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Abstract

This papcr proposcs somc clucs for a formal franework for reprcsenting and manipulat-

ing knowlcdgc about musical pcrccption. Our purpose is to sct up a pcrception modcl

that will enable us to simulate the behaviour of an agent in listcning situation. It will

lcad to produce an 'Intclligent" reprcscntation of a piocc of music. We apply oursclves

hcrc to characterizc intcrvention of Timc in thc musical pcrception in initiating a formal

conparison between scveral modcls. Reasoning within a classical time logic suPPoscs to

takc a priori timc as a cause to dcscribc the naturc of knowledgc. Our approach consists

in supposing that thc structurc of knowlcdgc a postertori inforrrs time; thus thc naturc of

timc is a consequence of the interprctation of events. This means wc have to distinguish
(Jniversal TTme from a bunchof Mu sical frmes. We focus on some auditivcs illusions for

their capacity to show particular properties of Musical Time.

Keywords: Time perccption, Tcmporal Knowlcdgc rcprcscntation, formal models, forms,
simulation.

L Cognitives Hypothesis on a Music Perception Model

Our work is articulated around thc notions of..forms andforms carrying dimensions. Such

notions enablc us to manipulate abstract structures of lorcwledge organizcd thcmselvcs in

more complex structurcs of cvcnts. Wc will exposc thc cogrritives laws uscd to modelize

thc acquisition of such a knowlcdgc. The dynarnic Process of listening is what we want

to simulate at the end. Wc will bricfly talk about it, but in thc context of this Paper we arc

not concerncd by its dctailed study. We arc morc concerncd into precising thc nature of

pcrccived time during listcning.

1.1 Tbrminotogt

Listening music constists in claborating amcntalpicture of thc rcal world into aperceptive

universe (Pctitot, 1988): so wc havc to givc a fornal rcpresentation of that picture. In that

way, we distinguish wo levcls of interptctation:
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. thc first onc consists in dmoting thc rcal world's phcnomcna by somc musical
event s, and idcntifying fo rms.

r Thc second one consists in organizing dcnotcd elcments according to some princi-
plcs of causality. That is thc dynanric proccss which lcads to recognize a piccc of
music.

A form is a symbolic representation for a rccursive configuration of other fomrs, or sim-
ply for a contgurati on of masical events. Its depends on a particular listcner. It can
bc a melodic linc, a cadence, elc.

A nasical evenf reprcsents an atomic perceivcd evcnl for instancc a note, achord, etc.

A ilimensîon coresponds to a physical continuum, discretized for the pcrccption require-
mcnts. This continuum is rcduccd to a scale of own valucs, discrctes or temPffatcs,
ordercd or prc-ordcred. Four prcpondcrant dimensions arc the subjcct ofintcnsivc
rcscarchs: Pitch, Duration, Tîmbre and Intensity. For each of thcm corresponds a
sort of rclation : pitchs intervals , timbres vectors , duration ptoportions and intensity
variations. A dimension is carrying fonns if it allows thc tstcncr both to idcntify
and to intcrprctc thesc fonns (McAdams and Dcliègc, 1988).

1.2 Cogpitives Laws

The litentifæation of forms takes place according to a preference criterton, essentially
bascd on both principles of contrast arrd similitude. This critcrion csscntially mcans
a degree of similitude bctween cvents. Groupings that yicld forms are ccmcnted by
the similitude principlc whercas thcy are dclimitcd by thcir diffcrcnccs, ie by thc
principlc of contrast. In other words thcrc arc two laws involved into thc proccss of
idcntification:

Law 1 (of assimitation) Events which have a weak d.gr". of similihrde arcund a rcfer
cnce value are assimilated within the same starnp, i.e. a form" This is done in such a way
tlrnt the number of these stamps is minimized.

Iaw 2 (of contras$ Perceived contrasts among events are surestimated and rePresent

frontiers anw,ng stamps, i.e. forms.

For instance, onc obscrves that rhythm grouPs arc dclimitcd by changcs of
rcgistcr,ofvolume,oftimbre, of frt,etc. Onc joinshcrethcgencralprinciples
of similitude and proximity formalized by Lcrdhal and Jackcndoff (1983).

