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Chapter 1

Introduction

1.1 Foreword

Music has always been impacted by technological changes and mainly during the last
centuries. It’s logical that the computer sciences technologies and music have met and
started a journey together. From the writing of scores to musical creations without the
need of human, the computer sciences have found their place into the music world. A
software named MEDALmusic systemlﬂ has been developed in the end of the 90’s by René-
Louis Baronﬂ to create musical compositions by itself that sound like human realisation.
By the way, this has proved that the musical creation is not only subjective and abstract
but has logical foundations transposable into mathematics form and, as a logical contin-
uation, computer sciences world.

This evolution offers a wide world of new possibilities that passionate and motivate dream-
ers, musicians, searchers and scientists, such as the IRCAM’s membersﬂ and myself.

Idea

« What if computers can reduce the distance between the abstract ideas of a compositor

and the effective writing score of those ideas? ». This master thesis aims to provide
a base solution to that question. Starting from an existing software that offers tools
and environment to help compositors to generate musical score, this project intends to
establish a foundation for the development of a high-level solution.
Artificial Intelligence techniques will allow the musical composer to focus on the main
ideas and to leave the composition and music writing to the computer. Let’s take a
host software as OpenMusic and a constraint programming toolkit as Gecode ... and the
journey can begin.

1System that generates automaticly musical creation|[14]
2French inventor, autor, compositor and performer that has invented and developed the MEDALmusic
system in 1998[13]
TRCAM is an institution of research about music, a short presentation is given in section



1.2 Thesis’ goals

The aims of this master’s thesis is to interface functionalities of constraint program-
ming, create a user’s interface easy to use and provide mechanism to make it easy to
improve. All of this has to be integrated into an existing programming language special-
ized in musical composition, OpenMusic. El This contribution will help solving complex
musical problems such as the construction of musical canons. Problems that usually take
a lot of time and are complex to resolve will become easier and take only some second.

As the target of this integration is specified to music domain and more particularly mu-
sical composition, the interface and its functionalities must be oriented to this domain.
The users of OpenMusic are principally compositors not familiar with constraint program-
ming, that’s why the user’s interface to the constraint programming part should be easy
to use, as understandable as possible and should only contain useful objects while the
effective calculation would be realized in the background.

Another important point is the improvement of this system. As the duration of a master’s
thesis is only one year, the system must provide a way for further and continuous improve-
ment. It should be easy to create new constraints to expand the possibilities offered to
the users. And it also has to be easy for a developer to understand the interface and to
add functionalities.

*Visual programming language designed and developed by the IRCAM Music Representation search
group [9]. More explanations at the section



Chapter 2

Presentation of notions and tools

In this chapter, you will be introduced to the main notions and tools that are necessary
for a good understanding of this project.

2.1 Notions

2.1.1 Musical composition

This section will provide a quick definition of musical composition and introduce some
useful notions for the understanding of this paper.

Musical composition is the act of creating a song, a piece of music. To do so, a com-
positor creates pieces of music that express the sound of his thought. This step covers the
whole process from the birth of a musical idea to the writing of a musical score.

This process manipulates some notions such as the notes, the chords and the musical score
D They can be represented by a set of musical concepts. Let’s focus on some of them
that will be useful for the comprehension of this paper:

e Pitch: It is the value representing the frequency of a note. For example, the A4 is
the most common A with a frequency of 440 Hz and is currently represented by the
number 69 in the MIDI notation]

e Duration: It can express the tempo, the beat, the metreﬁ] or a rthythm. For us, the
notion of duration will be limited to a short part of the rhythm: the lifetime of a
note.

e Velocity or dynamic: it represents the loudness or the softness with which a note is
played.

e Color of the sound: It regroups all that defines the sound. It includes the type of
instrument used, the musical effects applied, the sound quality, ...

A note is a unique instance of these concepts while a chord is composed of notes and a
score can be seen as a sequence of chords. This last precision will be important for the

LAll along this paper the term "musical score” will be shortened by "score".

2MIDI or Musical Instrument Digital Interface is a technical standard describing a computer protocol
representing musical value. ||

3The way beats are grouped, also call the time signature of a score.



rest of the analysis.

Then, the musical composition also uses the notion of musical rules. Music has rules in
the same way as a language has a grammar. They help to structure, with flexibility, a
musical composition. The most known example is the rules of harmony. It is a set of
rules that help to harmonize a composition and make it pleasant to the ear. For example
a minor third is a music interval that express an harmonic rules where the harmonic
distance between two note is of a tone and a semitone.

Those notions will lead a large part in the logic of the following.

2.1.2 Constraint programming

In computer sciences, one of the paradigm is the constraint programming. Part of the
artificial intelligence, this technology allows to search a solution to problems in a wide
range of possibilities in a relatively short time. This approach consists in two activities:
modelling the problem and solving it.

The first part is the modelling. There, we declare decision variables with a finite do-
main representing the set of possibilities and on which the search can be executed. Then
the constraints are created to specify conditions and relations on a single variable or be-
tween different variables. When all those constraints have been specified, we talk about
propagators. The propagators represent the execution of the constraints on the decision
variables and, through that, the modification of variables’ domain to only keep the solu-
tions that satisfy all the constraints.

The second part is the search. Once all constraints and decision variables have been
defined, the search can start. In constraint programming, the search can be seen as a
reversed tree: at the root we can find the basic state where no variable has an assigned
value. From this root state, each possible assignation creates a new branch in the tree that
leads to a new state where at least one additional variable has been assigned. Thereby,
after each branching, the domains of the variables are decreased and lead to a state where
all the variable are bound to one unique value, if it exists.

2.1.3 Example of Music Constraint Satisfaction Problem (MCSP)

This section presents an example of musical problem resolved with constraint program-
ming. This example is the "all-intervals" problem. It has been defined by Torsten Anders
in his paper "Constraint Programming Systems for Modeling Music Theories and Com-
position"lﬂ.

An interval is the difference between two pitches. These intervals might be horizontal
("melodic") when describing the difference between two notes successively played, or
vertical ("harmonic") to mark the difference between two notes played at the same time,
as shown in the figure below.

“This definition is provided at the page 30:5 of [2I] and Sascha Van Cauwelaert has also developed
this problem in his master’s thesis [23]
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Figure 2.1: Melodic and harmonic intervals

The definition of an all-interval series given in the paper of Torsten Anders is :

"In this technique, the composer organizes the pitches in a composition
with the help of a tone row (also known as twelve-tone series). A tone row is
a sequence of 12 tones that arranges the twelve chromatic pitch classes (tone
names) in a particular order, where each pitch class occurs exactly once. A
row can be transformed in many ways. The most common transformations are
transposition, retrograde (reversal in time), and inversion (mirrored along a
pitch azis). Composers use tone rows as a device to achieve coherency in mu-
sic, even if the music abandons conventional harmony. [...] In an all-interval
series, not only the 12 pitch classes but also the eleven intervals between them
are pairwise distinct (i.e., each interval occurs only once)"”

To solve this problem in Gecode, two decision variables and five constraints are necessary.
The two decision variables are the following:

e pitchClasses: It is an array of integer variables that stands between 0 and n — 1
where n is the size of the list.

e intervals: array of integer variables of size n — 1 and where the domain is between
1 and n — 1. The n used is still the size of pitchClasses.

And the involved constraints are:

e The first constraints forces the value of the i element of intervals to an inversional
equivalent interval between the i*" element of pitchClasses and the i + 1.

n—1

N\ inversional EquivalentInterval(pitchClasses;, pitchClassesii1, Intervals;)
1

e The second and the third constraints force the values of each list, pitchClasses and
intervals, to be distinct.

distinct(pitchClasses) N distinct(intervals)

e The last two constraints impose the first element of pitchClasses to be equal to 0
and the last to be equal to the half of the size of the list, n/2.

pitchClassesy = 0 A pitchClasses,—1 = n/2

This example will illustrate the different notions all along this master’s thesis.

SFigure source [5].



2.2 Tools

2.2.1 OpenMusic

OpenMusic[9] is a visual programming language oriented to music composition and
sound manipulation developed by the IRCAM. It is based on Lislﬂ, one of the oldest
functional language. The particularity of the visual programs is that, instead of writing
lines of code, the user simply drags and drops icons representing elements of the language
such as function or data structures. With that way, OpenMusic aims to be opened to
people who have no knowledge in programming or coding and provides a new vision of
musical composition through programming and computer sciences.

It provides a wide number of modules to generate or process sound. Those modules
can be pre-defined or user-defined, they allow to realize a lot of algorithmic computations
over structures to express musical ideas. The result of an OpenMusic program can be dis-
played in common notation such as the MIDI notation or in an audio format. OpenMusic
and its users also provide extensions for processing music with other functionalities such
as the application of fractals to music, sound synthesis and constraint programming.

The figure illustrates an example of a program developed in OpenMusic. This pro-
gram computes an interpolation from one chord to another. Both boxes at the top of
the figures represent the starting chord (on the left) and the final chord (on the right).
They are passed to the function "interpolation" that takes two others parameters. The
first parameter represents the desired number of steps between the beginning and the end
point and the second one indicates a specific parameter, the curve number.

”
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Figure 2.2: Realization of an interpolation between two chords in OpenMusic

This example shows the system of visual programming. By connecting object boxes
and functions together, it creates a visual solution that can be listened.
OpenMusic provides the creation of complex and high level programs to express the ideas
of the compositors.

SLisp is a programming language based on list processing. This language is imperative and functional

[6]



2.2.2 Gecode

Gecodeld] is an open source C-++ toolkit created in 2005, it is a software library oriented
on the resolution of constraint satisfaction problems. This toolkit provides a solver for
constraint programming, it is easily modular and extensible. It has been designed to be
« open, comprehensive, efficient, documented, free, portable, parallel and tested ».
Besides theoretical notions of constraint programming such as propagators, branching,
variables,... Geocode also provides the notion of Space. This concept is important
throughout this thesis because it will not only be part of a coding solution but space will
also be included into the musical aspect of the solution. The given definition of a space
is, « A space is a home to the variables, propagators (implementations of constraints),
branchers (implementations of branching, describing the search tree’s shape, also known
as labellings), and — possibly — an order determining a best solution during search » ﬂ The
space can be compared to an object with the particularity that it is an object specific to
the constraint programming. It always represents a complete model and several functions,
specific to the Space type, can be executed in order to perform the current search or to
explore new possibilities and new branching in the search tree.

2.2.3 SWIG

SWIGII0] is a software generator of wrapper and interfaces to bind, principally, C and
C++ to other languages such as Python, Java, Ruby, and a lot of other languages among
which Lisp. This software uses the C/C++ header files to generate wrappers that allow
C/C++ function to be reachable from other languages. SWIG eases the interfacing with-
out extra layer of interface languages, the only thing that is needed is the program that
you want to wrap and a simple interface script to be able to use functions of C/C+-+ into
another language.

SWIG interfaces a program wrote in C/C++ to a targeted language. Thanks to that,
this language can execute C/C-++ functions and classes to write its own program. The
advantage of this technique is to provide the possibility to the targeted language to use
C/C++ functionalities and to execute them with C/C-++. Even if the function’s call is
made in an other language, the calculation of this function is done in C/C++.

The interest looking to this master’s thesis, is to allow OpenMusic, through Lisp, to use
the functions and the mechanisms of calculation of Gecode. Establishing a constraint
programming system into Lisp.

2.3 Previous Works

In every project, one of the first thing to do is looking at the state of the art of the topic
on which you are going to work, in our case, the adaptation of constraint programming
to a visual programming language based on Lisp and OpenMusic.

Projects and theses have already analyzed this topic. Here are some of them:

e In 2001, Charlote Truchet, Carlos Agon and Gérard Assayag proposed an environ-
ment for musical constraint solving inside OpenMusic in a published paper[33] for
the IRCAM. They brought to light the utility of coupling constraint programming
and musical composition into OpenMusic.

"The definition comes from the user manual of Gecode [31], at page 13



e Between 2006 and 2008, Camilo Ruedaf] and Mauricio Toro Bermude4”| have worked
on a first version of an interface between Gecode and Lisp. That’s how GeLisp is

born. GeLisp is a C++ library that interfaces Gecode functions. These ones will
be called from Lisp thanks to SWIG and CFF]]E

e After that, in 2010, Sascha Van Cauwelaer@ also worked on the updating and
improvement of GeLisp during his master thesis and his doctorate (during which he
published some papers on the topic that will be presented later). Furthermore, he
has proved the utility of using relational variableﬁ to represent musical variables.
His work is the most recent and the most documented on GeLisp today. It has been
a basis for the notions as well as for the coding part of this master’s thesis.

My project should be considered as a continuing process to improve this topic.

8Professor at the faculty of engineering at Universidad Javeriana-Cali in Colombia[TT]. He worked
several time with IRCAM and the music representation team.

9Researcher at Universidad Javeriana-Cali in Colombia[l2], he worked on GeLisp under the supervi-
sion of Camilo Rueda.

°CFFI or Common Foreign Function Interface "is a mechanism by which a program written in one
programming language can call routines or make use of services written in another."|[3]

HResearcher at the Catholic University of Louvain-la-Neuve[I9]. He realized his master’s thesis on an
improvement of GeLisp [23] supervised by Peter Van Roy. He published some papers|24] 25] [26] on the
topic during his PhD.

12He did this during his master’s thesis [23].



Chapter 3

Goals

Now that some notions and tools have been introduced. Let’s clarify some points related
to the goal of this project.

