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ABSTRACT 

This paper presents and classifies the main requirements 
that the authors consider to be suitable for a score-level 
music information retrieval system. According to these 
requirements, a method to index and retrieve score-level 
music by content is presented. This method is based on 
a mathematical model that handles musical pieces as n-
dimensional interpolating functions that consider both 
pitch and rhythm contours. A mathematical analysis 
over these functions is used for the comparison of 
musical pieces. With this method we come up with 
music retrieval either by inclusion or by similarity, 
offering a very extensible model to represent music, as 
well as an indexing and retrieval method. Several 
experiments have been made with the system showing 
successful results according to the general requirements 
identified. 

1. INTRODUCTION 

The field of Music Information Retrieval (MIR) has 
rapidly grown in the last years as an important asset for 
computer and network technologies as well as for 
musicology purposes and the music industry. One of the 
main topics in the field deals with content-based MIR 
systems, classified as audio or symbolic according to the 
representation level they work with [1]. 

The symbolic-level, also known as score-level, is 
usually categorized as string-based, set-based and 
probability-based. In this paper we present a model for 
music information retrieval that works in the score-level 
and may begin a new group within this category, even 
though it could be considered as set-based. A 
mathematical model using interpolation is applied, 
handling most of the common problems of music 
information retrieval, which are presented in the 
following section. Also, this model is capable of 
measuring the similarity of musical pieces according to 
their content and in terms of pitch and time differences.  

2. MIR REQUIREMENTS 

Due to the nature of the information treated in MIR, 
there are some requirements that have to be considered 

from the very beginning of a system design. Byrd and 
Crawford [2] identify some requirements that they 
consider every MIR system should meet, such as the 
need of cross-voice matching, polyphonic queries or the 
clear necessity of taking into account both the horizontal 
and vertical dimensions of the music. For the actual 
system design they talk about conflation and stemming 
with musical units of meaning (event though it does not 
seem to be clear yet what these units are) and their 
implications to music index creation for large databases. 
Lee and Chen [3] introduced some approaches to 
indexing monophonic music. 

Selfridge-Field [4] identifies three elements that may 
confound both the users when they specify the query 
and the actual retrieval systems at the time of making 
comparisons. These elements are rests, repeated notes 
and grace notes. Mongeau and Sankoff [5] talk about 
the repeated notes and refer to these situations as 
fragmentation and consolidation. 

We list here some general requirements that should 
be common in MIR systems since we consider them as 
basic for the general user needs. The requirements are 
divided into two categories: vertical, dealing with pitch, 
and horizontal, dealing with time. 

2.1. Vertical Requirements 

2.1.1. Octave Equivalence 

When two pieces differ only in the octave they are 
played on, such as the ones in Figure 1, they must be 
considered as equal by the retrieval system. 

 

Figure 1. Octave Equivalence 

Isaacson points out in [6] that faculty and music 
students may want to retrieve pieces within some certain 
pitch range such as C5 up to F#3, or every work above 
A5. However, we consider that most of the queries are 
interested on the recognition of a certain pitch contour, 
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and cases like those can be handled easily by displacing 
the octave of the retrieved pieces.  

2.1.2. Degree Equality 

Figure 1.a shows a melody in the tonality of major F, 
and the corresponding name and tonality degree for 
each note. Figure 2 shows exactly the same melody 
displaced 7 semitones downwards to the tonality of 
major Bb. 

 

Figure 2. Degree Equality 

The degrees used in both cases are the same, but the 
resultant notes are not. It can be considered that the 
second melody is a version of the first one, but 
musically equivalent. Therefore, they should be 
considered as such by the retrieval system, which 
should also consider the possibility of a key signature 
change in the song. 

2.1.3. Note Equality 

On the other hand, it can be the case where exactly the 
same melodies, with exactly the same notes, belong to 
different tonalities and, hence, each note corresponds to 
a different degree in each case. Figure 3, for instance, 
shows the same melody as Figure 1.a, but in the tonality 
of major C. 