In ttre light of these laws onc can assimilatc a musical formto the em.ergence of its contour.
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1.3 fime and Music Percepfion

The introducltonof acontour emergence lcads us to talk about dyzamic interpretationand

anticipation schema. This way rve are ablc to justify the intcrprctation of timc adopted so

far.

13.f Listening Dynamic

Dynamie interpretation constitutes the sct of proccssc used by the listcncr to cstablish

and to modify the interaction rclations among musical forms. We do not cnter into

dctails here.

Anticipation schema represents the background knowledge of the listcner, learnt from

cxperiencc. It is activated by incoming events and is rcvealed by constraints for-

mulation on the perceived relations among musical fonns. Thc naturc of thcse

relations is conditionncd by somc infcrencc mccanisms which allow to constitutc

dynamically a vocabulary as lisrcning procccds. Typically the discoursc dynamic

is bound to an idea of directed motion; a givcn value implies by anticipation to bc

succcedcd by another one. Thus arc obtained îension md relaxntion, or implication

and realisation schcmata.

13.2 Time Perception: Characteristics and Properties

Time interytretation is habitually takcn as a cause whcn dcscribing the nature of knowl-

edge. Our approach is radically differcnt, and consists in assuming that the nature

of time is a consequence of thc knowledgc structure, i.e. the interpretation of events.

So we distinguish Universal. Time ftom Musical Time. Whereas Univcrsal Timc is

fiee of any listencr and/or perccivcd phenomena, Musical Time is interprcted by the

listcner (d.e. dcpends on pcrceived auditory evcnts). Thcn, giving a symbolic rcp-

rcscntation of thc perceived forms will consists in dcscribing the naturc of Musical

Time. Note that Musical Time

o is not inexorable, in such a way that rcversc, cycles, Knowlcdge Basc alùer-

ations, etc. are authorizcd.

o is not ineluctable since it proceeds from an anticipation schema.

Assumption L In listening situationMusical Timc rs ramified toward the past and toward

thefuture.

In litærature (Van Bcnthem, 1983; McDermott, 1982) ramification of time toward the
futurc is more frcqucnt than rarrification back to thc past. Neverthelcss Kunst (1978) and
latcr I-cman (1988) and Rognin (1997) used a ramification back to thc past to forrralize
thc part takcn by memory in the comprehcnsion of music. In thc continuation of thcsc
works, lvc tuc mainly conccrncd with a logical approach.
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1.3.3 Formal Cognitives ConstraintsAdopted

We assume thc rcstrictions below for the Perceptian Model'.

1. Thc position of an cvent is always Lnown relativcly to another one, ie in a particular

context. Notions of datc and duration as usually used are not relevant. For examplc,

we do not pcrccive that"theme is going onfor 15 sec.", ot "the theme is exposed

between t1 and t2".

Under the two cognitives laws positions can only bc dcscribcd using szccession and

superposition.

The law ofcxcluded middlc docs not conespond to any cognitive rcality and hcncc

should be avoidcd. The problcm is related to the status of ncgation in standard

logics. Its interpretation leads to a susPcct musical mcaning and its study will be

evoked further in the paper. ttry'e assume here that a negative proposition is neccs-

sarily associatcd with a time pcriod, and is intcrpreted as "during this time period

the proposition is not perceived'.

13.4 The Perceptive Franework

Wc introduce the notion of Perceptive Framcwork in order to bc satisfy the consffaints

givcn above.

Definition I The musical erwironment perceived fo a listener is represented in a multi-

dimensional space such that:

o At least [Jniversal time is one of the dirnensions,

o other dimensions are carrying forms

Each dimension is associated with adom.ain of values and a given relation of

precedence. This framework allows to reprcscnt €vcnts such that thcy can be valuated

and compared each others.