3.1 Why adapting constraint programming to OpenMusic

Constraint programming facilitates the search of a solution to a particular problem.
Most of the time, the reason of its use is either the complexity of problems or the need
of focusing on the definition of the problem more than on the calculation of its solution.
Both are useful in the case of constraint programming.

Automation of computing a solution

The goal of OpenMusic is to provide one of the best tool to musician to compose musical

creation. As explained before, the musical composition aims to design a score from ideas.
This process can be divided in two parts: the modelling of the ideas and the computation
of them. Adding the Gecode constraint programming system to OpenMusic reduces the
task of the compositor for the first part of the process. It enables him to focus on the
conception of the ideas and leaves the computation phase to the software.
For example, if the user wants to create a series of chords where each chords is composed
of, at least, one note of the previous chordﬂ It won’t be difficult for him to calculate a
solution for a series of 10 chords. However, to apply this process to 100 of chords could
take him a lot of time. In this case, the constraint programming can simplify his search
by computing a solution in a few seconds.

Higher level calculation

Furthermore, when he wants to manipulate a lot of data, the complexity to provide
a solution without the constraint programming will quickly be time consuming. While
using this system will take significantly less time.
An example of that problem is the composition of a rhythmic canon on several tracksﬂ
With a number of tracks playing simultaneously, we want no notes belonging to different
tracks to be played at the same time. Finding a solution for that kind of problem might be

'This problem has been developed at page 12 of reference [33]
2This problem has been developed at page 13 in reference [33]



difficult for small amount of tracks but if the user works with a lot of tracks, the problem
becomes much more complex.

3.2 State of the art

This section focus on the state of the art of integrating constraint programming into
OpenMusic. A broader vision of the progress on the use of constraint programming for
musical composition is given into the papers of Torsten Andersﬂ

Using relational variables

Sascha Van Cauwelaert has demonstrated in his master’s thesis, the utility of using
relations to represent musical objects as well as relational variables for musical variables
in musical constraint programming. As musical object such as note, chord, score are
composed of parameters defining them, the relational variables allow to keep all those
informations into a bundle while using classical variables do not provide this consistency.
However, it is this consistency that provides a high level of informations to the objects.
Thus, musical objects can now be represented as a tuple of musical parameters that might
look like this:

Tuple = (pitch,duration,velocity,tone color, instrument, ...)

It offers a view closer to the reality of the music. And it simplifies the modelization of
problems in constraint programming. Because instead of using a lot of variables that
aren’t linked together, the user has only one variable to constraint. Furthermore, it gives
results that are closer to the reality.

Work in peer

At this stage, the modelling of musical constraint problem was only possible by import-
ing into OpenMusic a Lisp script, containing the whole definition of the problem. Thus
a compositor had to either know Lisp and constraint programming or ask a software de-
veloper to model his problem. Then, modify, at least, the values of the decision variables
implied to directly modify the code.

In the figurd3.1a] we can see the realization of the all-intervals problem from the user inter-
face. In it, there are no possibilities to manipulate the input to the problem. Furthermore,
the script returns a unique solution to the problem.

3.3 Objectives and activities

Before going further into the analysis, let’s clarify the objectives I had and the activities
I performed, looking to the tools and the previous works.

Updates

At the beginning of my work, GeLisp was using an outdated version of Gecode. The first
objective was then to update the GeLisp’s version. The first activities I have done were
then to update the GeLisp’s version because it was using an outdated version of Gecode.

3In his thesis [20] and his paper [21].
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Once it was done, I then added new constraint programming functionalities in the GeLisp
library, allowing to obtain more results and to use a greater variety of techniques.

Interface

As shown in the figure[3:1a] the graphic interface for the constraint programming system
into OpenMusic is not easy to manipulate for a basic user. Thus, I have worked to create
a simple user interface allowing to manipulate the variables and the constraints to model
a musical problem. This interface also had to include the new functionalities added to
GeLisp. Furthermore, the integration of constraint programming implies some aspect
that must be taking into account. For example, the time for searching the solution of a
complex problem may be long. Thus, during this search, the user must be able to use the
software without any freeze of it. Otherwise, the possibility for the user to compare and
obtain different solutions to his problem is also important and must be easily reachable
by him.

- o
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Figure 3.1: Comparison between the old and new user’s interface.

In the new interface, the definition of variables and creation of constraints appear
clearly for the user. Each part belonging to this interface will be detailed in the next
sections.

Application of relational constraint programming into OpenMusic’s interface

Beside classical variable types provides by Gecode, a new one has emerged, the relational
variable. As explained in the last section, Sascha has shown the utility of using relational
constraint programming. In this thesis, I try to use relational system to create global
musical variables expressing musical object such as the notes, the chords. These variables
would be consistent with OpenMusic’s concepts and easy to manipulate. Furthermore,

11



the set of constraints applicable to relational variable is not the same as the set of general
constraint programmingﬂ then they also had to be imported.

User involvement

As the user will be able to manipulate and create variables and constraints, he will be
able to model problem and to add new constraints. Thus, by making the creation of new
constraint as simple as possible, it will encourage users to create new ones. Then, with
their help, it will be possible to develop a sharing library of musical constraint reachable
by any user and that could be improve by any of them. This could lead to a great tool
for compositor.

4This one using integers, boolean and sets as variables.

12



Chapter 4

Theoretical Aspects

4.1 Constraint Programming and its contribution

4.1.1 Links between constraint programming and musical composition

A parallelism between musical composition and constraint programming can easily be
done because they have common characteristics: The process of modelling through har-
monic, rhythmic, formal or instrumental rules found in music composition is based on the
same idea as the constraint programming notion. Both constraint an object. This one
takes different forms. In constraint programming it is a variable while in composition it
is a musical object, more precisely a score. They can contain a set of values or notes lying
between an empty set or a set with all possibilities. To represent an idea or finding a
solution, the user puts together rules or constraints until they match at best what they
want.

In this part, I will explain the similarities and the complementarities that exist between
both concepts.

Similarities
There are principally two similarities between the concepts of constraint programming
and musical composition:

Correlation between variables and musical objects: a musical object for the compositor
is the same as a variable for the developer, in the way that each of them is defined by a
domain, composed on one hand of notes, chords, rhythmic,... and on the other hand of
integers or boolean, most of the time. At the beginning, the variable as the partition might
be everything and nothing at the same time, the values will only be known after a process
of composition for the musician or a process of computation in constraint programming.

Programming constraints and musical rules: The concept of constraints, that is the
principal pillar of the constraint programming thought pattern, expresses the same idea
as the rules gouverning the musical composition. They both realize a restriction on the
domain of their own variables. While the compositor restricts the partition to a desired
rhythmic style or a particular set of harmonics, the developer restrict its variables to fit
particular constraints aiming to solve a problem.

13



Complementarities

The constraints programming (also called CP) is a way of thinking that has been created
to solve real life problem. It isn’t linked to a particular field of activity. It aims to
represent usual problems and try to find solutions to them in the shortest time possible.
On the opposite, musical composition is attached to the musical domain. While a clear
contribution of the constraint programming to the musical domain gradually comes by,
the musical domain can also help constraint programming to improve.

e The first direction between these concepts is from CP to musical composition. By
modelling musical problems with constraints, compositors can automate computa-
tional process to find solutions and work with a higher number o f data to realize
more complex musical problem.

e On the other side, application of CP to musical composition will lead to rethink the
computation phase. Indeed, the search of a musical result is not the same as search
for mathematical problem. Then the ways of searching a solution will be different
in order to achieve more efficient solution. These new calculation approaches could
lead to new constraint programming concepts that could open new perspectives.

4.2 Variable’s Representation

As explained in the previous section, OpenMusic has musical objects that must be
translated into constraint programming objects, using variables available from the con-
straint programming. To set the musical objects, we use the definition of the musical
objects provided by OpenMusic.

There are several types of variables in constraint programming: the variables provided
by Gecode that we will call the classic variables and those coming from the extension of
Gecode to the relational constraint programming developed by Gustavo Gutierrez.

4.2.1 Classic variables and their representation

he classic variables from Gecode that can be used for OpenMusic are the integer, the
integer list, the boolean and the boolean list . For example, an integer list variable can
represent the list of desired notes that we want or, in the case of the all-intervals problem,
they can be intervals or pitch classes. They are efficient but a bit low-level to represent
musical variables under all their aspects, the disadvantage they have against the relational
variable is that they do not express a relation between data. They can only represent an
object with a unique information while the relational variables provide a system of tuples
offering more possibilities. Both of them are used in this project, however we will see that
the second ones are more efficient to represent musical variables.

4.2.2 Relations and variables

This subsection summarizes the theory of relations and relational variables based on
the work of Gustavo Gutierredl

!Searcher on the topic of relational constraint programming 27
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The definition of a relation is: "A relation is a set of tuples. A tuple t is a bijection
from a set of attributes A to a set V' of values. t(A;) € V is the value of the attribute
A;. All the tuples in a relation have the same set of attributes. Fvery attribute A; has
an associated domain with the set of possible values that the attribute can take. ”ﬂ From
this point, he created a variable corresponding, called the RelVar. This new variable is
initialized with two relations, a lower bound relation and an upper bound (mostly of the
time, the lower bound is the empty relation, it is equal to the schema of the relation, and
the upper bound is the relation itself with all the tuples that populate it). Furthermore,
he extended Gecode to include this new variable. This last element is also one of the
reasons to use relation.

4.2.3 Musical Representation through relation

The idea of representing musical objects through mathematical relations can be found
in the master’s thesis of Sascha Van Cauwelaert and before him, in the works of Torsten
Andersﬂ Musical object are composed of several attributes. The idea through the relation
is to group and link all these attributes in one object. Then instead to separate them, they
are all linked into a relation as tuples. A tuple allows to bind the value of an attribute with
the values of the other. For example, a music chord that has three notes is represented
by a 3-tuples where each one binds a pitch with its velocity, its duration,...

4.2.4 Musical variables

Now that the relation, relation variable and the representation of music objects have
been introduced, we can look for the effective instantiation of RelVar to generate musical
variables.

During a part of his doctorat’s thesis, Sascha has continued to developed the idea of a
musical variables and created two kind of them, Music Bundle and Music Bundle Seff}
The first one represents relational variables with, most of the time, two attributes, pitch
and onset. The second variable is simply a set of the first one. The latter is efficient
enough to define a score.

Based on this background, I started to think about more global musical variables that
would fit to musical object used in OpenMusic. This thesis focuses on harmonic object
and would not deal with an application of relational variables to rhythmic objects. This
choice is made for some reasons. The first one is that those variables are closed to the
notion of score. And another important reason concerns the OpenMusic’s representation
of rhythmic objects that offers a highly flexible notation that would be challenging to get
in a constraint problem.

The principal harmonic objects are the note, the chord and the sequence of chords. Their
equivalent variables are :

note variable (midic-dom, velocity-dom, duration-dom)
chord variable (midic-dom, velocity-dom, offset-dom, duration-dom)

2Definition of a relation from the doctorat thesis of Gustavo Gutierrez: "Constraint programming on
relations: Theory, practice and implementation”, page 14

3Professor of music technology at University of Bedfordshire (England), he studied composition and
is also a searcher on the computational modelling of composition and music theories|[I7].

4A more detailed description of his concept and implementation can be found in his papers|26]
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chords-sequence variable (midic-dom, onset-dom, velocity-dom, offset-dom,
duration-dom)

Each parameter corresponds to the domain of these attributes. These variables extend
the RelVar object and are subject to the same constraints.

4.3 Possibilities given by this thesis

Besides the systems of classical and relational constraint programming. This project
aims to provide useful functionalities and ideas in order to improve the the use of constraint
programming into OpenMusic.

4.3.1 Reflection about musical constraints

In the last sub-section, I introduced a little explanation about the constraints and their
use. The principal set of constraints that exists for musical variables is the same as the
one for relational variables. This one does not provide constraints for musical problems
except those present in the examples. The reason for that is the intention to first develop
a system of constraints programming that works in OpenMusic and then, to initiate a
constraint sharing between the compositors.

Creation of new constraints

Objective is to provide a tool with which the user can create new constraints for solving
musical problems starting from basic constraints. This creation can be done at different
layers:

e A first layer is the basic OpenMusic interface, in which you can use constraints and
bundle them to create a patch solving a musical rules. This stage is quite basic and
can only use existing object into OpenMusic.

e A second layer involves some knowledge about Lisp. The user can create, by himself,
new functions that constraint variable(s) and import them into OpenMusic. This
approach allows to define more complex problem that would be difficult to develop
in OpenMusic directly.

o The last layer is the developer layer. For this stage, the user needs Lisp and
C++/Gecode/Relational knowledge to implement new constraints applicable for
musical variables or widely for RelVar. He can also work on the development of new
branching to fit to musical domain. And, in a wide sense, develop new concept(s)
or new variable(s) based on Gecode before to translate them into GeLisp and finally
into OpenMusic.

Library for constraints

According to the use and the development of constraints programming and by using
this community of users, it would be interesting for OpenMusic to provide a library of
constraints that could be filled in and reachable by any of its users. In this way, this
library would be sharing a lot of musical constraint satisfaction problem solutions, each
one following various approaches. To achieve this, the system of constraint programming
underlying this library has to always be functional and on stable basis.
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4.3.2 Search oriented to musical solutions

Before to look after search oriented to musical solutions, let’s focus on "how the search
is made in constraint programming" and "what are the possibility of it".