 

Figure 3. Note Equality 

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

2.1.4. Pitch Variation 

Sometimes, a melody is altered by changing only the 
pitch of particular notes. For instance, the melody in 
Figure 1.a might be changed by altering the last note 
from D7 to A6. A change like that should not mean that 
both melodies would not match when retrieving. Indeed, 
they should match with a certain similarity measure. 
Thus, the retrieval process should not be only by 
inclusion where the query is part of a piece in the 
repository; but also by similarity, where the query may 
be similar enough to match it. 

2.1.5. Harmonic Matching 

Another desired feature of a MIR system is the 
capability to compare harmonic pieces in such a way 
that allows the partial matching of harmonic pieces. For 
instance, in a triad chord (made up by the root note and 

its third and fifth intervals), one might recognize two 
notes (typically the root and the fifth). However, some 
other might recognize the root and the third, or just the 
root or even consider a 4-note chord. 

Thus, the system should be able to compare harmony 
wholly and partially, considering again the Pitch 
Variation problem as a basis to establish differences. 

2.1.6. Voice Independency 

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 with a flute 
only one voice could be performed, even tough some 
streaming effect might be produced by changing tempo 
and timbre [7] so that two voices may be perceived by a 
listener.  

 

Figure 4. Voice Independency 

Therefore, a query containing only one voice should 
match with this piece in case that particular voice is 
similar enough to any of the three marked ones. 

2.2. Horizontal Requirements 

2.2.1. Time Signature Equivalence 

Figure 5.a depicts a melody with its original 2/4 time 
signature. On the other hand, if a 4/4 time signature is 
considered, like in Figure 5.b, the piece would be split 
into bars of duration 4 crotchets each. 

 

Figure 5. Time Signature Equivalence 

The only difference among these two pieces is 
actually how strong certain notes must be played. 
However, they are in essence the same piece, and almost 
no regular listener will note the difference. Because of 
this reason, we state that the time signature should not be 
considered when comparing musical performances. 

2.2.2. Tempo Equivalence 

For some people, the piece in Figure 5.a, with a tempo 
of 112 crotchets per minute might sound like the one in 
Figure 6.a, where notes have twice the length but the 
whole staff is played twice faster, at 224 crotchets per 
minute, resulting in the same actual time. 

a) 

b) 



  
 

 

Figure 6. Tempo Equivalence 

On the other hand, it might be considered a tempo of 
56 crotchets per minute and notes with half the duration, 
like Figure 6.b depicts. Therefore, note lengths can not 
be considered as the only horizontal measure, since these 
three pieces will sound equally to the listener. 

2.2.3. Duration Equality 

If the melody in Figure 5.a is played slower or quicker 
by means of a tempo variation, maintaining the rhythm, 
the result would be like Figure 7 depicts. 

 

Figure 7. Duration Equality 

Even though the melody actually changes, the rhythm 
and pitch contour do not. Therefore, they should be 
considered as similar to some extent, considering the 
rhythm contour.  

2.2.4. Duration Variation 

Sometimes, a melody is altered by changing only the 
duration of several notes. For instance, the melody in 
Figure 8 maintains the same pitch contour as Figure 5.a, 
but changes the duration of some notes. 

 

Figure 8. Duration Variation 

Moreover, the tempo can change in between the 
melody and hence change the actual time of each note. 
Variations like these are common and they should be 
considered in a MIR system as well, just like the Pitch 
Variation problem, allowing matches by similarity 
besides by inclusion. 

3. GENERAL SOLUTIONS TO THE 
REQUIREMENTS 

3.1. Vertical Requirements 

The immediate solution to the Octave Equivalence 
problem is to consider octave numbers as a relative 
variation within the piece. Surely an octave change is 
important in between a song because it denotes a higher 
or lower pitch progression. For the Grade Equality 
problem it seems to be clear that tonality degrees must 
be used, rather than actual pitch values, in order to 

compare. However, the Note Equality problem suggests 
the opposite. The solution so far for these three vertical 
problems seems to be the use of pitch differences or 
intervals as the units for the comparison instead of the 
actual pitch or degree values [6]. 

