MTT ˘ A Music Theory Tool

Alan Marsden , School of Music, Queen´s University, Belfast, BT7 1NN, UK, (currently visiting researcher at Infomus, DIST, University of Genoa, Italy) A.Marsden@qub.ac.uk

Abstract : A system, currently under development, for expressing musical processes in precise terms of formal logic, and for allowing that formulation to be tested on actual data, is described. The system is based on a theory of representation and of processing as the conversion of data from one representation to another. Examples are given of formal definitions of a representation for melodies and keys, and three examples of translations from one to the other are given, two of them based on Krumhansl´s and

Longuet-Higgins´s key-finding algorithms. It is intended that MTT should be used in the development, testing and refinement of theories of musical processes prior to implementing those processes in software.

1. Introduction

Good music software depends on good music theory: if one is to write software to performsome musical task successfully, one has to have an understanding of the task itself. Music theoryis a highlydeveloped science, but it is not generallyimmediatelyapplicable in computing tasks. It is generallyexpressed in varying degrees of mixture of ^natural~ language, specialised terminology, and specialised notation (e.g.

Schenkerian graphs). In most cases, even with specialised terminologyor notation, the meaning of statements in music theoryis highlydependent on complex considerations of context, and is sometimes ambiguous. As is commonlyrecognised, the first task facing a computer programmer who hopes to use music theory, then, is to re-express the music theoryin a formal, unambiguous, and less context-dependent way.

However, this formalisation frequentlyreveals that the original music theoryis not precise enough for the task at hand. Either the theoryturns out to be impossible to formalise without taking decisions to resolve ambiguities ˘ decisions which adapt the theory˘ or the theoryturns out not to adequatelyaccount for the phenomena under consideration. T o take a concrete example, a task which must be performed for a number of musical processes concerned with tonal music is to determine the keyof a passage of music.

T here is a large bodyof music theoryon this topic, but, even after thirty years of research, there is still not a computer implementation of the task which performs adequatelyin situations other than highly constrained and specialised ones. (For a surveyof research in this area and discussion of the issues, see

[Marsden in press].) One of the earliest projects was an expression of tonal theoryin a systemic grammar

[Winograd 1968], but Winograd found that a complex parser, which used a number of ad hoc concepts not found in classical music theory, was required in order to arrive at a satisfactoryanalysis. Furthermore, the parser worked fromthe end of the music to the beginning, and so would not be applicable in contexts where the end of the piece was not yet known but the keyof the beginning needed to be known.

Subsequent projects had similar limited success in limited domains, using a number of different approaches. Longuet-Higgins [1979] devised a set of rules which determined keyon the basis of the sequence of pitches used, altering its interpretation with the objective of avoiding sequences of

^chromatic~ intervals. T he rules applied onlyto melodies. Krumhansl [1990] proposed a statistical approach which had some points of contact with traditional theory(in the concept of the hierarchyof importance of different pitches in a key) but which ignored all concepts of harmony.

Music theorygenerallywas not created in order to write computer programs, but for the purposes of teaching. A theorywhich is easilyunderstood but not correct at the margins is better for teaching than a theorywhich is always correct but verydifficult to understand. It is therefore no surprise to discover that music theories are not completelyprecise. Furthermore, there is no reason to believe that in everycase a completelyprecise theoryis possible. T he musical phenomena with which the theoryis to deal are not fixed mathematical or physical phenomena. T heyare subject to adaptation, change and reinterpretation in a complex social interaction. T he computer programmer, therefore, must make compromises and seek the best expression of theory for the task his or her software is to perform.

T he objective of MT T is to facilitate this development of a theorywhich is formallyexpressed and adequate for the task at hand. It is not uncommon to find that the inadequacies of musical software have arisen because of an incorrect decision in the interpretation of some aspect of music theory. Early rhythmic quantisation software, for example, produced unusable results because of a naive interpretation of the theoryof metre, believing that beats would always be of the same duration. Often, bythe time the inadequacyis discovered, the software is in a relativelydeveloped state, and the incorrect interpretation is embedded in the software design and verydifficult to correct. T he principle of MT T is that it allows the underlying theoryto be expressed in formal terms at a veryhigh level where the theoretical concepts can still be manipulated as concepts. On the other hand, the systemwill implement the theoryin functioning software, though probablyextremelyinefficiently, so that the formal theorycan be tested byapplication to actual tasks. MT T is thus a kind of ^rapid prototyping~ system. Recall that the objective is unlikelyto be a theorywhich is correct in everycircumstance but rather one which is adequate for the task at hand. T hus the researcher might well choose to accept a theorywhich made mistakes at times, but which was simpler in its formation and/or easier to implement in efficient software.