This project brings new concepts for searching a solution. Constraint programming
uses several tools to orient the search of a solution like consistency level for constraints,
branching functions and solvers. Each combination of them conducts the search through
a different way to the solution. This subsection talks about these particularities and how
they are expressed into the OpenMusic’s interface.

Consistency level of a constraint

Each constraint use a propagator type. A propagator is a mechanism that propagates
the effect of a variable assignment. For example, in the constraint distinct, when a variable
is bound to a value, the propagator removes this value from the other variables to ensure
that all variables have distinct values. The goal of consistency levels is to control which
propagator is chosen by the constraint. Gecode provides 4 levels of consistency. They are
in the table B.1Pl

Branching functions

In constraint programming, the search of a solution can be seen as a reverse tree.
It starts from a root state and grows by branching to other possible states. At each
branching, two selections are made, one on the next variable to assign and the second for
the next value to select. Gecode provides several branching factors. The variable selection
is composed of 26 possibilities and the value selection is composed of 15 possibilities ﬁ
Each possible combination leads to a different behaviour and then to a different order of
the solutions. Today, this project only provides one combination of branching factoiC]
The reason of this unique possibility is that the first goal of this project is to create a
functional system before improving itﬂ

Solvers

A solver is a mechanism that searches the solutions according to a specific approach.
Gecode provides two kinds of solvers, one based on the depth-first search (DFS) algo-
rithm and the other based on the branch-and-bound search (BAB)ﬂ The previous version
of GeLisp provided only the DFS, now both are available. Furthermore, they can be
executed on the same problem in paralle]ﬂ They can be used with the function getDF-
SSolutions, getNextDFSSolutions and getBABSolutions, getNextBABSolutions present in
the OpenMusic’s interface.

®More details about the different levels can be found at the page 56 of the manual [31]

5The different possibilities can be found in the figure 8.1 (page 117) and the figure 8.2 (page 118) of
[31].

7A way to add branching factor can be found in the API description in the annex

8 A description of these tools can be found in [3T]

9In this case "in paralle]" means that the user has not to redefine the problem to get the solutions of
the other solver. It does not reference the parallel execution of threads.
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Musical search

The solver is the part of the constraints programming where all calculations to fit a
maximum of variables and to return an efficient solution take part.
The solver used by Gecode has a mathematical approach of the solutions. For example,
when defining a problem, you can state which approach you want: if you want the min-
imum of a certain variable or the maximum, if you want a random solution,... There
exists several techniques that orient the solution in the desired way. But for now, Gecode
doesn’t provide any musical approach. To provide a solution that matches with the mu-
sical domain, the solver must have an approach that can be significant for a compositor.
We have thought about different aspects that might be interesting to have for a compos-
itor:

e A solver oriented for creation of melody.

e Another solver led by the desire of creating an accompaniment score and providing
a series of chords.

e Another approach would be the diversity of the score, by never using the same pitch
twice in a row.

A lot of ideas can come out but, unlike the constraints, the development of new solver is
not easy and can not be done by anyone without a knowledge in constraint programming
and relational algebra and variables.

Today, as the realization of this functionality involves time and reflection to correctly
define and to develop the solution, it has not been possible to develop such a solver in
addition to the functionalities already implemented.

4.3.3 Musical constraint programming inside a software

The search of a solution amongst the variables and the application of a constraint
program involves some particularities that have to be taken into account in order to
ensure a comfortable use of the host software, in our case OpenMusic.

Execution of the solver

As we have seen in the last sub-section, the solver is the part of the constraint pro-
gramming that realizes all the calculation to find a solution. This step can take a huge
amount of time if it has to deal with a lot of data.

But, meanwhile, OpenMusic must be usable and cannot crash because of the constraint
programming part. Thus, to ensure that, the solver is executed in another thread than
the one used by OpenMusic.

The use of a thread devoted to the solver has also advantages for the users. It provides
them the possibility to choose when they want the search to stop. Hence, if they want to
spend time to find the best solution, they can let the solver run until it stops by itself.
But if they want a quick solution that doesn’t have to be the best but that respects the
constraints, they can stop it themselves at any time.
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Chapter 5

Musical Aspect

This chapter explains the musical aspect of the project. It develops what is a musical
concept and why it is relevant in this adaptation of constraint programming to the domain
of music.

Let’s remember some things, this thesis aims to help compositors to easily create music
score. It tries to reduce the distance between the abstract ideas of the compositor and the
effective writing of these ideas into a set of notes and chords. These abstract ideas are the
starting point of the musical composition. By combining them together, the compositor
creates a score that fit all or, at least, some of them. Before, we have seen the notion of
music rules that fits the constraint notion in constraint programming, now there is the
notion of musical concept. It can be seen as a set of music rules. The abstract ideas are
themselfves composed of concepts.

5.1 Musical concepts

5.1.1 Some basic concepts

Let’s present in more details some basic concepts of music and their representation into
OpenMusic.

Those concepts are harmonic objects: the note, the chords and the sequence of chords
(this latter is the closest to the notion of score). They are composed of parameters. Some
of them have been defined in the section [2.1.T}the pitch, the duration and the velocity. In
addition to these:

e Offset: The term of offset is not particular to the musical domain. In its common
sense it expresses a difference between two or more things. In our case, it describes
a delay in a chord between the first note and the others. Its values is represented in
milliseconds.

e Onset: In the same way, it is not a term close to the musical domain. The onset
represents the difference between the beginning of the score and the position of the
note/chord. For example, if the onset of a note is set to the value 1000, it means
that this note will be played 1000 milliseconds after the beginning of the score.

Now, let’s see how OpenMusic represents them:
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e Note:
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’

Figure 5.1: Note object box and its representation.

In OpenMusic, a note object is composed of 5 attributes: selﬂ pitch, duration,
velocity and MIDI channel.

=

e Chord:

Figure 5.2: Chord object box and its representation.

A chord object is composed of 6 attributes: self, list of pitches, list of velocities, list
of offsets, list of durations and list of MIDI channels.

e Sequence of chords (also known as Chord-Seq):

f

=

Figure 5.3: Chord sequence object box and its representation.

A chord sequence object is composed of 7 attributes: self, list of pitches, list of
onsets, list of durations, list of velocities, list of offsets and list of MIDI channels.
To initialize a chord sequence the attribute self can take a list of chords or even a
unique chord. The values of these chords will be passed to the chord-seq.

5.1.2 Correlation between basic concepts and variables

As explained in the last chapter, to keep a logic between the musical objects of Open-
Music and the variables, each object presented before has its double as variable.

e NoteVar.

Figure 5.4: Box representing a variable note.

'The self attribute represent the object itself. As input, it could be bound to another object of the
same type and as output, it allows to export the object to function or into another object.
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Its is composed of a domain for each of its attributes: pitch domain, duration domain
and velocity domain.

e ChordVar

Figure 5.5: Box representing a variable chord.

Its is composed of a domain for each of its attributes: pitch domain, duration
domain, velocity domain and offset domain.

e ChordSeqVar

Figure 5.6: Box representing a variable chord sequence.

Its is composed of domain for each of its attributes: pitch domain, duration domain,
velocity domain, offset domain and onset domain.

Today, there is no MIDI channel domain.

5.2 Musical rules versus constraints

5.2.1 Rules and their influences

To compose a musical score, a compositor applies musical rules to give a color, to spread
an ambiance or an emotion through his score. For example, Studiesﬂ have shown that a
music played in major scales provide a feeling of happiness or brightness while minor
scales tend to produce more sadness or nostalgic feeling. That’s what musical rules are
about, shape the music to express ideas and feelings.

The example "All-intervals" use the rule of interval. The main intention of this rule
is to express the relations between the notes. For example a major scale has a sequence
of intervals that is expressed like: tone, tone, semitone, tone, tone, tone, semitone. These
relations are represented in the figure below where all red curves represent an interval of
a tone and a red broken line a semitone. The notion of rules in music and the notions
of constraint in constraints programming are quite the same but expressed for different
domains.

)
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Figure 5.7: Pattern of a major scaleEI

2More can be read about them in the references [10], [28], [29], [32] and [I5].
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The notion of rules in music and the notions of constraint in constraints programming
are quite the same but expressed for different domains. This relation between rules and
constraint is illustrated in the constraints of the "all-intervals" rule defined in the section
It shows that a rule can easily be transcribed into a set of constraints.

5.3 Integrated interface to OpenMusic

Now that the variables and the constraints has been introduced, let’s take a look at a
basic interface in its totality:
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Figure 5.8: Classical user view of the new interface for constraint programming into
OpenMusic.

This figure can be divided into 4 parts: the variables, the constraints, the calculation
phase and the expression of the solution. In the next subsections, each of them will be

quickly explained.

5.3.1 The variables

The variables have been widely explained previously. There are 7 kinds of variables
available into the OpenMusic interface at this day: the IntVar, the IntVarList, the
BoolVar, the BoolVarList, the NoteVar, the ChordVar and the ChordSeqVar.

3Figure source [7].
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They allow to model decision variables and the solutions for each of them will be expressed
in the result part.

Figure 5.9: Variables boxes.
Each variable is linked to the constraints to which it is subject to.

5.3.2 The constraint functions

The constraints are represented in the form of functions returning a constraint object.
A constraint object is a bundle containing the variables and a function that applies the
constraint over the variables. A user can add as many constraints as he wants. Once they
are all linked to their variables, they should be put into a list for the calculation phase.

“ ©
LIsp “ LisP “
constraint constraint

"

LISP
list

I“

Figure 5.10: Constraint functions.
The constraints and their functionalities are more detailed in the section 5.4

5.3.3 The computation phase

The function "getSolutions" is the place where the magic comes. This function receives
the list of constraints initialized before and the number of desired solutions. Then it real-
izes all the computation and returns a list containing all solutions with, for each of them,
the specific instantiation of each variable.
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Figure 5.11: Calculation function and expression of the result.

Solutions appears in the non-variable form of the variables:
e Integers for IntVar or a list of intergers for IntVarList.
e Boolean for BoolVar or a list of boolean for BoolVarList.

e OpenMusic Note object for the NoteVar and the same logic for ChordVar and Chord-
SeqVar that are represented by Chord and Chord-Seq.

5.4 Composition of new concepts

An important point of this interface that has been introduced before is the constraints

and the ability to create new constraints. A constraint is represented by a function that
creates a constraint bundle as explained in section [5.3.2}
Constraint functions are structured in two pieces:

e A first part during which a lambda function] is created. This lambda function
defines a musical rule by applying constraints on the variables passed in argument
of the function.

e The second part creates the constraint object including the variables subject to the
constraint and a function defining the musical constraint.

555555, constraint definition
(defmethod constraint ((CSself ChordSeqVar) (Iself IntVar))
;definition of the constraint.
(setf rule
(lambda (x y z) (gelisp—constraint x y z))

)

;ereation of the constraint object
(make—instance ’'Constraint—2 :varl CSself :var2 Iself
constraint rule)

Any new constraint created by a user has to respect this format in order to be correctly
executed. With all the variables and this shape of constraint, it is easy for users to
implement their own musical rules through the constraints because they can create con-
straints that will be part of a constraint programming system without having to take care

4Also called anonymous function, it represent a function definition not bound to an identifier.
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about other specific details of the constraint programming. This simplicity to create new
constraints is a major interest of this interface.

€ ©
LISP
all-intervals

f

Figure 5.12: Interface for the all-intervals constraint into OpenMusic.

The example of "all-intervals" has been created in this way. This rule uses not only
decision variables but also auxiliary variables and a structure that would be too complex
to be directly represented into OpenMusic. For these reasons, it has been defined into a
Lisp function that takes two arguments, the decision variables pitchClasses and intervals.
The following figure illustrates the OpenMusic interface for the "all-intervals" problem.
The Lisp code defining this rule can be found in the annex
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Chapter 6

Program

This chapter will explain the underlying C+- interface that supports the functionalities.
It will be divided in three parts: the new version of GeLisp due to the update, the
implementation of the musical variables and a library providing a consistency to express
the constraint programming results into OpenMusic.

6.1 Update of GeLisp

This first part will present the binding between Gecode and Lisp and the GeLisp library.

6.1.1 Binding and calculation

On one side, there is Gecode, an efficient constraints programming system, in which
the solver will execute the research for a solution to a constraint satisfaction problem.
And on the other side, Lisp, a functional language, used for implementing the OpenMusic
visual-language oriented for music composition. For the purpose of integrating constraint
programming functionality to OM, a binding allowing Lisp to call CP functions is needed.
This one is called GeLisp.

With GeLisp, any Lisp code is able to execute a constraint programs modelled in Lisp.
While the modelling takes place in Lisp, the calculation stay in the Gecode part. It gen-
erates the following type of sequence diagram:

Gecode Gelisp LISP i

runSalver()

A

M : runSolver()
runEngine() H

calculation

Figure 6.1: Sequence diagram of the call and the execution of the function "runSolver".
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On this diagram, we can see the calculation phase (in blue) and the calling phase
(in red). It illustrates that even if the modelling is in Lisp, the calculation is realized in
Gecode. This separation is the strength of GeLisp, it allow a Lisp program to use the
performances provide by a C++/Gecode program without having to code Gecode in Lisp.

6.1.2 GeLisp3

GelLisp is an interface created in 2006 by Camilo Rueda and Mauricio Toro Bermudez,
updated by Sascha Van Cauwelaert in 2010. As Gecode is still quite young, versions of
GelLisp suffer of Gecode’s evolution. Since 2010 and the version of Sascha, Gecode basics
functions are almost no more subject to implementation modifications.