3.2. Horizontal Requirements 

Despite the time signature of a performance is worth for 
other purposes such as pattern search, it seems to us that 
it should not be considered at comparing-time because it 
does not make any difference. 

According to the Tempo Equivalence problem, actual 
time should be considered rather than score time, since it 
would be probably easier for a regular user to provide 
actual rhythm information. On the other hand, the 
Duration Equality problem requires the score time to be 
used instead. We consider here that both measures have 
to be taken into account. The actual time is valuable for 
most of the regular users that do not have knowledge on 
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 
horizontal information, since “it is evident that the pitch 
contour of a melody is by no means its only memorable 
feature” [2]. The solution could be to compare both 
actual and score time or use some kind of difference 
factor between a note and its predecessor, so that a time 
progression can be built just like a pitch progression. 

4. A MODEL BASED ON MATHEMATICAL 
INTERPOLATION 

In order to apply the mathematical model that is to be 
presented, some initial steps have to be applied. The 
first one consists in distributing the notes in the 
temporal dimension so that each onset time will be a 
multiple of a minimum duration considered, maintaining 
a distance relation according to the duration of the 
notes. That is to say that if a crotchet has duration d, a 
minim has duration 2·d and a quaver has duration d/2. 
In our current implementation, the shortest duration 
considered is a demisemiquaver in a tuplet (with 
duration 2 units), so that a quaver, for example, has 
duration 8 units. 

The second step distributes the notes in the pitch 
dimension, considering a pitch range from 0 to 127, 
since those are the possible values defined in the MIDI 
specification. However, there is no limitation at this 
point. It is important to note that with this representation, 
accidentals are not needed, since two notes that share the 
same height are bound to have the same pitch. By doing 
this, the staff in Figure 5.a would look like in Figure 9, 
where the notes have been translated to points in a plane. 

Once the musical piece is defined in this plane, the 
next step is to consider it as a function C(t) that defines 
the interpolating curve for the sequence of notes, 
mapping a point in time with the corresponding pitch: 

a) 

b) 
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In case the performance has several voices, each of 
them can be considered as a function Ci(t) defined in a 
different pitch dimension, but sharing the same time 
dimension, where the subscript indicates the voice 
number. By doing so, a melody within a voice would be 
considered as in Figure 9. 

 

Figure 9. Melody as an Interpolating Function 

Having music defined with these functions, every 
vertical requirement identified in Section 3 can be met. 
If a melody is defined with a polynomial such as 
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another melody with the same pitch contour will differ 
only in the constant a0, which indicates the height 
difference between melodies in semitones. Therefore, 
melodies in Figure 1 are defined by the same 
polynomial with constants that differ in 12 units. Using 
the first derivative we get rid of this difference, so that 
every pair of compositions that are equal according to 
the vertical requirements will be represented by the 
same function 

The Tempo Equivalence and the Duration Equality 
problems can be solved, since they imply a linear 
transformation in the time dimension. For example, if 
the melody in Figure 5.a is denoted by C’(t) and the one 
in Figure 6.a is denoted by D’(t) , it can easily be probed 
that C’(2t)=D’(t) . 

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

4.1. Piecewise Comparison 

By applying a linear transformation to the time-
dimension the Duration Variation problem still remains 
unsolved, because the transformation applies to the 
whole curve. Therefore, the function will be split into 
several pieces so that they start and end at the onset time 
of two successive notes. Thus, if a voice Mi is given as a 
sequence ,0 ,1 ,( , ,..., )

ii i i lm m m  of notes ordered by onset 

time, its interpolating function is defined as 
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where ti,j denotes the onset time of the note mi,j (the j-th 
note of the i-th voice). With these piecewise functions a 
linear transformation can be applied only to a single 
piece without affecting the whole curve. Moreover, 

some kind of penalization can be applied each time a 
piece has to be shrunken or stretched, meeting thus the 
Duration Variation problem. 