2 Models and Formalisms Studied

2.1 Shoham (19EE)

2.1.1 Classicsl Logic of Time Intervals

The formalism is bascd on propositional calculus (the cxtension for the first ordcr logic

is straightforward). A primitivc well-fonrred formula is a pair (i, p), whcrc i is an

inrcrval symbol (i.e. a pair (t1, t2) where the t;'s are time-point symbols) and p

is a primitivc prcpositional symbol. Thc relation symbol < (partial order) denotes

rcmporal prccedencc. On thc scmantic sidc, a formula TRUE(t1, t2, p) is true if and

only if (iff) thc proposition p is true on the rime intcrval (tr, tz) Qeified logic).

2.
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Ontologr (Shoharn, 1988, pp. 47-5L) makes distinction among different kinds of propo-
sitions by spccifying how the truth ofthc proposition over one intcrval is rclated to
its truth over othcr intervals . For example, a homogcneous proposition is true of
an intcrval iff it is true over all its propcr subintervals. Shoham consftucts a cate-
gorization of proposition types that is richer and morc fexible than the factlevent
dichotomy or the propertyleventlprcess Allen's frichotomy (Allcn, 1983).

Limits. Logic is time points based but allows reasonning about intervals. Time is linear
and acyclic (thc rclation of prccedcncc is partial ordcr). We are not compclled to
makc any distinction bctween temporal behaviours when we have no necd for it.
And whcn we do necd to categorize temporal propositions, wc havc thc ability to
do so in as fine a grain as we wish to, unconstrained by any fixcd catcgorization.

2.1.2 Modal Logic of fime Intervals

The formatism (Shohan, 1988, pp. 52-70) is based on proposilional calculus, aug'
mentcd by scvcral modal op€rators. An intcrval is associatcd with an assertion,
not through the syntax, but through the semantics: a formula makcs no mcntion of
time, but is intcrprctcd indcpendcntly over differcnt time intcrvals. Thc notion of
the current intemal is implicit: it is thc intcrval rclative to which thc asscrtion is
intcrprctcd. Since the twclve rclations are not indcpendent ofone another, it turns
out that it is sufÊcicnt to dcfine threc pairs of oPerators'

Limits. Thc fomral mcaning of thc symbols is a very intuitivc one, but Shoham argues
that classical logic is strictly more expressive than modal logic'

2.1.3 Monotonic Logic of Temporal Knowledge (IIi)

The fonnalism (Shoham, 1988, pp. 102-105) is based on the one of the propositional
classical intcrval logic (cf. É2.L.1), augmcntcd by thc modal oPcrator tr. The logic
of temporal lcnowledge (or thc logc TK) is a logic of lnowledge of temporal in-
formation. By this, Shoham mcans that what is lnown has a tcmporal asPcct to
it, rattrcr than thc fact ttrat knowledge changes over time. For scmantics, a Krtpke
interpretation is a sct of infinite 'parallcl" timc lincs, all shating the sane inter-
pretation of timc: a "synchroniz-e,t' copy of the integcrs. Each world dcscribcs an
entire possiblc course of thc universc. Hencc ovcr the samc time inærval, but in
differcnt worlds, different facts are tnre. An (S5) structure with a fixcd interpre-
tation of time across worlds is assumed. Thcreforc the possiblc worlds form onc
big equivalencc class, and sincc thc set of all worlds can bc equated with thc set of
accessiblc oncs, cxplicit mention of an accessibility relation is unnccessary.

Limits. Timc is rarnified, since there are more than one time line. 'I}ae law of acluded
middle is satisfied; ncvcrthelcss both a proposition and its ncgation can hold on the
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same timc intcrval, but in diffcrent worlds. Therc is no possiblc intcrscction among
differcnt time lincs.

2.1.4 Nonmonotonic Logic of ïhmporal Knowledge (C4

Theforunlism (Shohan, 1988, pp. 102-118) of thc logic of chronologicalignorance
(or thc logic CI) is thc same as thc fomralism of thc logic TK, associated with
a prefcrencc critcrion on Kripkc structures, called chronologically more ignorant.
Intuitivcly, a modcl M2 is chronologically smaller in ,9 (a sct of primitivc proposi-
tions) than a model Mr if, for all propositions is ,9, thcy 'up:u' up to a certain timc
point fs, and at tq Mt has information about a proposition in ,S, that M2 does not.