I started from the last source of C++ GeLisp library, from Sascha.

Gelisp

Space IntVar BoolVar SetVar RelVar

— i — — -

——IIo

Figure 6.2: Classes diagram of the GeLisp3 library.

After updating the code to render it reusable, I inserted other functionalities to improve
the possibilities of the library:

e A branch-and-bound solver. The previous version of GeLisp provided only a DFEE
solver.

o A system of next solution. This allows the user to get the next solution of the
problem if the first doesn’t satisfy him. To realize this functionality, I added three
classes: GlSearchEngine, GIDFSEngine and GIBABEngine. These are based on the
first version of GeLisp that already provided them. Today, each space has a search
engine from which it can calculate the next solution.

6.2 Implementation of Musical Variables

Variables oriented to music constraints problems are referenced into the GOM library.
As the notion of musical variables has been explained in the previous chapter, this section
quickly covers the implementation part of these objects.

!Depth-First-Search.

27



- home
- index

+ GIRelVar
+ getindexinVector
+ setindexinVector
+ getSpace

GOM

NoteVar ChordVar ChordSeqVar
+ NoteVar + ChordVar + ChordSeqVar
+ toNote + toChord + loChordSeq
+getVarSol + getVarSol + getVarSol

Figure 6.3: Classes diagram of the GOM library.

The musical variables extend GIlRelVar from the GeLisp library. Each of them is
composed of three functions:

e NoteVar, ChordVar, ChordSeqVar are constructors of musical variables. They create
a relational variable with the relations initialize with the pitch, velocity, duration,
onset and offset domain as explain previously.

e toNote, toChord, toChordSeq translate the variables into musical object implements
in C++, those objects are explained in the next section. They are the first step to
the representation of the result into OM object.

e getVarSol is the function that retrieves the solutions of a particular musical variables
and returns a vector of the musical object(s) by using the toNote/toChord /toChord-
Seq function from the solution vector passed as parameter and calculated in GeLisp.

6.3 Dealing with C++ and OM

The binding between Gecode and Lisp represents a part of the conversion of objects

between C++ and OM. Another part is the conversion between C++ objects and OM
objects. Whereas GOM calculates the solutions for musical variable, it needs a conversion
phase to express the result into OpenMusic. To ensure that, and generate a cohesion
between C+-+ and OM, musical objects of this latter I have implemented into objects of
the first.
While the binding is dealing with objects and basic types only, a conversion between other
kinds of data is needed. Lisp is a language based on lists whereas C++ uses preferentially
arrays and vectors. Then, in order to transform basic type structures from a language
to another, a first part of the conversion phase is to ensure a conversion from Lisp lists
to C4++ arrays. It has been set up thanks to the CFFI library. Now that basic types’
structures can be exchanged between language, let’s see the library used for conversion
from OM objects to C-++ objects and vice versa.

6.3.1 OM-++

This library represents musical object from OpenMusic as C++ object. The structure
is barely the same as the one provided in OM.
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Figure 6.4: Classes diagram of the OM++ library.

This library is composed of a main class OM __ Object that is extended by the Harmonic
and the Rhythmic classes. They both are extended by classes representing OpenMusic.
These last ones are object classes composed of the same attribute than their equivalence in
OpenMusic. It has been set up for two reasons. First, to ensure a cohesion between C++
and OpenMusic, because the result of the musical variables are expressed in the form of
musical object implemented in this library. And secondly, to simplify the translation of a
C—++ musical object to an OpenMusic object because they are using the same attributes.

6.4 From C to Lisp

Since all the needed C++ library are available, they have to be passed in Lisp code
to be usable into OpenMusic. To do so, I used SWIG that has been introduced in the
presentation sectiorﬂ An explanation of its use and what it provides in this particular
topic is given in the reference [23].

6.5 Lisp code

With all the Gecode and other C+- library reachable from Lisp, it is time to focus on
how Lisp and OpenMusic are dealing to make all this work together. There are 3 parts
to the Lisp code: The first contains all functions allowing to pass data from C-++ to Lisp
and back out, the second implements the music variables and the last part is caring about
the constraints.

6.5.1 Conversions

C++ and Lisp being different languages, it is normal to have some conversions that
needs to be done between the data that are travelling from one to another. Two Lisp files
are dealing to ensure a good conversion of the informations.

Utils

The first is utils.lisp. This one groups all the functions allowing to correctly convert
Lisp list to C++ arrays.

2Section
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OM++

The second realizes a more particular conversion. It is focused on the conversion of
musical objects. OpenMusic provides several musical object that have a corresponding
object in C++. This Lisp file allows to create an OM object based on a C++ object such
as Note, Chord, Chord-Seq and so on.

6.5.2 Music Variable

All of the variables provided by Gecode and the relational constraint programming find
their match under the form of OpenMusic object in this part. Since the computation of
solutions happens in C++-, each object contains a pointer to it corresponding C++ object
in order to be allow to manipulate data. In this file, there is also all the computation calls
and the function reachable into OpenMusic that deal with the creation of a constraint
script.

6.5.3 Constraints

Finally, the last part but not least is the one allowing to get and create the constraints.
It is divided in two files, the first regrouping all basic constraints and the necessary
functions to use them and create new ones. The second is devoted to the addition of new
constraints. This latter is the one in which each user can add its own constraints and the
basis of the library of constraints developed in previous chapter.
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Chapter 7

Evaluation and applications

7.1 Evaluation

This section evaluates the result of the project today looking to the objectives.

7.1.1 Evaluation versus objectives
Creation of a simple user’s interface

The main goal of this thesis was to create a user’s interface to constraint programming
into OpenMusic. The complexity of constraint programming has been hidden to only keep
simple notions that a user without programming knowledge can manipulate. Furthermore
new functionalities added to GeLisp, such as the "get next solution", provide a tool that
can model a huge number of musical problems and even more solutions to these problems.
From a constraint programming point of view, a lot of functionalities of Gecode have
been interfaced. The different types of variables are reachable through GeLisp and the
Integer variables and Boolean variables are represented into the user’s interface. About
the constraints, a lot of them are part of GeLisp and adding new one is not complex for
a developer. This objective seems to be achieved.

User involvement

Another force of this project is to provide a tool that is easy to use and easy to improve
by the user of OpenMusic. The user can easily develop problems and create new con-
straints. The definition of these constraints is not linked to the calculation phase. Thus,
it is really easy to share new constraint between users. The section develops some
possibilities that can help this user involvement and improve the quality of the tool.

System possibilities

The system is functional and already provides a lot of functionalities. There is a wide
range of possibilities from the constraint programming available in the OpenMusic in-
terface. It goes from the creation of basic variables and constraints to the execution of
different solvers on the same problem for all possible solutions. Furthermore, it can easily
be improved by defining computation functions with more argument to orient the search
of a solution]

More can be read about the possible improvements in the section m
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Use of relational constraint programming

Concerning the use of relational constraint programming, it opens new ways to model
musical constraint satisfaction problems and is also part of the user interface. This part
is not functional today because there are still some problems to execute a search with
relations through the musical variables into OpenMusic. The computation of problems
using relational variable works well in C++ but causes trouble into Lisp and OpenMusic.
The reason of this problem stands into the complexity of modelling relational problem
for generic and simple variables. Some improvements has to be done about this parﬂ
However, the other functions of this concept are functional. First, the representation of
relational variables through global variables that are the NoteVar, ChordVar and Chord-
SeqVar. Secondly, the translation of music relational variables into OpenMusic’s musical
objects.

Solver threads

In the section I explained the utility to insert the solver into a thread. Today this
system does not work. The difficulty was to send back the solution from the thread while
keeping a clear user’s interface. However this is far away to be an insurmountable problem
and with the new possibility to use different solvers for the same problem’s model, the
tool will provide high performance once the threads will be available. Several approaches
can be taken to solve this, the synchronous way as well as the asynchronous and both are
implementable in Lisp. Some lack of time are at the basis of this problem.

7.1.2 List of concepts and functions

During this project, concepts and functionalities have been developed. Here is the list
of all achievements:

e The update of GeLisp to ensure the maintenance of parts created before the begin-
ning of this project. The maintenance of this kind of project is important to achieve
new possibilities because it allows to start on operational bases.

e Addition of constraint programming facilities through new functionalities such as
the next solutions or the possibility of choosing which solver to use.

e Facilitate the manipulation for a basic user via new user interface. It goes by the
implementation of new functionalities in GeLisp such as the next solutions or the
possibility of choosing which solver to use. It also suggests ways to improve the
use of solvers through the threads. A clear definition of variables and creation of
constraints. The possibility to have several solutions to a problem and to compare
them.

e The continuity in the application of relational constraint programming to musical
composition through the searches to create global relational variables into OpenMu-
sic is progressing.

e Giving the possibility to the user to create new constraints in an easy way.

2The parts that need of improvement are explained in the section
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7.2 Applications

As explained in the previous section, the computation of the relational part still causes
trouble from the user’s interface. The example developed in this section uses basic Gecode
variables as the relational approach is not yet functional.

7.2.1 All-intervals

All along this paper, we have seen the all-intervals example. Now, here is the presenta-
tion of this problem and its solutions through the OpenMusic’s new constraint program-
ming interface.

First, let’s remind the problem. The goals of this example is to provide a twelve-tone
series in which intervals between two successive notes are distinct. To solve this problem,
two decision variables and five constraints are necessary:

e pitchClasses: list of integer variables where 0 < z; <n — 1 for all 0 < ¢ < n with n
the size of the list.

e intervals: list of integer variables where 1 < z; <n—1forall 0 <i<n—1 withn
the size of pitchClasses.

And the 5 involved constraints:

n—1
o A inversional EquivalentInterval(pitchClasses;, pitchClassesit1, Intervals;)
1

distinct(pitchClasses)

distinct(intervals)

pitchClassesg = 0

pitchClasses,—1 = n/2

Through the new user’s interface, the variables are represented as two boxes of type

IntVarList. The arguments of both variables only depends on the size of pitchClasses,
twelve in the case of dodecaphonism. This representation of the variables is illustrated in
the figure [5.12]
Then, all constraints of the problems has been bundle in the all-intervals constraint func-
tion. It has been done through as the creation of a new constraint. The implementation
of this function is given at the annex Finally the modelling of this problem into
the user’s interface is given below.
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Figure 7.1: Resolution of the all-intervals problem for a dodecaphonic series through the
user’s interface of OpenMusic.

The output of the all-intervals function is put in a list. This list is passed as argument
to the computation function getSolutionsEl that will find the first answer. The figure
illustrates the answer of this problem. If this result is not satisfying for the user, he can
use the nextSolutions function that will return a new result. This new result is illustrated
at the figure And the next one after until he gets the most valuable for him.

1 - 12
v e e . e ————
% L SEE : © iy eTdeg, 00
(a) First DFS solution. (b) Next DFS solution.

Figure 7.2: Solutions to the all-intervals problem.

The solutions are expressed in a list of integer that can directly be reused. Finally, the
solution is adapted to a pitch value around which the score is build.

3This function executes a DFS search, it is the basic function. There are two others functions getDF-
SSolutions and getBABSolutions that are made to be more specific.
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Comparaison with previous version

The model presented above is more easy to manipulate for the user. From it, he can
modify the problem to get the solutions for another series than the twelve-tone series.
Another difference with the previous version is the possibility to get the following solutions.
It provides to the user to obtain all existing solution to this problem.
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Chapter 8

What’s Next

This project has been made in one year. However, there is still so much that can be
done for the constraint system of OpenMusic to be complete. This chapter covers several
improvements that would expand the possibilities of the system. It is divided into two
sections, one referencing to maintenance problems and the other one to technical improve-
ments.

8.1 Maintenance

This first part concern the maintenance. There are mainly two points that should be
covered by maintenance:

User’s reviews

This project was quite long and there was almost no time for user’s reviews and feed-
backs. Thus, some issues can not be excluded. In addition, the user’s point of view is
really important in this kind of project to allow the tool to be improve and close to the
user’s need.

Tools’ updates

As explained before, this project is based on several independent tools that are Open-

Music, Gecode, SWIG and the relations. They have all been subject to updates cause
trouble into created libraries.
Since this project is contained into a static library, its functionalities will stay available
into OpenMusic whatever the updates. But they might become outdated in terms of
performances and new possibilities brought by tools’ updates. This paper will not explain
how to keep the libraries up-to-date but the textbook for developers is presenting the
different updates that the the libraries might face.

8.2 Improvement

As this master’s thesis comes as a proof of concept, some focus have been done on
several aspects. This section introduces to notions that might be relevant but haven’t
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been explored yet. It is divided into two sub-sections, the first dealing with improvement
on what already exists and the second with new functionalities.

8.2.1 Improvement of existing functionalities
Computation of relational constraint programming

The relational constraint programming take a large part in this paper. Unfortunately,
it does not work. The computation still suffers of problem in OpenMusic while it works
fine in C++. The problem seems to come from the definition of the relational spacd]]
but it has not been clearly identify. The use of relation can be a huge improvement
for the constraint programming in music domain because the relations are the closest
representation of musical object and in addition OpenMusic will be the unique software
to use this technique.

Solver’s thread

Another problem that has been developed in previous chapter should also be solved.
It is the thread of the solvers. The solvers can take time to find a solution for complex
problems. During this time, the user should not be force to wait and should be able to
continue working with OpenMusic. Furthermore, the addition of threads could give the
possibility to the user to choose himself when to stop the search. In this way, he could let
the process run if he want the best solution or cut it if he is only looking for a solution even
if it is not the best. This improvement is really important to ensure that the constraint
programming part of OpenMusic is correctly integrated to the software.