MT T is essentiallya kind of automatic theorem-proover, under development in Prolog. T heories are expressed in first-order predicate logic, within a framework described below. ^Input data~ maybe asserted. ^Output data~ is derived byposing queries to the system, which are treated as statements to be satisfied or refuted. T herefore, given a theoryof tonalityexpressed in a set of axioms and a passage of music asserted as input, one could pose a querysuch as ^key(C, major)~, and the systemwould attempt to determine whether or not this statement was valid in the theoryaugmented bythe input. One could also pose the query^key(X, Y)~, in which X and Y were variables, and receive as response fromthe systemthe answer that this is valid when ^X~ is ^C~ and ^Y~ is ^major~, meaning that the keyof the passage is C major. T he axioms are not restricted to Horn clauses as in Prolog; the objective is for axioms to be a close to general first-order logic as reasonablypossible. However, the language of theories cannot have functions, and there is no equalityrelationship (apart fromidentity). Resolution is sound, i.e. the system´s answer, whether true or false, is always valid, and complete when the domain is finite. When the domain is infinite, the objective is that the systemshould report its inabilityto reach a valid conclusion

(^floundering~) or warn of the possibility of failure to terminate and allow the user to intervene.

2. The theoretical framework

2.1 Representation

All computer software deals with representations of its data. A representation consists of a set of entities, which are intended to correspond to things in the world represented. T hese entities stand in specified relations to each other, and possiblyto constants also. T he constants do not correspond to anything in the world represented, but are items specific to the class of representation and are used in relations to specify the properties of an entityor of a relation between entities. Each representation class has a specified set of constants, which might be finite or infinite. It also has a specified set of relations, each defined as ranging over either entities or constants, but not both, in each of its arguments. A representation class also has a set of axioms defining constraints on the relations of the representation. A ^representation function~ specifies the relationship between the entities and relations of the representation and the world represented. T his function is not expressed in the theory. In practice it will be performed bysome input or output device.

MT T representations are expressed explicitlyas described above, but the description is also intended as an abstraction of representations in general. A representation of music in one of the Humdrumformats

[Huron 1994], for example, is a set of data tokens (entities) which can contain certain combinations of characters (constants). T he tokens are related bytheir position in lines and columns in a wayconstrained bythe syntax of the representation. At a lower level, the representation is as an ASCII file, which again consists of entities (bytes) which contain data froma certain set (ASCII codes), and are related bya simple relationship of succession. Even non-computational representations can be regarded in this way.

Music notation, for example, consists of symbols (entities) which are of certain types (constants) in certain spatial relationships to each other.

As a simple example of a representation class, here is a class for representing a melody(a sequence of pitches). T he symbols and syntax used in MT T are not exactlythose of classical logic, but theyare intended to be close to classical logic while also close to classical Prolog. For ease of understanding, classical logical symbols are used here: " for ^all~, $ for ^there exists~, « for ^is equivalent to~, ® for

^implies~, Ù for ^and~, Ú for ^or~, and ~ for ^not~. Comments, which do not formpart of the representation class definition, are enclosed between ^/*~ and ^*/~.

Melody representation class

Constants pitch_class: modulo ( 12) register: integer duration: rational

Relation types precede s( entity , entity) /* one entity can precede another */ first_note(entity) last_note(entity) duration(entity, rational) /* entities can be notes or rests and have duration */ pitch_class(entity, pitch_class) register(entity, integer) /* relations to indicate the properties of a note */

Axioms precede s(X, Y) Ù precede s(X, Z) ® Y=Z .

precede s(X, Y) Ù precede s(Z, Y) ® X=Z .

/* precedes is constrained to be a one-to-one relation */

( $ X)first_note(X).

first_note(X) « ~ ( $ Y) precede s(Y, X) Ù ~ ( $ Z)( ~ ( $ Y) precede s(Y, Z) Ù ~ Z=X).

/* there exists a first note and it is not preceded by any other entity */ last_note(X) « ~ ( $ Y) precede s( X , Y).