Limits. Thc minimization criterion can only bc applied on a finits set of propositions,
bccausc of the law of excludcd middlc.

2.2 Nlen(19E1)

The Fonnalism- \\e Interval Calculus, so callcd by Ladkin (1987), is a calculus of time
intervals such as dcfinedby Allen (1981), for the rcprcsentation of tcmporal lnowl-
edgc. Allen introduce seven relations (and their inverscs) that completely charac-
tcrizc how two time intcwals could bc relatcd. Thc thirtecn possiblc rclationships
bctwecn intcrvals can bc defiacd in tcrms of one of them (MEETS). A set of five
basic axioms is given. Allen and Hayes (1985, 1987) refonnulated the calculus as
a formal theory in first-order logic. Ladkin (1987) showcd that the thcory of Allen
and Hayes is decidable, and that one of the axioms (Existcntial M5) is redundant.

The limits. The interval-bascd theory of time is bascd on our intuitions about pcrccption
of time: most of our temporal knowledgc is introduccd without explicit rcfcrencc
to a date or a duration. A consequence is that often the prccise relationship bctwecn
intervals is not lnown. A complex relation is a disjunction of primitivc relations.
It is intcresting to remark that Allcn proposcd an algorithm based on incremental
constraint propagation, uscd as an exaurplc for natural languagc comprehcnsion
and problcm solving. The constraints are dcrivcd from the disjunction betwccn
primitivc rclations and transitivc properties of the primitive rclations.

2.3 Chemillier (l9E7ao f987b)

The formslism is algebraic, based on a frce monoîd ,4*, secn as a sct of masical se-
quences. A musical scqucncc is formulated as an ordered sel of notcs, and thus
can be assimilated to an intental. Chemillier wants to formalize both thc hori-
zontal and vertical organisation of music. So he introduces only two operators:
concatenation and superposition. The superposition of thc two musical scqu€nocs
u and a, notcd u ll u, dcscribcs thc union of primitivc clcmcnts of u and u;
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nizability, for parts and superposition of parts. He presents some algorithms and

automata.

The limits. All the primitive clemcnts in a sequencc havc got the same dutation. Thc
op€rator of superposition docs not ca.re about any vertical ordcr anong prirritivc

elements.

2.4 Wiggins and al. (19EE)

The formalism. Wiggins, Harris and Smaill (1988) proposc an absftact represcntation
for music. Thcy formalise a mcthod of representing music that makes it patticularly

straightforward to write programs that manipulatc musical structures. They suggest
a set of abstract data structures, namcly events, streams, slices andcollectionswhich
ca be flexibly combined dcpending on thc user's nceds. Evcnts are dcscribed by
components corrcsponding with thrcc dim ensions: pitch, timbre md duration Thry

are manipulated in a hierarchical structure, similar to the TTrees of Diencr (1988).

Streams allows horizontal dcscription (like scqucnces) and .r/l'ce.r allows vertical
dcscription (likc supcrposition). lrl/iggins and al- illustrate a cognitivc modcl of

rhythm understanding, originally due to Stecdman (1973).

The limits. This Wiggins and al.'s paper is not about a particular piece of software, a
particular programming language or a particular type of musical analysis. Therc is
a host of ways and computer languages in which a piecc of music may be describcd

to make it acccssiblc to computer manipulation, and thc more often programs using

differcnt descriptions are incompatiblc. Thcy propose somc bases on which one

can build up higher-levcl hierarchical representations, availablc for thc purposcs of

analysis or manipulation.