Musical search rather than mathematics search

From a constraint point of view, developing new way of searching solution would be very
interesting. For now, the search options used are mathematical but the results wanted for
a musical search aren’t the same as the mathematical ones. Then looking for options that
focus the search on musical concepts might be very interesting. For example, a search
that focus on creating a melody or on the opposite, that tries to create only chord. A lot
of high level concepts could be explored.

Adding search parameters

The search of solutions could be more sharp by adding new parameters to the get
solutions function. At this stage, there are three functions to get solutions. The ﬁrstﬂ is
quite basic and only take the variables and constraints as arguments and the two 0thersE|
are there to become more technical and to allow the user to choose the behaviour of the
solver. This behaviour might be more detailed. Gecode offers a lot of options to conduct
the search that has been introduced in the section [£:3.2] They can be used to improve
the solutions.

!The relational space contains the attributes that initializes the relation and the possible value of
these attributes.

2 getSolutions and getNextSolutions

3 getDFSSolutions, getNextDFSSolutions and getBABSolutions, getNextBABSolutions.
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Musical relational search

Another interesting improvement is to develop a search focusing on musical aspects.
With the help of Gustavo Gutierrez, it is possible to create new option for the solver that
would lead to more musical and less mathematical solutions. Some examples have already
been explained in the section about the musical interpretation of the solvelﬂ

8.2.2 New functionalities
Creation of new variables

The developed objects was all of harmonic type. It could be interesting to extend the

variable of constraint programming to other types such as the rhythmic objects. This could
lead to new applications and new concepts for both, music composition and constraint
programming.
Higher level object such as polyphonic or multi-sequence objects (presents in OpenMusic)
might be improve with constraint programming. It could be possible to generate an
accompaniment score based on a melodic score. A lot of powerful functionalities could be
created.

Library of constraints

As explained before, it is easy for a user to create new constraints. Thus, a shared
library containing all created constraint that would be easy to update would be a real
advantage to develop new musical concept.

Closer to OpenMusic’s tools

Improve constraints and variables to use other musical objects. For example, the scale
object would be very relevant to define the domain of variables or to constraint a score.

Artificial intelligence is more than constraint programming

In a far more advanced state, we could also imagine higher level possibilities.

For examples, some studies has shown musical correspondence between musics aiming to
express the same emotion as the joy often made of major scale, the sadness or melancholy
with a slower rhythm and more minor scales, ... There are common concepts that could
be used to compose. They could be parameter to constraint a score.

Another artificial intelligence tool that could give good results is the data mining. It could
analyze score and stand out concepts from a lot of score belonging to music style or even
to a particular artist. In this way, those concepts could lead to new music rules and new
ways of composing.

4Section 5.5 in the chapter about Musical Aspect
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Chapter 9

Conclusion

All along this master’s thesis, I have been working to improve the possibilities of con-
straint programming inside OpenMusic and to make this system more affordable for the
users. Starting from previous work on this topic, I have offered a new layer on this project
by creating a user’s interface and by adding new concepts and functionalities. The in-
terface allows the users to model musical problems without having trouble with writing
code and scripts to perform constraint programming searches. It is simple and focuses
on what is the most important to model, the variables and the constraints. Complexity
of branching and computation are hidden. In addition, I have added new functions that
widen the field of possible solutions. This allows the user to get all existing solutions for
the problems that he models and to choose the one he prefers. In this way, the musical
score resulting of modelling and calculation keeps a bit of subjectivity that is an integral
part of music and art domains.

Previous works also shown the utility of using relations and relational constraint pro-
gramming to create and represent musical objects. This idea being promising, I worked
to create global musical variables based on relations in order to incorporate them into
the user’s interface. This allows the user to use a new kind of constraint based on the
relational algebra. Unfortunately, at this time, this part does not work in the interfacﬂ
However the relational approach is very relevant and could bring a lot of new possibili-
ties into this topic. And as far as I know, OpenMusic is the only tool delving into the
relational constraint programming to compute musical scores.

One of the reasons for creating a user’s interface to the constraint programming into

OpenMusic, is to allow the user to use this technique of artificial intelligence by himself,
without the need of a developer to model his problem. That is why I have focused on
creating a system in which it will be easy to create new constraint. This facility comes
by the possibility to use several constraints inside the interface and by the possibility to
code new ones through simple Lisp functions.
Once a user models a problem, it is easy to share it with other users. These users can
then use the model by adapting the variables to their own data or even re-manipulate
the model to satisfy their problem. This sharing could lead to improvement of existing
problem and by the way, improvement of OpenMusic.

"More explanations are given into the section m
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Appendix A

Tutorial

A.1 Introduction

A.2 Presentation of the objects and functions

In this section, we introduce the different objects and functions to model a musical con-
straint satisfaction problerrEl into OpenMusic. There are 3 types of objects and functions,
the variables, the constraint and finally the computation functions.

A.2.1 Variables

This first subsection presents the available object to represent the variables of the
problem. Today, there are 4 functional objects: the integer variable, the list of integer
variables, the boolean variable and the list of boolean variables. They are presented in
OpenMusic with the following boxes.

(a) IntVar (b) IntVarList

Figure A.1: Integer variables types.

(a) BoolVar (b) BoolVarList

Figure A.2: Boolean variables types.

The parameters for these objects are:

L Also called a MCSP.

42



Objects Parameter
All Lower bound
All Upper bound
VarList  Size of the list

Name Value

1b int or boolean
ub int or boolean
nsize int >0

Figure A.3: Table of variables’ parameters.

These objects are used to define decision variablesﬂ It is only their solutions that the

problem will return.

A.2.2 Constraints

The constraints are functions that will force the variables to respect some rules. Each
one is represented by a Lisp function that takes as many inputs as it needs. These inputs
can be of different forms but they always have one variable at least. Other possible inputs
are integer as for the domain constraintﬂ or constant value that can be of two types

IntRelType or IntConLevel. These types are for specific use:

o IntRelType expresses a relation between some variables. These are called with "rel-
constraint" functions. The values of IntRelType are constant and are detailed in

the table [A4l

e IntConLevel expresses the level of consistency of the constraint. This point is a bit
more complex. Since this version of the interface aims to stay simple, this type is
not in the implemented constraintsﬂ Nevertheless, the table summarizes the

values of IntConLevel type.

Value Relation
IRT EQ =
IRT NQ #
IRT LQ <
:IRT LE <
IRT GQ >
:IRT GR >

Figure A.4: IntRelType values.

2They are called like that because the goal of the problem is to decide which value to assign to each

variable.

3Domain constraints force variables to restrict their domain to either a specific value or a set of values.
“However, if you want more information about this topic, I invite you to read the chapter 4.3 of the

manual [31].
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Value Propagation type
:ICLy AL Value
:ICLgND Bound

: ICLpOM Domain
:ICLpEF Default

Figure A.5: IntConLevel values.

Let’s get back to the constraints. As explained, they are Lisp functions and the im-
plemented constraints are summarize at [C] These functions return a constraint object
containing the reference to their variables and a lambda function implementing the ac-
tions of the constraint. In the section you’ll see that it is possible to create new
constraints with a little bit of knowledge in Lisp.

List of existing constraint
A.2.3 Search of a solution

Once the problem has been modelled with the variables and the constraints, there are
two functions allowing to get the solutions of the problem: getSolutions and getNextSolu-
tions. They both take two parameters:

e [ist-cstrt, a list of constraint objects return by the constraint functions.
e nsol, an integer that indicates how many solutions are wanted.

While the first function, getSolutions, will always return the same solution for a problem,
getNeztSolutions will return a different solution at each execution. The functionality of
this latter provides the user to look for his preferred solution amongst all of solutions that
exists.

The result return by these two functions is a list of solutions. Each solution contains an
assignation for each variable. Inside a solution, the assignation are ordered by constraint.
Then, the first assignation is done in the first variable from the first constraint in the
list-cstrt, the second is made in the second variable from the first variable and so on.
It should be noted that even if a variable is used into more than one constraint, it will
appear only once in the solution. Its place is the one of the first constraint in which it is
involved. The example in the section will clarify this point.

A.3 DModel a constraint problem

In this section, we will see a basic problem. It is not a MSCP but the aims is to show
how to link variables and constraints and how to solve the problem.
This case is very simple, We want a list of integer to have all its element strictly greater
than another variable. But this latter has to be lower or equal to a third variable. Let’s
mathematically define this problem:
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e varlist A : That has a length of 10 and a lower bound of 0 and an upper bound of
100.

e var B : The second variable is an integer variable that stand between 5 and 25.

e var C : The third one is also an integer variable with a domain between 10 and 20.

And the constraint are defining in this form:

100
° /\ A;>B
=0

e B

e And to force A to have only distinct values: distinct(A)

The modelling of this problem into OpenMusic is illustrated at the figure [A.6] The list
variable A is represented by the first variable, B by the second and C by the third. The
distinct-constraint represent the third constraint below while the relation between A and
B is expresses by the first rel-constraint function and between B and C by the second.

(IRT_GR JIRT_LE
] © © [ [ ©
LISP LISP LISP
distinct-constraint rel-constraint rel-constraint
L]
LISP

list

1 ‘ 1

© ® ] ©

LISP LISP
getsolutions getnextsolutions
® ]

Figure A.6: Modelization of a constraint satisfaction problem.

This model clearly shows how to apply the variables to the constraints. Before the
computation phase, all constraint objects return by the constraint functions are put in a
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list and then the list is given to getSolutions and getNextSolutions. they will look for a
solution to the problem if it exists, if not they will return the last solution or nil. The
solutions returned by both functions are showned in the figure [A77] As each function
returns only one result (nsol = 1), the solution is a list of all wanted solutions. Each
solution contains a list with a solution for each variable. Before looking at the solutions,
there are some rules that need to be known.

e Lock the variables. To be able to use the getNextSolutions, the variables have to be
locked otherwise they will be reinitialize and they will be assigned to new references.
These new references will cause errors because they did not get solve a first time by
the getSolutions function.

o [t goes without saying that executing getNextSolutions before getSolutions will cause
the same errors.

e [f you restarted the library, you will have to re-execute getSolutions first unless you
have blocked the boxes.

e The search of a solution in constraint programming may take time if the problem is
complex. Unfortunately, in this version of the interface, the search of a solution is
execute in the same process than OpenMusic. Thus, in case of complex problem, the
software may be freezing during until a solution has been return. An improvement
of this will be an important part of the next version of the interface.

0@ OM Listener 0@ OM Listener
OM > Loading library OMGeLisp++ OM > Loading library OMGeLisp++
OM=>(((0123456789)10 11)) OM=>(((01234567809)10 11))
| OM =>(((01234567809)10 12))
OM =>(((01234567809)10 13))
Ready Ready
(a) Execution of getSolutions. (b) Execution of two getNextSolutions.

Figure A.7: Solutions for the model.

A.4 Creation of new constraints

The system behind this interface allows the user to combine existing constraints but it
also provides the possibility to create new constraints. To do so, knowledge of Lisp and
some notions of constraint programming are required. The utility to create new constraint
through Lisp while the user can do it through the OpenMusic’s interface is to create more
complex constraint that would be hard to do into the interface. Furthermore, in Lisp,
more constraint programming tools are available than in the user’s interface. Creating a
new constraint is the same as creating a new Lisp method but following a certain format.

A.4.1 Format of a constraint function

The Lisp code for a constraint method is composed two part: The definition of the
constraint and the creation of the constraint object.
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First, the definition of the method:

This method can take several argument. These arguments can be variables but also integer
or any other type of values that makes sense to the creation of your constraint. In this
case, it takes two variables vl and v2 and an integer n.

Secondly, there is the main part, the definition of the constraint. This definition is
bundle into a lambda function in order to execute it at the right time. As we can see,
the lambda function takes two arguments: the arguments on which the constraint will be
applied and the function constraint. Here, the argument are space, z and y. The first
one is mandatory and it has to stay the first one! It represent the search space to which
the variables belong and in which the constraints will be execute(fl These arguments are
not OpenMusic object but are pointers to the GeLisp’s variables corresponding to your
OpenMusic’s variables. Then, if you want to get attribute of your variables, you have to
use the argument’s name you gave in the definition of the constraint, vl and v2 in this
case. Note that the argument of the GeLisp’s constraints are also pointers.

®See the notion of space of Gecode [31]
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Appendix B

Advices for improvement

B.1 Improve the search

As explained in the section [4.3.2] of the paper, there are several ways to orient the
search. It can be done on three parts: the constraints, the branching and the solver.

B.1.1 The constraints

In Gecode, all constraints have an optional argument named the IntConLevel or the
consistency level. It indicates the kind of propagation that is used on the constraint. It
can take 4 values:

Value Propagation type

:ICL VAL Value propagation

:ICL BND | Bound propagation
:ICL _DOM | Domain propagation
:ICL _DFEF | Default propagation

Table B.1: IntConLevel values.

These values are already imported as constants from GeLisp. Their Lisp signature is
given in the API chapter at the section [C.I.6] To use them, they must be passed as
last argument to a constraint function with optiorﬂ Every function has a default and
an option signature given in the API at the section [C.1.7] Higher about the consistency
levels are provided in the Gecode’s manual [31].