/* the last note is the note which does not precede any other entity; we do not need to specify that it is unique because this follows from the axioms for the first note and for the ^precedes~ relation */

( $ D)duration(X, D).

duration(X, D1) Ù duration(X, D2) ® D1=D2.

( $ Pc)(pitch_class(X, Pc).

pitch_class(X, Pc1) Ù pitch_class(X, Pc2) ® Pc1=Pc2.

( $ R)(register(X, R).

register(X, R1) Ù register(X, R2) ® R1=R2.

/* an entity must have a duration, a pitch class and a register, and it can have only one pitch class, one register, and one duration */

2.2 Combining representations

Processing tasks can be defined as taking one representation as input and producing another as output.

Effectively, this is mimicking the relationship between a representation and the world represented. T hus the ^output~ desired is a kind of representation of the ^input~ in a different manner. Examples of common musical tasks are taking a representation of a ^score~ for a synthesis systemand producing a sound file, or taking MIDI input and producing music notation. Although we would not necessarilyuse the word

^representation~ to describe what is happening in the first case, the formal relationship between the input and output is similar.

In contrast to the relationship between the world and a representation, however, the relationship between two representations can (sometimes, at least) be represented in the formal language of the system. In logical terms, a representation class is a theory, with the world it represents as one of its models. T o define the relationship between two representation classes, we make a single combined theory˘ a single combined representation class ˘ which includes the constants, relation types and axioms of both theories, modified if necessaryto avoid clashes of names. T he combined theorycan also include additional constants and relation types, and it certainlyincludes additional axioms which define the relationship between the two representations.

As an example, here is a verysimple representation class for a key, followed bya combined representation class which naivelyassumes that a piece is in a particular keyif it uses onlythe notes of the scale of that key (including the ascending and descending melodic forms for minor keys).

Key representation class

Constants pitch_class: modulo ( 12) mode: { major , minor }

Relation types tonic( pitch_class ) mode( mode ) /* a key is expressed by its tonic pitch class and its mode */

Axioms tonic(X) Ù tonic(Y) ® X=Y.

mode(X) Ù mode(Y) ® X=Y. /* there can be only one tonic and only one mode */

Naive melody/key combined representation class

Uses class melody

Uses class key

Uses class modulo(12)

Axioms tonic(T) Ù mode(major) ® ~( $ X)(pitch_class(X, P) Ù (sub(P, T, 1) Ú sub(P, T, 3) Ú sub(P, T, 6) Ú sub(P,

T, 8) Ú sub(P, T, 10)).

/* if the mode is major, there can be no notes 1, 3, 6, 8 or 10 semitones above the tonic */ tonic(T) Ù mode(minor) ® ~( $ X)(pitch_class(X, P) Ù (sub(P, T, 1) Ú sub(P, T, 4) Ú sub(P, T, 6)).

/* if the mode is minor, there can be no notes 1, 4, or 6 semitones above the tonic */

T he first three lines of the combined representation class definition state the classes which are combined, and effectivelyinclude their definitions in the combined theory. T his combined class also makes use of a theorynot defined here which gives access to arithmetic functions for integers modulo 12. Note that the two axioms are implications fromthe keyto the melodyand not the other wayaround. T his means that a particular passage of music does not necessarilyhave a key. MT T is intended to implement a kind of modal logic, which includes concepts of possibilityand necessity, and a ^possible worlds~ metaphor.

^Necessity~ means that something is definitelytrue or false. Something is ^possibly~ true if it is not necessarilyfalse. In the case of this combined theory, we can ask if a particular keyis a possible interpretation of the keyof the melody. Since the set of keys is finite, we can also ask if the keyis the only possible interpretation. At the present stage of design, possibilityand necessitycan be handled in top-level queries, but mechanisms for incorporating possibility into axioms have yet to be designed.

3. Examples

3.1 Krumhansl´s key-finding algorithm

As a more sophisticated example, here is an example of a combined representation class which presents

Krumhansl´s key-finding algorithmin formal logical terms. T he essence of the algorithmis to determine the pitch-duration-profile for a passage of music, i.e. to find the sumof the durations of all notes of each pitch class, and to find the ^ideal pitch profile~ which most closelymatches this. (T he details of the arithmetic of computing the correlation between the observed pitch profile and the ideal profiles for each keyare not presented here.) A particular tonic and mode will be defined except in the case that there is more than one pitch profile with exactly the same correlation.