2.5 Balaban and Murray (f9E8, 19E9)

2.5.1 The language of fime Structures

The formali-sm. The logical frame of the languagc of Timc Structures (or languagc of

TS) is bascd on first-order logic. This rcprcsentation languagc combines atcmporal

objccts (r.a domain elemcnts that, viewed in isolation, are durationlcss) with timc

stamps in a hierarchical fashion. Thc syntactic unit is called a time structure; it

residcs in thc logic as a lerm. Each time sffucturc dcscribes a chronology of events,

which can play thc role of a 'world' in a modal logic. Timc structurcs are denoting

histories inthc domain of discoursc. The temporal world described has no absolute

time line.It is built ftom atemporal objects that, whcn combined with timc points,

fomr histories. Histories can be combined togcther to form morc complex histories.

Each history has its own ptivat time line. Thc domain of discoursc contains a sct
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of tcmporal objccts calleÀ, time points, ttx is totally ordered and that contains an

obj€ct caflcd Zcro. A distinction is madc bctween object, actions, andprocesses not

by means of distinct typcs, but through the temporal behavior of such entities rcp-

rcscntcd as histories. To summarizc, atemporal knowledge is always represented

and marripulatcd within a particular context. The stnrcture o(lp,6l,t,ts) denotes

the history {((d,d'), d)} in thc contcxtual history dcnotcd by ts, wherc d, d, nd

t' arc the dcnotations of p, d, and t, respectivcly, and r the opcrator of temporal con-

catcnation. It mcans that"the atemporal object p accurs at the date t for a duration

d, in the context ts" . Thc opcrator of tcmporal concatenation can be replaced by the

both of thc horizontal concatenation and thc vertical cotrcatenation, that arc morç

meaningful for a musical application.
Semantics include a first ordcr logic scmantics, within type restriaions. The prin-

ciplc axiomatic tcmporal relation is the completion af a time structure over a givcn

intcrval within a context timc structurc. Thc notion of complction is similar to thc

TRLIE notation of Shoharn (1988). It is uscd to dcfinc additional temporal rclations,

and to classify temporal bchaviors of timc structures.

Nonmonotonic features. Since terms can be ordercd, a preference criterion on that or-

dcring can bc cnforce. In this way, thc Shoham's chronological ignorance is sim-

ulatcd by a predicate. Balaban and Muray proved that the Shoham's classical in-

terval temporal logic can be translated into the timc structures logic, and that the

translation prcserves satisfiability, and logical implication. We extended thc trans-

lation for the Shoha.ur's modal logic of timc intervals. Proof is omittted and can bc

found in (Prost, 1997).

The limits. Bccausc of thc particular axiomatic associated with the cncoding of tcmporal

knowledge, the law of thc cxluded middlc docs not hold in any of thc "worlds".

The contcxt-dependent manipulation of the time stmctutes is a very intuitive one

for applications to the domain of music perception. The axiomatic allows only

infercnces conccrning objects in thc samc context. It would be useful to bc able to

compaxc knowlcdgc in different contexts.

3 Models evaluation

This cvaluation is just at the beginning and is a part of a work in progress. At the end,

a treillis of thc most important tcmporal modsls would be a satisfying result. Thc figure

below illustrarcs a first cvaluation.
Legend:
Formalisms:

(CT) Classical Logic of Time Intcrvals (Shoharn, 1988)
(TK) Monotonic Logic of Temporal Knowlcdgc (Shohatn, 1988)
(CD Nonrnonotonic Logic of Temporal Knowledge (Shoham, 1988)
(M) Modal Logic of Timc Intervals (Shoham, 1988)
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(Al) Inærval-based Thcory of Allcn (Allcn, 1981)
(Ch) Algcbraic Languagc Arormd aFrec Monoïd (Chcmiilicr, 1987a, 1987b)
(TS) Logic of Timc Sfir,rcturcs (Balaban and Murray, 1988, 1989)
(V) O-syntor (Intcrval-based thcory like Allen's one, enouhced in thc samc timc) (Vec-

chionc, 1988)
Comparison critcria:

Syntac{cal ontologr : differcnt kinds of objccts characterizc diffcrcnt kinds of tcmporal
behaviour.

Algebraic trnguage
Reifted logic : logic that fcature "rcificd" asscrtions, i.e. asscrtions that appear to

be argumcnts of somc 'lredicate" such as TnUE.
Dates
Duration

: logic that usc timc-points, as syntactic 'nit or scrnantic'mits.
: ld. forduration.