B.1.2 Branching function

The branching function is now quite basic, it is set to branch on the variable with the
smallest size and to assign the smallest value first. There are a much more possibilities that
would be interesting to provide into OpenMusic. Today, GeLisp has not the same branch
function than in Gecode, it is simplify and does not take any argument instead of the
Gecode’s branch function. Here, gl space is the space on which the branching is realized.

!They are named with __option at the end of their name.
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(branch gl space)

Figure B.1: GeLisp branching function.

branch (home, x, INT VAR SIZE MIN(), INT VAL MIN()) ;

Figure B.2: Gecode branching function.

In this one, the home is the space and x is the variable on which the branching is applied
and INT VAR SIZE MIN() represents the variable selection and INT VAL MIN()

the value selection of the branching.

INT_VAR_NONE ()

INT_VAR_RND(r)
INT_VAR_MERIT_MIN(m,t*)
INT_VAR_MERIT_MAX(m,t*)
INT_VAR_DEGREE_MIN(t*)
INT_VAR_DEGREE_MAX(t*)
INT_VAR_AFC_MIN(afc",t*)
INT_-VAR_AFC_MAX(afc",t*)
INT_VAR_ACTIVITY_MIN(act®*,t*)
INT_VAR_ACTIVITY_MAX (act™*,t*)
INT_VAR_MIN_MIN(t*)
INT_VAR_MIN_MAX(t*)
INT_VAR_MAX_MIN(t*)
INT_VAR_MAX_MAX(t*)
INT_VAR_SIZE_MIN(t*)
INT_VAR_SIZE_MAX(t*)
INT_VAR_DEGREE_SIZE_MIN(t*)
INT_VAR_DEGREE_SIZE_MAX(t*)
INT_VAR_AFC_SIZE_MIN(afc*,t*)
INT_VAR_AFC_SIZE MAX(afc",t*)
INT_VAR_ACTIVITY_SIZE_MIN(act*,t")
INT_VAR_ACTIVITY_SIZE_MAX(act™,t)
INT_VAR_REGRET_MIN_MIN(t*)
INT_VAR_REGRET_MIN_MAX(t*)
INT_VAR_REGRET_MAX_MIN(t*)
INT_VAR_REGRET_MAX_MAX(t*)

first unassigned

randomly

smallest value of merit function m
largest value of merit function m
smallest degree

largest degree

smallest accumulated failure count (AFC)
largest accumulated failure count (AFC)
lowest activity

highest activity

smallest minimum value

largest minimum value

smallest maximum value

largest maximum value

smallest domain size

largest domain size

smallest degree divided by domain size
largest degree by domain size

smallest AFC by domain size

largest AFC by domain size

smallest activity by domain size

largest activity by domain size

smallest minimum-regret

largest minimum-regret

smallest maximum-regret

largest maximum-regret

Figure B.3: Variable selection possibilities.
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INT_VAL_RND(r)
INT_VAL(v,c")
INT_VAL_MIN()
INT_VAL_MED()
INT_VAL-MAX()
INT_VAL_SPLIT_MIN()
INT_VAL_SPLIT_MAX()
INT_VAL_RANGE_MIN()

INT_VAL_RANGE_MAX()
INT_VALUES_MIN()
INT_VALUES_MAX()
INT_VAL_NEAR_MIN(n)

INT_VAL_NEAR_MAX(n)

INT_VAL_NEAR_INC(n)
INT_VAL_NEAR_DEC(n)

random value

defined by value function v and commit function ¢
smallest value

greatest value not greater than the median

largest value

values not greater than mean of smallest and largest value
values greater than mean of smallest and largest value
values from smallest range, if domain has several ranges;
otherwise, values not greater than mean

values from largest range, if domain has several ranges;
otherwise, values greater than mean

all values starting from smallest

all values starting from largest

values near to value in array n

takes smaller value in case of ties

values near to value in array n

takes larger value in case of ties

values larger than value in array n first

values smaller than value in array n first

Figure B.4: Value selection possibilities.

The figured?][B.3] and show the range of possibilities that are provided by Gecode
to set the branching variable or value selection.

How to improve the branching function

The first part to improve is the GeLisp’s interface, for now the branching function
implementation in GeLisp C—H—H part is:

2Both figure come from the page 117 and 118 of the Gecode’s manual [31].
3More informations about this part are given into [23].
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Figure B.5: Implementation of the branching function.

To provide a way to use the variable and value selection, arguments has to be passed
into the branching function above and the function has to be modified. Be careful that
the relational branching function is not the same as the Gecode’s one. More information
has to be asked to Gustavo Gutierrez on this topic.

Once it is done, the second thing to do is to import the variable and value selection
functions into GeLisp. All selection functions that has no argument are already in GeLispﬂ
because all arguments needed to import new Gecode type into GeLisp. This is easy to do
and has not been done principally for time reason.

4They are provided in the "constraint.hpp" file.
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B.2 Solver’s thread

The problem with the solver’s thread is to return the values after that the thread has
modified them without using the principal thread. To tackle this problem, there are two
possibilities. The first one is to use a parallel threads and find an efficient and simple
way for the user to return the right value. The second method is to use the asynchronous
programming by using sockets for example.
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Appendix C

API

C.1 Lisp functions

C.1.1 Gelisp

(new_GlSpace) :pointer
Creates a pointer to a new GlSpace
(delete_GlSpace gls)
Deconstructs a GlSpace. gls is a pointer to a GlSpace.
(GlSpace_newIntVar_minmaxgls lb ub) :pointer
Returns a pointer to a new IntVar belonging to gls.
(GlSpace_newIntVar_from Sets gls set) :pointer
Returns a pointer to a new IntVar belonging to gis.
(GlSpace_newBoolVar_minmax gls lb ub) :pointer
Returns a pointer to a new BoolVar belonging to gls.
(GlSpace_newSetVar_home gls) :pointer

Returns a pointer to a new SetVar belonging to gls.The variable
is created with greatest lower bound {glbMin, ..., glbMaz}, least up-
per bound {lubMin, ..., lubMaz}, and cardinality minimum cardMin and
maximum cardMax.

(G1Space_newSetVar_minmax_minmax_2option gls glbMin glbMaz
lubMin lubMaz cardMin cardMaz) :pointer

Returns a pointer to a new SetVar belonging to gls.The variable
is created with greatest lower bound {glbMin,..., glbMaz}, least up-
per bound {lubMin, ..., lubMaz}, and cardinality minimum cardMin and
maximum cardMax.

(G1Space_newSetVar_minmax_minmax_loption gls glbMin glbMax
lubMin lubMaz cardMin) :pointer
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Returns a pointer to a new SetVar belonging to gls.The variable
is created with greatest lower bound {glbMin, ..., glbMaz}, least upper
bound {lubMin, ..., lubMaz}, and cardinality minimum cardMin.

(GlSpace_newSetVar_minmax_minmax_default gls glbMin glbMaz
lubMin lubMaz) :pointer

Returns a pointer to a new SetVar belonging to gls.The variable
is created with greatest lower bound {glbMin, ..., glbMaz}, least upper
bound {lubMin, ..., lubMazx}.

(G1Space_newSetVar_set_minmax_2option gls glbD lubMin lubMax
cardMin cardMaz) :pointer

Returns a pointer to a new SetVar belonging to gls.The vari-

able is created with lower bound Sets to glbD, least upper bound
{lubMin, ..., lubMaz}, and cardinality minimum cardMin and maximum
cardMax.

(G1Space_newSetVar_set_minmax_loption gls glbD lubMin lubMaz
cardMin) :pointer

Returns a pointer to a new SetVar belonging to gls.The vari-
able is created with lower bound Sets to glbD, least upper bound
{lubMin, ..., lubMaz}, and cardinality minimum cardMin.

(GlSpace_newSetVar_set_minmax_default gls glbD lubMin
lubMaz) :pointer

Returns a pointer to a new SetVar belonging to gls.The vari-
able is created with lower bound Sets to glbD, least upper bound
{lubMin, ..., lubMaz}.

(GlSpace_newSetVar_minmax_set_2option gls glbMin glbMax lubD
cardMin cardMaz) :pointer

Returns a pointer to a new SetVar belonging to gls. The variable is
created with greatest lower bound {glbMin, ..., glbMazx}, upper bound
Sets to lubD, and cardinality minimum cardMin and maximum cardMax.

(GlSpace_newSetVar_minmax_set_loption gls glbMin glbMaz lubD
cardMin) :pointer

Returns a pointer to a new SetVar belonging to gls. The variable is
created with greatest lower bound {glbMin, ..., glbMax}, upper bound
Sets to lubD, and cardinality minimum cardMin.

(GlSpace_newSetVar_minmax_set_default gls glbMin glbMaz
lubD) :pointer

Returns a pointer to a new SetVar belonging to gls. The variable is
created with greatest lower bound {glbMin, ..., glbMaz}, upper bound
Sets to lubD.
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(GlSpace_newSetVar_set_set_2option gls glbD lubD cardMin
cardMaz) :pointer

Returns a pointer to a new SetVar belonging to gls. The variable is
created with lower bound Sets to glbD, upper bound Sets to
lubD, and cardinality minimum cardMin and maximum cardMax.

(GlSpace_newSetVar_set_set_loption gls glbD lubD cardMin)
:pointer

Returns a pointer to a new SetVar belonging to gls. The variable is
created with lower bound Sets to glbD, upper bound Sets to
lubD, and cardinality minimum cardMin.

(GlSpace_newSetVar_set_set_default gls glbD lubD) :pointer

Returns a pointer to a new SetVar belonging to gls. The variable is
created with lower bound Sets to glbD, upper bound Sets to
lubD.

(GlSpace_newRelVar gls 1l u) :pointer

Returns a pointer to a new SetVar belonging to gls. [ and u are
respectively the lower and upper attributes.

(GlSpace_runDFS gls nbSolutions solutionsVector) :pointer

Runs the DFS solver of gls to find nbSolutions first solutions and
which are integrated to solutionsVector.

(GlSpace_runBAB gls nbSolutions solutionsVector) :pointer

Runs the BAB solver of gls to find nbSolutions first solutions and
which are integrated to solutionsVector.

(GlSpace_nextDFSSolution gls nbSolutions solutionsVector)
:pointer

Runs the DFS solver of gls to find nbSolutions next solutions and
which are integrated to solutionsVector.

(GlSpace_nextBABSolution gls nbSolutions solutionsVector)
:pointer

Runs the BAB solver of gls to find nbSolutions next solutions and
which are integrated to solutionsVector.

(GlSpace_getIntVar gls indexInVector) :pointer

Returns the pointer to the IntVar at the index indexinVector in
gls.

(GlSpace_getBoolVar gls indexzInlVector) :pointer

Returns the pointer to the BoolVar at the index indexInVector in
gls.

(GlSpace_getSetVar gls tndexInVector) :pointer
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Returns the pointer to the SetVar at the index indexInVector in
gls.

(G1Space_getRelVar gls indexInVector) :pointer

Returns the pointer to the RelVar at the index indexIn Vector in
gls.

(GlSpace_createGlSpaceVector gls) :pointer

Creates a vector of GlSpace in which the solutions will be put on.
(GlIntVar_getIndexInVector %v) :int

Returns the index of the pointer to the GlIntVar iv.
(GlIntVar_setIndexInVector %v newlIndez) :int

Sets the index of the pointer of the GlIntVar i to newlndez.

(GlIntVar_getIntVarSol iv solwvect nsol)

Returns the solutions for the pointer v of the solution vector
solvect.

(delete_GlIntVar 4v)
Deletes the GlIntVar object references by iv.
(new_GlIntVarList_minmax gls n min max) :pointer

Creates a new GlIntVarList in gls where min < v; < max for all
0<1<n.

(GlIntVarList_size 4wvl) :int

Returns the size of the GlIntVarList references by vl
(GlIntVarList_ Adds vl z)

Adds a GlIntVar to the GlIntVarList references by wl.
(GlIntVarList_get ivl) :pointer

Returns the GlIntVarList references by vl
(GlIntVarList_getVar 4vl index) :pointer

Returns the GlIntVar at the index index of the GlIntVarList ref-
erences by wl.

(GlIntVarList_getIntVarListSol Zwl solvect nsol) :pointer
Returns the nsol last solutions of the GlIntVarList in solvect.
(delete_GlIntVarList svl)
Deconstructs the GlIntVarList references by iwvl.

(GlBoolVar_getIndexInVector 4v) :int
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Returns the index of the pointer to the GlBoolVar iv.
(G1BoolVar_setIndexInVector <v newlIndez) :int [Function]

Sets the index of the pointer of the GlBoolVar v to newlndez.
(G1BoolVar_getIntVarSol iv solwect nsol) [Function]

Returns the solutions for the pointer #w of the solution vector
solvect.

(delete_GlBoolVar v) [Function]
Deletes the GlBoolVar object references by .
(new_GlBoolVarList_minmax gls n min maz) :pointer [Function]

Creates a new GlBoolVarList in gls where min < v; < max for all
0<i<n.

(GlBoolVarList_size 4wl) :int [Function]
Returns the size of the GlBoolVarList references by 4vl.

(G1BoolVarList_ Adds vl z) [Function]
Adds a GlIntVar to the GlBoolVarList references by iwvl.

(GlBoolVarList_get Zvl) :pointer [Function]
Returns the GlBoolVarList references by ivl.

(G1BoolVarList_getVar 4wl index) :pointer [Function]

Returns the GlIntVar at the index indezr of the GlBoolVarList
references by 7vl.

(G1BoolVarList_getIntVarListSol 4wl solvect msol) :pointer [Function]
Returns the nsol last solutions of the GlBoolVarList in solvect.
(delete_GlBoolVarList <vl) [Function]

Deconstructs the GlBoolVarList references by ivl.