Krumhansl melody/key combined representation class

Uses class melody

Uses class key

Uses class sets

Uses class real numbers

Constants correlation_index: real pitch_profile: á rational, rational, rational, rational, rational, rational, rational, rational, rational, rational, rational, rational ñ duration_set: set(duration)

Relation types set_of_note_durations(pitch_class, duration_set)

/* the set of duples of á note, duration ñ of notes with a particular pitch class */ total_duration(pitch_class, rational)

/* the sum of all the durations of notes with a particular pitch class */ pitch_profile(pitch_profile)

/* the profile of durations for each pitch class */

C_major_pitch_profile(pitch_profile)

C_minor_pitch_profile(pitch_profile)

/* the ideal pitch profiles for C major and C minor */ profile_rotation(pitch_profile, pitch_class, pitch_profile)

/* the last argument is the pitch p rofile found in the first argument rotated so that if the first argument began at C, the last argument begins at the pitch class in the second argument */ profile_correlation(pitch_profile, pitch_profile, correlation_index)

/* the last argument is the degree of correlation between the two profiles */

Axioms

C_major_pitch_profile(6.35, 2.23, 3.48, 2.33, 4.38, 4.09, 2.52, 5.19, 2.39, 3.66, 2.29, 2.88).

C_minor_pitch_profile(6.33, 2.68, 3.52, 5.38, 2.60, 3.53, 2.54, 4.75, 3.98, 2.69, 3.34, 3.17).

/* data fro m [Krumhansl & Kessler 1982] */

( $ S)set_of_note_durations(P, S).

/* there is a set of note/durations for every pitch class */ pitch_class(X, P) Ù duration(X, D) Ù set_of_note_durations(P, S) « á X, D ñ Î S.

/* There is a member of the set of note/durations for pitch class P for every note with that pitch class.

The member is a duple of the note entity and its duration. */ set_of_note_durations(P, S) Ù sum_of_second_elements(S, T) « total_duration(P, T).

/* the total duration for a pitch class is the sum of t he second elements of the tuples in the corresponding set of note/durations */ total_duration(0, D0) Ù total_duration(1, D1) Ù total_duration(2, D2) Ù total_duration(3, D3) Ù total_duration(4, D4) Ù total_duration(5, D5) Ù total_duration(6, D6) Ù total_duration(7, D7) Ù total_duration(8, D8) Ù total_duration(9, D9) Ù total_duration(10, D10) Ù total_duration(11, D11) « pitch_profile( á D0, D1, D2, D3, D4, D5, D6, D7, D8, D9, D10, D11 ñ ).

pitch_profile(PP) Ù C_major_pitch_profile(CMPP) Ù C_minor_pitch_profile(CmPP) Ù pitch_profile_rotation(PP0, P1, PP1) Ù pitch_profile_correlation(CMPP, PP1, C1) Ù

~( $ P2)(pitch_profile_rotation(PP0, P2, PP2) Ù pitch_profile_correlation(CMPP, PP2, C2) Ù C2 ³ C1)

Ù ~( $ P2)(pitch_profile_rotation(PP0, P2, PP2) Ù pitch_profile_correlation(CmPP, PP2, C2) Ù

C2 ³ C1) ® tonic(P1) Ù mode(major).

pitch_profile(PP) Ù C_major_pitch_profile(CMPP) Ù C_minor_pitch_profile(CmPP) Ù pitch_profile_rotation(PP0, P1, PP1) Ù pitch_profile_correlation(CmPP, PP1, C1) Ù

~( $ P2)(pitch_profile_rotation(PP0, P2, PP2) Ù pitch_profile_correlation(CmPP, PP2, C2) Ù C2 ³ C1)

Ù ~( $ P2)(pitch_profile_rotation(PP0, P2, PP2) Ù pitch_profile_correlation(CMPP, PP2, C2) Ù

C2 ³ C1) ® tonic(P1) Ù mode(minor).