Intewals : Usc of timc intcrvals as syntactic units.
Allents relations : Explicitly usc of thc thkteên possible rclations betwecn intcrvals.
2 rdations only : Usc of only thc two rclations superposition and succession to describc

intervals conf guration.
Horizontal symetry : Usc of horizontal symctry properties
Vertical symetry : Use of vcrtical symetry properties
Eierarchical strucûrre : Possible usc of hierarchical stnrcturcs to manipulatc thc temporal

lnowlcdge.
Includcd middle : No respect of the strong law of excluded middle

Figure 1: Charactcristic propcrties of the temporal modcls studicd

285



4 An Example of Auditive Illusion Recognition

We ars interested in some auditives illusions for thcir ability to show the particular proPer-
tics of Musical Timc. Such a study cnablcs us to illustratc thc most important hypothcsis
formulated on our model of music pcrccption. It also allows us to illustratc sorrc prob-
lems of non-classical logics such as paradoxes, theory rcvision, Knowlcdge Base updatc,
efc. This examplez consists in a scquencc ofnotes playcd in alternancc bctwcen a low
rcgister and a high registcr by only onc violin. Illusion lics in ttris, that thc two distinct
mclodic fonns arc perceived simultaneously, as if thcy wcre playcd by two distinct in-
strumcnts. Wc propose an algorithm to simulatc thc rccoenrition of this two supcrposcd
fonrrs.

Psæived a go

sperpoôod fm

Figurc 2: An Examplc of Auditivc Illusion

4.1 The Forms ExtractionAlgorithm

Each fomr's contour coresponds to a set of valucs, built as listcning-in procceds.

Step I Each of thc two first contrasted values constitute a refcrencc valuc for a sct.

Step 2 Each pitch is framcd by two valucs among these beforc.

Step 3 Each pitch is assigncd to a set:

r eithcr the two frame values bclong to the sarne set

r or the two franrc values belong to differcnt sets; in this casc the nearest valuc is
chosen.

This algorithm is not rcally intercsting for itsclf, but mcrely is an illustration of what kind
of treatment we might expcct from a "listcning machine". We arc using the language of
TS for a first simulation. One of the most important problem encountercd is thc intro-
duction of thc notion of musical timc. More prcciscly, the problem is that wc rvant to

2lssucd from Bach's Partitas and Sonatas forvblin.
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' , È - - j  t . - ,  i  i - r - -

:  i  - - l  i  I  i

i i r i l i i i i i i l i i i i i i t i i i i
' : : ' :

: l Ê l  , l

i  i l ; i l i  i r i l i l i i . r i H i
i i i l i l i l l l l ' i l i i l i l i i l l i
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I
be ablc to manipulate, in a same franework, both thc representation of an objcct and thc

rcprcscntation of its pcrccption. Clcarly, thcsc two represcntations must bc diffcrent. So
wc have to formalize the use of more than one refcrential time. A theoretic solution is
to use differcnt contexts. In the casc of our example, each set contains, at thc end of the
algorithm, a scqucncc of pitchcs, where "silcnces" among pitchcs are omittcd. In order
to manipulate thc sarne atemporal knowlcdge in differents contexts, wc have to formulate
new axioms anùor infcrcncc rulcs.

5 Conclusion

In this paper, we initiate a formal comparison amohg some temporal models, and give

some critcrions for such a comparison. Wc also proposc to formalizc a logical framework
for a cognitive model of music perception. Rcgarding future work, we want to study
axiomatic and inferencc rules for thc languagc of TS, in order to introducc rcasonning
about knowledgc in more than one context.

Anothcr direction for futurc researchs conccrns the formalization of the forms carrying

dimcnsions. We also want to study thc importance of "verticality" in the description of
intcrvals. Specitcaly, we want to rcplace cquality with supcrposition in the aniom M4 of

the theory of Allen-Haycs (1985, 1987) (this a:riomensurcs unicity of an intervalbetween
two datcs).
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