4.2. The Actual Comparison 

The comparison of a piece defined by C’(t) and another 
one defined by D’(t)  would be achieved by comparing 
each c’ i,j(t) with the corresponding d’ i,j(t) that leads to 
the smallest global difference. Since the first derivative 
here is a measure of the pitch change along the time, the 
area between derivatives gives the difference in pitch 
change between the actual musical pieces. 

Thus, the difference in pitch between two pieces is 
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where is calculated the area between the first derivatives 
of each span j in each voice i. This way, a value can be 
given about the difference in pitch between two pieces, 
thereby solving the Pitch Variation problem. 

4.3. Interpolation with Splines 

The standard Lagrange interpolation method is rejected 
because the effect of the Runge’s Phenomenon, where 
the interpolating curve wiggles as the number of points 
increases [9], is not acceptable in this case. 

 

Figure 10. Runge’s Phenomenon 

Instead, splines [9] are used because they allow the use 
of low-degree polynomials, are already split into pieces 
and do not suffer the Runge’s Phenomenon. Figure 10.a 
shows the effect of changing 3 points with Langrange’s 
interpolation, while Figure 10.b shows it with splines. 

4.3.1. Uniform B-Splines 

The chosen interpolating method to build up the 
functions for musical pieces uses Uniform B-Splines of 
degree 3. These curves have a set of equidistant knots 
that define spans all along the curve, each of them 
defined by the sum of 4 blending functions applied upon 
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: 

a) 

b) 
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where the curve is defined as a parametric function (i.e. 
one function defines the pitch and another one the time) 
and u is evaluated in the interval [0, 1]. 

Because each span is defined by 4 blending functions 
and hence by 4 notes, B-Splines have the Local 
Modification property, whereby changing one note, say 
mi,j, will not affect the whole curve, but only its 4 closest 
spans from ti,j-2 to ti,j+2. Thus, identical pieces can still 
match almost completely, even if some notes change. 

In addition, and in order to model harmony, every 
single possible path that the curve may follow across the 
notes in a harmonic line will be interpolated. Thanks to 
the Local Modification property, the number of 
interpolation steps is finite and restricted within 4 spans, 
each of them containing all the interpolation possibilities 
that may occur in that time interval. 

4.3.2. Properties of B-Splines for Music Modelling 

As stated above, degree 3 Uniform B-Splines are chosen 
as interpolating function because of several properties 
that make them suitable for music modelling: 

·  They do not suffer the Runge’s Phenomenon.  
·  They are already piecewise curves. 
·  Due to the Variation Diminishing property, the 

oscillation between points is minimal. 
·  Each piece of the curve is a parametric 

polynomial of degree 3, so it is C2 continuous. 
·  Thanks to the Strong Convex Hull property, 

the curve do not go beyond the domain limits 
and stays in the interval [0, 127] defined by 
MIDI. 

·  Due to the Local Modification property, the 
curve does not change globally whenever a 
note changes, allowing thus harmonic 
comparison. 

·  Since the curve does not pass through the 
points, no large peaks are created, which makes 
it not very sensible to large changes in pitch. 

·  As the curve is parametric there is a function 
for the pitch dimension and another one for the 
time dimension. Thus, pitch contour and 
rhythm can be compared independently. 

·  Due to the Affine Invariance property, if a span 
length changes the overall shape of the curve 
does not. 

5. THE RSHP MODEL AND CAKE ENGINE 

Besides the music representation schema, which we 
have presented in the previous sections of this paper, a 
retrieval algorithm is necessary for retrieving musical 
pieces.  The authors have been working several years in 
the RSHP (which stands for RelationSHiP) meta-model 

[10], which intends to be a general information 
representation model supporting, and being integrated 
with, a vector space retrieval model [11]. 

The RSHP model was designed to be applied as a 
software representation meta-model because it should be 
able to represent and further reuse every type of 
information needed to construct software (requirements, 
text documents, UML models, etc.) by using the same 
representation schema.  

The principle of RSHP determines that information is 
in essence related facts, and therefore, it could be 
possible to use the relationship itself as the core item of 
a representation model. Every information contents of an 
artifact could be represented using relationships.  