/* if the correlation between some rotation of the pitch profile with the ideal profile for C major (or C minor) is greater for this rotation than for any other and greater than the correlation with the ideal profile for C minor (or respectively C major) for any rotation, then the tonic is the pitch which produced this rotation and the mode is major (or respectively minor) */

3.2 Longuet-Higgins´s key-finding algorithm

As a second example, a formal logical expression of the algorithmdescribed byLonguet-Higgins [1979] is given. T his operates on a principle of starting on the assumption that the first note is the tonic or dominant, and then adjusting the interpretation of keyso as to avoid sequences of two or more intervals which are chromatic in the current keyinterpretation (e.g. C to C sharp in C major). T he mechanismfor determining whether the mode is major or minor is not included. T he algorithmwas reallyintended to track the shifting keyof a piece rather than find a particular key, but in order to make possible comparisons with Krumhansl´s algorithm, a final axiomnot derived fromLonguet-Higgins is included which identifies the keyof the piece as the interpretation at the last note, provided all the previous notes also meet the rules with respect to chromatic intervals in this interpretation.

Longuet-Higgins melody/key combined representation class

Uses class melody

Uses class key

Uses class integers

Uses class modulo(12)

Relation types pc_sharpness_in_key(pitch_class, pitch_class, integer)

/* the ^sharpness~ of the a pitch_class in the context of the ^extended key~ of the second argument */ tonic_at_note(entity, pitch_class)

/* the tentative interpretation of key up to the note of the first argument */ chromatic(modulo(12))

/* identifies intervals which are ^chromatic~ by Longuet-Higgins definition */

Axioms pc_sharpness_in_key(P, K, S) « modulo(12):add(K, 1, K1) Ù modulo(12):sub(P, K1, I) Ù modulo(12):mult(I, 7, S).

/* The ^sharpness~ is the number of fifth-steps up from the note a semitone above the tonic. (This gives a range 0˘12. Longuet-Higgins actually defined it slightly differently with a range of -5˘6, but the effect is the same.) */ chromatic(X) « X>6 Ú X<-6.

first_note(X) ® tonic_at_note(X, X).

precedes(X, Y) Ù first_note(X) Ù (pc_sharpness_in_key(Y, X, 0) Ú pc_sharpness_in_key(Y, X, 1) Ú pc_sharpness_in_key(Y, X, 4) Ú pc_sharpness_in_key(Y, X, 8)) Ù integer:sub(X, 7, T) ® tonic_at_note(Y, T).

precedes(X, Y) Ù first_note(X) Ù ~pc_sharpness_in_key(Y, X, 0) Ù ~pc_sharpness_in_key(Y, X, 1) Ù

~pc_sharpness_in_key(Y, X, 4) Ù ~pc_sharpness_in_key(Y, X, 8)) ® tonic_at_note(Y, X).

/* These two axioms reflect Longuet-Higgins´s rule about whether the first note should be interpreted as tonic or dominant. */ precedes(X, Y) Ù precedes(Y, Z) Ù tonic_at_note(Y, Ty) Ù pc_sharpness_in_key(X, Ty, Sx) Ù pc_sharpness_in_key(Y, Ty, Sy) Ù pc_sharpness_in_key(Z, Ty, Sz) Ù integer:sub(Sy, Sx, Ixy) Ù integer:sub(Sz, Sy, Iyz) Ù chromatic(Ixy) Ù chromatic(Iyz) Ù (Sy<4 Ù add(Sy, 1, Sy1) Ú Sy=12 Ù

Sy1=-1 ) Ù modulo(12):mult(Sy1, 7, Tadj) Ù modulo(12):add(Ty, Tadj, Tz) ® tonic_at_note(Z, Tz).

precedes(W, X) Ù precedes(X, Y) Ù precedes(Y, Z) Ù tonic_at_note(Y, Ty) Ù pc_sharpness_in_key(W,

Ty, Sw) Ù pc_sharpness_in_key(X, Ty, Sx) Ù pc_sharpness_in_key(Y, Ty, Sy) Ù pc_sharpness_in_key(Z, Ty, Sz) Ù integer:sub(Sy, Sw, Iwy) Ù integer:sub(Sy, Sx, Ixy) Ù integer:sub(Sz, Sx, Ixz) Ù chromatic(Iwy) Ù chromatic(Ixy) Ù chromatic(Ixz) Ù (Sx<4 Ù integer:add(Sx, 1, Sx1) Ú Sx=12 Ù Sx1=-1 ) Ù modulo(12):mult(Sx1, 7, Tadj) Ù modulo(12):add(Ty,

Tadj, Tz) ® tonic_at_note(Z, Tz).