C.1.2 OpenMusic musical variables

(getSolutions list-cstrt nsol) [Function]
Get the first solutions of a model. nsol is the number of solutions.

(getNextSolutions list-cstrt nsol) [Function]
Get the next solutions of a model. nsol is the number of solutions.

(getDFSSolutions list-cstrt nsol) [Function]

Get the first DFS solutions of a model. nsol is the number of
solutions. This function aims to become more specific.
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(getNextDFSSolutions list-cstrt nsol)

Get the next DFS solutions of a model. nsol is the number of
solutions. This function aims to become more specific.

(getBABSolutions list-cstrt nsol)

Get the first BAB solutions of a model. nsol is the number of
solutions. This function aims to become more specific.

(getNextBABSolutions list-cstrt nsol)

Get the next BAB solutions of a model. nsol is the number of
solutions. This function aims to become more specific.

(IntVar 1b uwb)

Create a new IntVar v where [ < v < w.
(set-space (self IntVar) home)

Set the GlSpace of self to home.
(getSolForOneVar (solvect (self IntVar) nsol)

Returns the solution of self from solvect. solvect is a pointer to a
vector of spaces of solutions.

(IntVarList n lb ub)

Create a new IntVarList v where | < v; <wu for all 0 < i < n.
(set-space (self IntVarList) home)

Set the GlSpace of self to home.
(getSolForOneVar (solvect (self IntVarList) msol)

Returns the solution of self from solvect. solvect is a pointer to a
vector of spaces of solutions.

(BoolVar 1b ub)

Create a new BoolVar v where [ < v < u.
(set-space (self BoolVar) home)

Set the GlSpace of self to home.
(getSolForOneVar (solwect (self BoolVar) nsol)

Returns the solution of self from solvect. solvect is a pointer to a
vector of spaces of solutions.

(BoolVarList n lb ub)

Create a new BoolVarList v where [ < v; <wufor all 0 <i¢ < n.
(set-space (self BoolVarList) home)

Set the GlSpace of self to home.
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(getSolForOneVar (solvect (self BoolVarList) nsol) [Function]

Returns the solution of self from solvect. solvect is a pointer to a
vector of spaces of solutions.

C.1.3 OpenMusic constraints

Basic constraints and constraint objects

(Constraint-1 constraint wvarl) [Class]

Create a constraint object with a constraint function and wvari
variable

(Constraint-2 constraint wvarl var2) [Class|

Create a constraint object with a constraint function and varl var2
variables

(Constraint-3 constraint wvarl var2 var3) [Class|

Create a constraint object with a constraint function and var! var2
vard variables

(Constraint-4 constraint varl var2 var3 vari) [Class]

Create a constraint object with a constraint function and varl var2
vard var4 variables

(get-var (self Comstraint-X)) [Function]
Returns a list with the variables of self
(set-cstrt-space (self Constraint-X) home) [Function]|

Set the space of every variable of self, home is a pointer to a
GlSpace

(apply-constraint (self Constraint-X) home) [Function]

Apply the constraint of self on its variables, home is a pointer to
a GlSpace

(domain-constraint (varl IntVar) (var2 IntVar)) [Function]

Constraints domain of var! according to domain of vari. varl and
var2 are OpenMusic variables

(distinct-constraint (varl IntVarList)) [Function]

Post propagator for varl; # varl j for all 0 < i # j < |varl].
varl is OpenMusic variable

(rel-constraint (var! IntVar) irt (var2 IntVar)) [Function]

Post propagator for varl ~;; var2. varl and var2 are OpenMusic
variables

(rel-constraint (varl IntVarList) irt (var2 IntVar)) [Function]|
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Post propagator for varl; ~j var2 for all 0 < i < |varl|. varl
and var2 are OpenMusic variables

C.1.4 Created constraints

(all-intervals (varl IntVarList) (var2 IntVarList)) [Function]

Constraints var! and var2 to the all-intervals problem. var! and
var? are OpenMusic variables

C.1.5 Relation type

IRT EQ [Constant|
Equality (=)

JIRT _NQ [Constant]
Disequality (#).

IRT LQ [Constant|
Less or equal (<).

IRT LE [Constant|
Less (<).

IRT _GQ [Constant]

Greater or equal (>).
IRT GR [Constant|

Greater (>).

C.1.6 Constency level

:ICL_ VAL [Constant]|
Value propagation or consistency (naive).

:ICL_BND |Constant|
Bounds propagation or consistency.

:ICL_DOM [Constant|
Domain propagation or consistency.

:ICL_DEF [Constant]

The default consistency for a constraint.
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C.1.7 Constraints

Some clarifications about the next function signatures: the home argument is a pointer
to a GlSpace, the irt argument is a constant of IntRelType, the icl argument is a constant
of type IntConLevel, IntSet, IntSetArgs, IntArgs are pointers to the corresponding C+-+
type import by GeLisp. Furthemore the arguments of type X ptr reference the ptr at-

tribute of the Lisp object X. All other arguments are integers.

These constraints manipule C++ pointer, they can be used inside an OpenMusic con-

straint function.

(dom_onIntVar_option home (z IntVar_ptr) n icl)
Propagates © = n.
(dom_onIntVar_default home (z IntVar_ptr) n)
Propagates = = n.
(dom_onIVa_option home (z IntVarList_ptr) m icl)
Propagates x; = n for all 0 < i < |z|.
(dom_onIVa_default home (z IntVarList_ptr) n)
Propagates x; = n for all 0 < i < |z|.
(dom_onIntVarWithBounds_option home (z IntVar_ptr) 1 m icl)
Propagates | < x < m.
(dom_onIntVarWithBounds_default home (z IntVar_ptr) 1 m)
Propagates | < x < m.
(dom_onIVAWithBounds_option home (z IntVarList_ptr) 1 m icl)
Propagates | < z; < m for all 0 < i < |z|.
(dom_onIVAWithBounds_default home (z IntVarList_ptr) 1 m)
Constrain domain of x according to domain of d.

(dom_onIntVarFromIntVar_option home (x IntVar_ptr) (d
IntVar_ptr) icl)

Constrain domain of x according to domain of d.

(dom_onIntVarFromIntVar_default home (z IntVar_ptr) (d
IntVar_ptr))

Propagates [ < z < m.

(dom_onIntVarAndIntSet_option home (z IntVar_ptr) (s IntSet)
icl)

Propagates x € (sIntSet).

(dom_onIntVarAndIntSet_default home (z IntVar_ptr) (s
IntSet))
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Propagates x € (sIntSet).

(dom_onIVAAndIntSet_option home (z IntVarList_ptr) (s
IntSet) icl)

Propagates x; € s for all 0 < i < |z|.

(dom_onIVAAndIntSet_default home (z IntVarList_ptr) (s
IntSet))

Propagates x; € s for all 0 < i < |z|.

(rel_onIntVar_option home (z0 IntVar_ptr) irt (xzl
IntVar_ptr) icl)

Post propagator for xg ~;q 1.

(rel_onIntVar_default home (z0 IntVar_ptr) irt (zl
IntVar_ptr))

Post propagator for zg ~t T1.

(rel_onIntVarAndIVa_option home (z IntVarList_ptr) irt (y
IntVar_ptr) icl)

Post propagator for z; ~; y for all 0 <1i < |z|.

(rel_onIntVarAndIVa_default home (z IntVarList_ptr) irt (y
IntVar_ptr))

Post propagator for x; ~. y for all 0 < i < |z|.
(rel_onIntVarAndInt_option home (z IntVar_ptr) irt c icl)
Propagates x ~;; c.
(rel_onIntVarAndInt_default home (z IntVar_ptr) irt c)
Propagates x ~¢ c.
(rel_onIVAAndInt_option home (x IntVarList_ptr) irt c icl)
Propagates x; ~j ¢ for all 0 < i < |z|.
(rel_onIVAAndInt_default home (z IntVarlList_ptr) irt c)
Propagates x; ~;y¢ ¢ for all 0 < i < |z|.

(rel_on2BoolVar_option home (z0 BoolVar_ptr) <irt (z1
BoolVar_ptr) tcl)

Post domain consistent propagator for xg ~j.¢ x1.

(rel_on2BoolVar_default home (z0 BoolVar_ptr) irt (zl
BoolVar_ptr))

Post domain consistent propagator for xg ~gt 1.

(rel_onBVAAndBoolVar_option home (z BoolVarList_ptr) irt (y
BoolVar_ptr) icl)
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Post domain consistent propagator for x; ~; y for all 0 < i < |x|.

(rel_onBVAAndBoolVar_default home (z BoolVarList_ptr) irt (y
BoolVar_ptr))

Post domain consistent propagator for x; ~ y for all 0 < i < |z|.
(rel_onBoolVarAndInt_option home (z BoolVar_ptr) irt n icl)
Propagates x; ~jn n for all 0 < i < |x].
(rel_onBoolVarAndInt_default home (z BoolVar_ptr) irt n)
Propagates x; ~;y¢ n for all 0 <i < |z|.

(rel_on2BVa_option home (x BoolVarList_ptr) irt (y
BoolVarList_ptr) icl)

Post domain consistent propagator for relation between x and y.

(rel_on2BVa_default home (z BoolVarList_ptr) irt (y
BoolVarList_ptr))

Post domain consistent propagator for relation between x and y.
(rel_onBVa_option home (xz BoolVarList_ptr) irt icl)

Post domain consistent propagator for relation between elements
in X.

(rel_onBVa_default home (z BoolVarList_ptr) r)

Post domain consistent propagator for relation between elements
in x.

(element_onIVAAnd2IntVar_option home (z IntVarList_ptr) (yO
IntVar_ptr) (yl IntVar_ptr) icl)

Post propagator for xy 0=y_1L

(element_onIVAAnd2IntVar_default home (z IntVarList_ptr) (y0
IntVar_ptr) (yl IntVar_ptr))

Post propagator for x;, ¢ =y_1.

(element_onIVAAndIntVarAndInt_option home (z IntVarList_ptr)
(y0 IntVar_ptr) yl icl)

Post propagator for Ty 0= y 1.

(element_onIVAAndIntVarAndInt_default home (z
IntVarList_ptr) (y0 IntVar_ptr) yi1)

Post propagator for x, ¢ =1y_1.

(element_onBVAAndIntVarAndBoolVar_option home (z
BoolVarList_ptr) (y0 IntVar_ptr) (yl BoolVar_ptr) icl)

Post domain consistent propagator for z, o =y_1.
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(element_onBVAAndIntVarAndBoolVar_default home (z
BoolVarList_ptr) (y0 IntVar_ptr) (y1 BoolVar_ptr))

Post domain consistent propagator for z, o =y_1.

(element_onBVAAndIntVarAndInt_option home (z
BoolVarList_ptr) (y0 IntVar_ptr) y1 icl)

Post domain consistent propagator for z, o =y_1.

(element_onBVAAndIntVarAndInt_default home (z
BoolVarList_ptr) (y0 IntVar_ptr) y1)

Post domain consistent propagator for z, o =y_1.

(element_onIVAAnd3IntVarAnd2Int_option home (z
IntVarList_ptr) (z IntVar_ptr) w (y IntVar_ptr) h (z
IntVar_ptr) icl)

Post propagator for a;4.y = 2.

(element_onIVAAnd3IntVarAnd2Int_default home (z
IntVarList_ptr) (z IntVar_ptr) w (y IntVar_ptr) h (z
IntVar_ptr))

Post propagator for Agtwy = 2.

(element_onBVAAnd2IntVarAnd2IntAndBoolVar_option home
(z BoolVarList_ptr) (z IntVar_ptr) w (y IntVar_ptr) h (z
BoolVar_ptr) <cl)

Post domain consistent propagator for a;{.q = 2.

(element_onBVAAnd2IntVarAnd2IntAndBoolVar_default home
(a BoolVarList_ptr) (z IntVar_ptr) w (y IntVar_ptr) h (2
BoolVar_ptr))

Post domain consistent propagator for a; .., = 2.
(distinct_option home (z IntVarList_ptr) icl)

Post propagator for x; # x; for all 0 <i # j < |z|.
(distinct_default home (z IntVarList_ptr))

Post propagator for z; # z; for all 0 < i # j < |z|.

(distinct_constant_added_to_var_option home n (z
IntVarList_ptr) icl)

Post propagator for z; +n_i# zj+n_jforall 0 <i# j <|z|.

(distinct_constant_added_to_var_default home n (z
IntVarList_ptr))

Post propagator for x; +n_i# x; +n_j for all 0 <i # j < |z|.

(channel_onIVAAndIVa_option home (z IntVarList_ptr) (y
IntVarList_ptr) icl)
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Post propagator for x; = j <>y _j =1 for all 0 <i < |z|.

(channel_onIVAAndIVa_default home (z IntVarList_ptr) (y
IntVarList_ptr))

Post propagator for x; = j <>y _j =1 for all 0 <i < |z|.

(channel_on2IVAAnd2IntVar_option home (z IntVarList_ptr)
zoff (y IntVarList_ptr) yoff icl)

Post propagator for z; —xoff = j <y _j—yoff =iforall 0 <i <
|z

(channel_on2IVAAnd2IntVar_default home (z IntVarList_ptr)
zoff (y IntVarlList_ptr) yoff)

Post propagator for z; —xoff = j <y j—yoff =iforall 0 <i <
|z.

