Automatic Indexing”,
Communications of the ACMol. 18-11, 1975.

[12]Llorens, J. Fuentes, J.M., Morato, J. “UML

retrieval and reuse using XMITASTED Conf.
on Software Engineering004:740-746.