/* These two axioms reflect Longuet-Higgins´s rules about adjusting the current interpretation of the key in the light of sequences of chromatic intervals. */ precedes(X, Y) Ù precedes(Y, Z) Ù first_note(X) Ù tonic_at_note(Y, Ty) Ù pc_sharpness_in_key(X, Ty,

Sx) Ù pc_sharpness_in_key(Y, Ty, Sy) Ù pc_sharpness_in_key(Z, Ty, Sz) Ù integer:sub(Sy, Sx, Ixy)

Ù integer:sub(Sz, Sy, Iyz) Ù (~chromatic(Ixy) Ú ~chromatic(Iyz)) ® tonic_at_note(Z, Ty).

precedes(W, X) Ù precedes(X, Y) Ù precedes(Y, Z) Ù tonic_at_note(Y, Ty) Ù pc_sharpness_in_key(W,

Ty, Sw) Ù pc_sharpness_in_key(X, Ty, Sx) Ù pc_sharpness_in_key(Y, Ty, Sy) Ù pc_sharpness_in_key(Z, Ty, Sz) Ù integer:sub(Sy, Sw, Iwy) Ù integer:sub(Sy, Sx, Ixy) Ù integer:sub(Sz, Sy, Iyz) Ù integer:sub(Sz, Sx, Ixz) Ù (~chromatic(Ixy) Ú ~chromatic(Iyz)) Ù

(~chromatic(Iwy) Ú ~chromatic(Ixy) Ú ~chromatic(Ixz) ® tonic_at_note(Z, Ty).

/* These two axioms reflect the implicit part of Longuet-Higgins´s rules about chromatic intervals in that the tonal interpretation remains unchanged if the rules do not apply. */ last_note(L) Ù tonic_at_note(L, T) Ù ~( $ W)( $ X)( $ Y)( $ Z)(precedes(W, X) Ù precedes(X, Y) Ù precedes(Y, Z) Ù pc_sharpness_in_key(W, T, Sw) Ù pc_sharpness_in_key(X, T, Sx) Ù pc_sharpness_in_key(Y, T, Sy) Ù pc_sharpness_in_key(Z, T, Sz) Ù integer:sub(Sx, Sw, Iwx) Ù integer:sub(Sy, Sw, Iwy) Ù integer:sub(Sy, Sx, Ixy) Ù integer:sub(Sz, Sx, Ixz) Ù (chromatic(Iwx) Ù chromatic(Ixy) Ú chromatic(Iwy) Ù chromatic(Ixy) Ù chromatic(Ixz)) « tonic(T).

4. Implementation

MT T is being implemented in Prolog, which is a language which implements a kind of theorem-prooving in the restricted domain of Horn clauses. Although efficiencyis not the main concern of MT T , in an effort to arrive at a practical tool, normal Prolog resolution (basicallySLD resolution with Negation as Failure) will be used wherever logicallysound. In other cases, the theorem-proving mechanismemployed will be

SLI resolution [Das 1992], but without negation as failure. In order to distinguish places in processing where SLDNF resolution can be used fromplaces where it cannot, one or more representation classes must be designated as ^input~, and certain restrictions must applyto the use of its relations in order to preserve consistency. T he ^closed-world assumption~ will applyto these relations. (T his is in keeping with the intention of modelling a computing system; the input devices are considered to give sufficiently complete information about the environment for processing.) T his information might enable the closedworld assumption, and SLDNF resolution, to be applied to other relations also. Mechanisms are also planned to recover fromloops, and to know when the overheads of this are not required because loops are impossible [Brough & Hogger 1986], and to delaysubqueries whose arguments are insufficiently instantiated (e.g. arithmetic queries) [Naish 1985]. Negative information in the case of non-closed relations will be explicitly represented, with an appropriate consistency check.

5. Discussion and future developments

Krumhansl presents a comparison of the performance of her algorithmwith other key-finding algorithms

[Krumhansl 1990:77˘120], including an earlier version of Longuet-Higgins´s algorithm, so achieving some of what an implementation like this in MT T would set out to do. However, her results depend on the comparison of her own tests with published results of others. Although she could applyher algorithmto the same music as others had used, she was not able to test others´ algorithms on anynewdata without a reimplementation of their algorithms, which would have been difficult and time-consuming. Furthermore, if another algorithmwere found to performbetter than her own, it would be difficult to determine what changes were necessaryto her algorithmin order for it to performas the other had done, because the language in which the two were expressed was so different.