(channel_onBoolVarAndIntVar_option home (z0 BoolVar_ptr) (z1
IntVar_ptr) icl)

Post domain consistent propagator for channeling a Boolean and
an integer variable zg = 1.

(channel_onBoolVarAndIntVar_default home (z0 BoolVar_ptr)
(z1 IntVar_ptr))

Post domain consistent propagator for channeling a Boolean and
an integer variable zg = 1.

(channel_onIntVarAndBoolVar_option home (z0 IntVar_ptr) (zl
BoolVar_ptr) icl)

Post domain consistent propagator for channeling an integer and
a Boolean variable xg = 1.

(channel_onIntVarAndBoolVar_default home (z0 IntVar_ptr) (z1
BoolVar_ptr))

Post domain consistent propagator for channeling an integer and
a Boolean variable zg = z;.

(channel_onBVAAndIntVar_2option home (z BoolVarList_ptr) (y
IntVar_ptr) o icl)

Post domain consistent propagator for channeling Boolean and in-
teger variables x; =1 y=1+ 0.

(channel_onBVAAndIntVar_loption home (z BoolVarList_ptr) (y
IntVar_ptr) o)

Post domain consistent propagator for channeling Boolean and in-
teger variables z; =1 < y =17+ o.

(channel_onBVAAndIntVar_default home (z BoolVarList_ptr) (y
IntVar_ptr))
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Post domain consistent propagator for channeling Boolean and in-
teger variables x; =1+ y =17+ o.

(sorted_onIVAAndIVa_option home (z IntVarList_ptr) (y
IntVarList_ptr) icl)

Post propagator that y is x sorted in increasing order.

(sorted_onIVAAndIVa_default home (z IntVarList_ptr) (y
IntVarList_ptr))

Post propagator that y is x sorted in increasing order.

(sorted_on3IVa_option home (z IntVarList_ptr) (y
IntVarList_ptr) (z IntVarList_ptr) icl)

Post propagator that y is x sorted in increasing order.

(sorted_on3IVa_default home (z IntVarList_ptr) (y
IntVarList_ptr) (z IntVarList_ptr))

Post propagator that y is x sorted in increasing order.

(count_onIVAAnd2Int_option home (z IntVarList_ptr) n irt m
icl)

Post propagator for #i € 0,...,|z| — 1| z; = n ~4 m.
(count_onIVAAnd2Int_default home (z IntVarList_ptr) n irt m)
Post propagator for #i € 0,...,|z| — 1| z; = n ~e m.

(count_onIVAAndIntVarAndInt_option home (z IntVarList_ptr)
(y IntVar_ptr) irt m icl)

Post propagator for #i € 0,...,|z| — 1| x; =y ~ipe m.

(count_onIVAAndIntVarAndInt_default home (z IntVarList_ptr)
(y IntVar_ptr) irt m)

Post propagator for #i € 0,...,|z| — 1| z; =y ~ipe m.

(count_onIVAAndIntArgsAndInt_option home (z IntVarList_ptr)
(y Intdrgs) irt m icl)

Post propagator for #i € 0,...,|z| — 1|z; =y i~ m.

(count_onIVAAndIntArgsAndInt_default home (z IntVarList_ptr)
(y IntArgs_ptr) irt m)

Post propagator for #i € 0,...,|z| — 1|z; =y i~ m.

(count_onIVAAndIntAndIntVar_option home (z IntVarList_ptr) n
irt (z IntVar_ptr) icl)

Post propagator for #i € 0,...,|z| — 1| x; = n ~4y 2.

(count_onIVAAndIntAndIntVar_default home (z IntVarList_ptr)
n irt (z IntVar_ptr))
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Post propagator for #i € 0,...,|z| — 1| x; = n ~y 2.

(count_onIVAAnd2IntVar_option home (z IntVarList_ptr) (y
IntVar_ptr) irt (z IntVar_ptr) icl)

Post propagator for #i € 0,...,|z| — 1| xz; € y ~rt 2.

(count_onIVAAnd2IntVar_default home (z IntVarList_ptr) (y
IntVar_ptr) irt (z IntVar_ptr))

Post propagator for #i € 0,...,|z| — 1| x; € y ~pt 2.

(count_onIVAAndIntArgsAndIntVar_option home (z
IntVarList_ptr) (y Intdrgs) irt (z IntVar_ptr) icl)

Post propagator for #i € 0,...,|z| — 1|x; =y ~r 2.

(count_onIVAAndIntArgsAndIntVar_default home (z
IntVarList_ptr) (y Intdrgs) irt (z IntVar_ptr))

Post propagator for #i € 0,...,|z| — 1| x; = y ~jp 2.

(count_on2IVa_option home (z IntVarList_ptr) (c
IntVarList_ptr) icl)

Posts a global count ( cardinality) constraint.

(count_on2IVa_default home (z IntVarList_ptr) (c
IntVarList_ptr))

Posts a global count ( cardinality) constraint.

(count_on2IVAAndIntArgs_option home (z IntVarList_ptr) (c
IntVarList_ptr) (v Intdrgs) icl)

Posts a global count ( cardinality) constraint.

(count_on2IVAAndIntArgs_default home (z IntVarList_ptr) (c
IntVarList_ptr) (v Intdrgs))

Posts a global count ( cardinality) constraint.

(count_onIVAAndISAIntArgs_option home (z IntVarList_ptr) (c
IntSetdrgs) (v Intdrgs) icl)

Posts a global count ( cardinality) constraint.

(count_onIVAAndISAIntArgs_default home (z IntVarList_ptr) (c
IntSetdrgs) (v Intdrgs))

Posts a global count ( cardinality) constraint.

(count_onIVAAndIntSetIntArgs_option home (z IntVarList_ptr)
(c IntSet) (v Intdrgs) icl)

Posts a global count ( cardinality) constraint.

(count_onIVAAndIntSetIntArgs_default home (z IntVarList_ptr)
(c IntSet) (v Intdrgs))
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Posts a global count ( cardinality) constraint.

(sequence_IVa_option home (z IntVarList_ptr) (s IntSet) q 1
u %cl)

Post propagator for sequence (z, s, q,l,u).

(sequence_IVa_default home (z IntVarlList_ptr) (s IntSet) q 1

)

Post propagator for sequence (z, s, q,l,u).

(sequence_BVa_option home (z BoolVarList_ptr) (s IntSet) q 1

v icl)
Post propagator for sequence (z, s, q,l,u).

(sequence_BVa_default home (z BoolVarList_ptr) (s IntSet) gq
1 u)

Post propagator for sequence (z, s, q,l,u).

(min_on3IntVar_option home (z0 IntVar_ptr) (zl IntVar_ptr)
(z2 IntVar_ptr) icl)

Post propagator for min xg, z1 = x2.

(min_on3IntVar_default home (z0 IntVar_ptr) (xzl IntVar_ptr)
(z2 IntVar_ptr))

Post propagator for min xg, z1 = x2.

(min_onIVAANDIntVar_option home (z IntVarList_ptr) (y
IntVar_ptr) icl)

Post propagator for minx = y.

(min_onIVAANDIntVar_default home (z IntVarList_ptr) (y
IntVar_ptr))

Post propagator for minx = y.

(max_on3IntVar_option home (z0 IntVar_ptr) (xz1 IntVar_ptr)
(z2 IntVar_ptr) icl)

Post propagator for max xg, x; = 9.

(max_on3IntVar_default home (z0 IntVar_ptr) (zl IntVar_ptr)
z2)

Post propagator for max xg, z1 = x2.

(max_onIVAANDIntVar_option home (z IntVarList_ptr) (y
IntVar_ptr) icl)

Post propagator for maxz = y.

(max_onIVAANDIntVar_default home (z IntVarList_ptr) (y
IntVar_ptr))
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Post propagator for maxz = y.

(abs_option home (z0 IntVar_ptr) (zl IntVar_ptr) icl)
Post propagator for |zg| = 7.

(abs_default home (z0 IntVar_ptr) (zl1 IntVar_ptr))
Post propagator for |zg| = 1.

(mult_option home (z0 IntVar_ptr) (zl IntVar_ptr) (z2
IntVar_ptr) icl)

Post propagator for zg - 1 = x2.

(mult_default home (z0 IntVar_ptr) (zl IntVar_ptr) (z2
IntVar_ptr) )

Post propagator for zg - x1 = x2.

(sqr_option home (z0 IntVar_ptr) (zl IntVar_ptr) <cl)
Post propagator for |\/zg| = 1.

(sqr_default home (z0 IntVar_ptr) (zl IntVar_ptr))
Post propagator for |\/zg] = 1.

(sqrt_option home (z0 IntVar_ptr) (zl IntVar_ptr) icl)
Post propagator for xj = ;.

(sqrt_default home (z0 IntVar_ptr) (xzl IntVar_ptr))
Post propagator for zj = ;.

(divmod_option home (z0 IntVar_ptr) (zl IntVar_ptr) (z2
IntVar_ptr) (z3 IntVar_ptr) icl)

Post propagator for zgdive, = x92 A xgmodz; = 3.

(divmod_default home (z0 IntVar_ptr) (zl IntVar_ptr) (z2
IntVar_ptr) (z3 IntVar_ptr))

Post propagator for xzgdive; = x2 A xgmodz; = x3.

(div_option home (z0 IntVar_ptr) (xzl IntVar_ptr) (z2
IntVar_ptr) icl)

Post propagator for zodive; = xs.

(div_default home (z0 IntVar_ptr) (xzi1 IntVar_ptr) (z2
IntVar_ptr) )

Post propagator for zodive; = xo.

(mod_option home (z0 IntVar_ptr) (zl IntVar_ptr) (z2
IntVar_ptr) icl)

Post propagator for zgmodz; = x2.
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(mod_default home (z0 IntVar_ptr) (zl IntVar_ptr) (z2
IntVar_ptr) )

Post propagator for x% =x.

(linear_onIVAAndInt_option home (z IntVarList_ptr) irt c
icl)

Post propagator for > i = 01217, ~vypy c.
(linear_onIVAAndInt_default home (z IntVarList_ptr) irt c)
Post propagator for > i = 01115~y c.

(linear_onIVAAndIntVar_option home (z IntVarList_ptr) irt (y
IntVar_ptr) icl)

Post propagator for S i = 01171z~ g,

(linear_onIVAAndIntVar_default home (z IntVarList_ptr) irt
(y IntVar_ptr))

Post propagator for 3 i = 0%~ z; ~g y.

(linear_onIntArgsAndIVAAndInt_option home a (z
IntVarList_ptr) irt c icl)

Post propagator for 3" i = 0%"1a_i-z; ~ipy c

(linear_onIntArgsAndIVAAndInt_default home a (z
IntVarList_ptr) <irt c)

Post propagator for 3° i = 0%"1a_i-z; ~py c

(linear_onIntArgsAndIVAAndIntVar_option home a (z
IntVarList_ptr) irt (y IntVar_ptr) icl)

Post propagator for 3° i = 01%"1a_i- 2~y y.

(linear_onIntArgsAndIVAAndIntVar_option home a (z
IntVarList_ptr) irt (y IntVar_ptr))

Post propagator for 3° i = 011"1a_i-2; ~yy .

(linear_onBVAAndInt_option home (z BoolVarList_ptr) irt c
icl)

Post propagator for 3° i = 0%~ 1a; ~; 4 c.
(linear_onBVAAndInt_default home (z BoolVarList_ptr) irt c)
Post propagator for > i = 01115 ~ipy c.

(1inear_onBVAAndIntVar_option home (z BoolVarList_ptr) irt
(y IntVar_ptr) icl)

Post propagator for > i = 011 =La; ~ipy .

(linear_onBVAAndIntVar_default home (xz BoolVarList_ptr) irt
(y IntVar_ptr))
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Post propagator for S i = 0%~ 1a; ~;y v,

(linear_onIntArgsAndBVAAndInt_option home a (z
BoolVarList_ptr) irt c icl)

Post propagator for > i = 0#1=Ya_ i 2; ~ipy c.

(linear_onIntArgsAndBVAAndInt_default home a (z
BoolVarList_ptr) irt c)

Post propagator for 3° i = 0"1a_i-z; ~ypy c

(linear_onIntArgsAndBVAAndIntVar_option home a (z
BoolVarList_ptr) irt (y IntVar_ptr) icl)

Post propagator for 3° i = 01"1a_i-2; ~yy .

(linear_onIntArgsAndBVAAndIntVar_default home a (z
BoolVarList_ptr) irt (y IntVar_ptr))

Post propagator for > i = Omfla_i " Ti Nirt Y-
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Appendix D

Code

D.1 C++
D.1.1 GelLisp
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fonctions import directly from Gecode






































































D.1.2 GOM
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D.1.3 OM++
Utils _ OM _Objects.hpp

This object contains the functions allowing the good format to pass an array to OM or
to receive an pointer to an array from OM. The repetition of the functions with different
names is quite ugly. I am aware that using the overriding would be quite better but, since
these functions are using in C++ as in Lisp, these choice has been done that to be sure
to use the good function. Using the overriding is part of a futur improvement of the code.
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OM++  Harmonic.hpp
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OM-++ Note.hpp
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OM++ _ Chord.hpp
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OM-++ ChordSeq.hpp
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Rhythmic.hpp
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Measure.hpp
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Rhythm tree.hpp
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D.2 Lisp

D.2.1 Musical-objects

musicvar _objects.lisp
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D.2.2 Constraints

constraints.lisp
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created-constraints.lisp
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D.2.3 OM-++

OMplusplus.lisp







D.2.4 Utils

Utils.lisp
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