A concept (named Knowledge Element in the RSHP 
model) is the atomic component of information that is 
linked, by one or more relationships, with other concepts 
to form knowledge. A simple concept is represented by a 
normalized term (a keyword coming from a controlled 
domain). Moreover, a concept can also be a sub-artifact 
(an information container found inside a wider artifact). 

For instance, with a sentence like “a car must always 
have wheels and a motor” we can come up with the 
following artifact:  

 _ 1 2{RSHP ,RSHP }=textual artifacti   

where each of the RSHPs is defined as 
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RSHP ToHave Car Wheel

RSHP ToHave Car Motor
 

and Car, Wheel, Motor and ToHave are KEs.  
The RSHP model implements a vector space retrieval 

model [12] that allows finding similar artifacts by 
content. The semantic distance between an artifact and a 
query is measured considering the common concepts and 
the common RSHPs int both documents. 

In order to compare concepts, term occurrences (KEs) 
are used. To compare RSHPs a distance function was 
created measuring a semantic quantification based on the 
type of the relationship and the concepts it includes: 

 ),(·),(· qaFKqaFKF RSHPRSHPKEKEsemantics +=  (5) 

Where KKE and KRSHP are constants for fine tuning, 
FKE(a,q) measures the difference in the amount of KEs 
between the artifact and the query, while FRSHP(a,q) 
computes the distance between all the artifact’s RSHPs 
and all the RSHPs of the query. It is calculated by 
comparing the distance of every single RSHP from one 
of the documents (the one that has less number) with all 
the RSHPs from the other (one by one), using a function 
that assigns a distance value to every pair of RSHPs. 

6. TRANSLATION TO THE RSHP MODEL 

According to the hierarchy defined in the RSHP model, 
we define four main artifact types for the music domain: 
Sequence, Staff, Voice and Span. A Sequence 
represents a certain performance, which may contain 
several Staffs, one per instrument. A Staff may contain 



  
 
several Voices, which contain as many Spans as pieces 
in the interpolating function of the voice. For instance, 
the piece in Figure 4 would be modeled as a Sequence 
artifact containing a single Staff sub-artifact for the 
piano, which contains 3 Voice sub-artifacts. The first 
voice would contain 13 Spans, whilst the second one 
would contain 5 Spans. Moreover, each of these 
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 interpolating 
function, according to the harmonic intervals. Since the 
first derivative of the interpolating function is a 
polynomial of degree 2, there are two possible shapes 
for it: convex, concave or flat. Each of these three types 
defines two RSHP types in the domain: one representing 
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 concept 1, it 
contains the value of the first derivative at the beginning 
of the span (i.e. c’ i,j(0)) and as concept 2 the value at the 
end (i.e. c’ i,j(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 interpolating 
curve. Since the curve has degree 2, it is completely 
defined by these values. 

Concept number 5 is a factor representing the amount 
of sound in the span. That is to say, that if the span 
contains a single crotchet, a factor of 1 measures a 100% 
of sound all along the span. However, if the span 
consists on a crotchet and a quaver rest, the factor would 
be 2/3, since there is a 33% of silence at the end of the 
span.  

Each Span sub-artifact contains two additional sub-
artifacts of type OtherVoices, containing the derivative 
values at the beginning and end of the span for the 
additional voices in the Staff. This way, we can measure 
somehow the effect that additional voices have on the 
current one, detecting differences such as translation or 
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 repository of 34 
pieces from 14 classical authors as MIDI files. Trials 
have been performed to test each of the requirements 
presented in Section 2, obtaining successful results. 

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 document, every 
vertical and horizontal requirement can be solved with 
that method. While it also deals successfully with rests 

and trills, the authors are working to include grace notes 
and lyrics, as well as the capability of handling 
fragmentation, consolidation and cross-voice matching. 
Moreover, we are studying the possibility of an index 
implementation based on the mathematical functions 
that define each span of the interpolating curves, along 
with the creation of a large repository of musical pieces. 
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