T his kind of comparison of theories, through the results of their application, is a kind of ^model-theoretic~ comparison. More ^proof-theoretic~ comparisons should be possible also, comparing different theories through examination of the structure of their axioms. In this respect these two examples are not particularlyenlightening, but it is clear, for example, that Longuet-Higgins´s theoryis recursive through the definition of axioms for the relation I call `tonic_at_note´, whereas Krumhansl´s is not. (As noted, the example is not enlightening, because it was a principle of Longuet-Higgins´s procedure that it should base its determination of keyon the keyof the preceding music.) Formal comparisons directed towards implementation are also possible. T he relations of both theories can be demonstrated to correspond to functions in the direction from music to key, for example. T hus an implementation in a funtional manner is indicated to be possible. T he long conjunctions in some of the axioms of Krumhansl´s theorycan be shown to consist of independent terms whose satisfaction does not depend on the satisfaction of the others, suggesting a strategy for parallelisation. This is not the case in the Longuet-Higgins theory.

T hese kind of comparisons have been little explored, as yet, and are not the main objective of MT T .

Instead, MT T is envisaged as being a tool for application in areas where there is onlya poorlyexpressed theoretical model at present, and such a model can onlybe formed bya combination of formal analysis and application to test cases. Besides tonal theory, other possible areas of application are in formalising the measurement of similarityof melodies, theories of musical segmentation, and music notation (an area less understood than is often assumed). Most realistic applications will be considerablymore complex than the cases discussed above. Even a formalisation of more sophisticated tonal theories than those discussed, e.g. Schenkerian theoryor simplytonal theoryas presented in most harmonytext-books for that matter, would be more complex. Since predicate logic allows anyrelation of the appropriate language to be included in an axiomwith anyother relation, there is a real problemof potential explosion in the number and complexityof axioms when treating a larger theory. It is intended that the mechanismof representation classes should provide a discipline of segmentation of a theorythrough modularity. T his will probablyinvolve extension of the underlying principles of MT T to incorporate some analogue of the

^private~ and ^public~ distinction common in modular and object-oriented approaches, in order to impose the discipline of modularityand to facilitate its exploitation in implementation. Another possible future development is extension of MT T , either in software tools or in software development methodology, to allowa smooth path fromformalisation of theoryusing to MT T to functioning software. In particular, it is intended to allowthe integration of externallycompiled software with MT T so that parts of a theorycan be compiled and still operate with the other parts, or a previouslycompeted implementation of some other theory can be used in an extension or use of that theory.

References

[Brough & Hogger 1986] D.R. Brough & C.J. Hogger, T he T reatment of Loops in Logic Programming,

Research report DoC 86/16 Dept. of Computing, Imperial College of Science and T echnology, London,

1986.

[Das 1992] S.K. Das, Deductive Databases and Logic Programming , Addison-Wesley, Wokingham,

1992.

[Huron 1994] D. Huron, The Humdrum Too l kit; Reference Manual , Distributed bythe Centre for

Computer Assisted Research in the Humanities , Stanford University , CA, USA , 1994 . ( Humdrumis available by ftp fromarchive.uwaterloo.ca in directoryuw-data/humdrum, or fromthe Centre for

Computer Assisted Research in the Humanities .)

[ Krumhansl 1990] C.L. Krumhansl, Cognitive Foundatio n s of Musical Pitch , Oxford UniversityPress,

New York & Oxford, 1990 .

[Krumnhansl & Kessler 1982] C.L. Krumhansl & E.J. Kessler, T racing the dynamic changes in perceived tonal organization in a spatial representation of musical keys, Psychological Review , v .89 , 1982 , 334 ˘ 368.

[ Longuet-Higgins 197 9] H.C. Longuet-Higgins, T he perception of music, Proceedings of the Royal

Society, London , v.205, 1979, 307˘322 .

[Marsden in press] A. Marsden Computers and the concept of tonality, In J.T . Coppock (ed.) Information

Technology and Scholarly Disciplines , British Academy, London, in press.

[Naish 1985] L. Naish Negation and Control in Prolog , Springer-Verlag, Berlin, 1985.

[Winograd 1968] T . Winograd , Linguistics and the computer analysis of tonal harmony, Journal of Music

Theory , v .12 , 1968 , 2-49.