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Preface

The formalization that 1 attempted in trying to recenstruct part of the
mnsical edifice ex nihilo has not used, for want of time or of capacity, the
most advanced aspects of philosophical and scientific thought., But the
escalade is started and others will cortainly entarge and extend thenew thesis.
This boak is addressed to 1 hybrid public, but nterdisciplinary hybridiza-
tion frequently produces superb specimens.

I could sum up twenty years of personal cfforts by the progressive
filling in of the following Table of Coherences. My musicul, architectural,
and visual works are the chips of this mosaic. 1t is like a net whosc variable
lattices capture fugitive virtualities and entwine them in a multitude of
ways, This table, in fact, sums up the tue coherences of the successive
chronological chapters of this book, The chapters stemmed from mono-
graphs, which tried as much as possible to avoid overlapping.

But the profound lesson of such a table of coherences is that any
theory or sohition given on one level can be assigned 1o the solution of
problems on another level, Thus the solutions n macrocomposition on the
Families level {programmed stochastic mechanisms) can engender simpler
and more powerful new perspectives in the shaping of microsounds than the
usual trigonometric {periodic functions can, Therefore, in considering
clonds of pomts and their distribution over # pressure-time plane, we can
bypass the heavy hiarmonic analyses and syntheses und crente soumds that
have never before existed. Only then will sound synthesis by compnters and
digital-to-analogue converters find its true position, free of the rooted hut
ineffectial tradition of electronie, concrete, and instrumental music that
mukes nse of Fourier synthesis despite the failnre of this theory. Hence, in
this book, questions having to do mainly with orchestral sounds {which are
more diversified and more manageable) find a rich and immediate applica-
tion as soon as they are transferred to the Microsound level in the pressuse-
time space. All music is thus automatically homogenized and nnified,

vit
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Preface to Musiques Formelles

This book is a collection of explorations in musical corposition pursued in
several directions. The effort to reduce certain sound sensations, to under-
stand their logical causes, to dominate thern, and then to use them m wanted
constructions; the effort to materialize movements of thought through sonnds,
then to test themn in compositions; the effort to understand better the pieces
of the past, by searching for an underlying unit which would be identicul
with that of the scientific thought of our thme; the effort to make “art”
while "' geometrizing,” that is, by giving i ¥ reasoned support less perishable
than the impulse of the moment, and lience more serious, more worthy of
the fierce fight whicli the humun intelligence wages in all the other domains
~—ali these efforts have led to a sort of abstraction and formalization of the
musical compositional act. This abstraction and formalization has found,
as have so many other sciences, an unexpected and, T thnk, ferile support
in cortain areas of mathematics. It is not so much the inevitable use of
mathematics that characterizes the attitude of these experiments, as the
overriding need to consider sound and music as a vast potential reservoir in
which a knowledge of the laws of thought wnd the structured creations of
thought may find a completely new medium of materialization, ie., of
C{)ili{'ﬂiiﬁ}ca{i(}il.

For this purpose the qualification ""beautiful™ or “ugly™ makes no
sense for sound, nor for the music that derives Irom it; the quantity of
irteiligence carried by the sounds must be the trie eriterion of the validity
of a particular music.

This does not prevent the utilrzation of sounds defined as pleasant or
beautiful according te the fushion of the moment, nor even their study in
their own right, whicl: may enrich symbolization and algebration, Efficacy
s in self a sign of intelligence. We are so convinced of the historical
necessity of this step, that we should like to see the visnal arfs take an

ix
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Preface to the Pendragon Edition

Here is a new expanded edition of Formalized Music, Tt invites two fundamen-
tal guestions:

Have the thcoretical propositions which T have made over the past
thirty-five years

a) survived In my music ?
b) been acsthetically efficient ?

To the first question, [ will answer a ge neral “yes.” The theories which
have presented in the various chapters preceding this new edition have
always been present in my music, even if some theories have been mingled
with others in a same work. The exploration of the conceptual and sound
world in which I have been involved necessitated an harmonious or even
conflicting synthesis of eaxlier theses. It necessitated a more global
architectural view than a mere comparative confromation of the various
procedures. But the supreme criterion always remained the validation, the
aesthetic efficiency of the music which resulted.

Natarally, it was up to me and to me alone to detennine the aesthetic
eriteria, consciously or not, in virtue of the first principle which one can not
getaround. The artist (man} has the duty and the privilege to decide, radically
alone, his choices and the value of the results. By no means should he choose
any other means; those of power, glory, money, ...

Each time, he must throw himself and his chosen criteria into question
all while striving to st from scraich yet oot forget. We should not
“monkey” ourselves by virtue of the habits we so easily acquire due to our
own “echolalic” propeviies. But 1o be reborn at each and every instang, like a
child with a pew and “independent” view of things.

Al of this is part of a second principie: Tt is absolutely necessary to ree
oneself, as much as possible, from any and all contingencies.

®E
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This may be considered man's destiny In particular, and the universe’s
in general Indced, the Being’s constant dislocatons, be they continuons or
not, deterministic or cliotic (or both simultaneous
the vital and incessant drive towards changc,
return.

ly) are manifestations of
towards freedom without

An artist can not remain isolated in the universal occan of forms and
their changes. His interest lies in embracing the most vast horizon of
knowledge and problematics, all in accordance with the two principles
presented above. From lience comnes the new chapter in this edition entitied
“Concerning Time, Space and Music.

Finally, 1o finish with the Hrst question, I have all along continued to
develop certain theses and to Open up some new ones. The new chapter on
“Sieves” is an example of this along with the computer program presented in
Appendix B which represents a long acsthetic and theoretical search. This

research was developed as well as its application in sound synthesis on
UPICH

Another approach to the mystery of sounds is the wse of ¢ellular
aulomata which 1 have employed in several instrumentul compositions these
past few years. This can be explained by an observation which I made: scales
of pitch {sieves) automaticaily establish a kind of global musical style, a sort of
macroscopic “synthesis” of musical works, much like a “spectrum of
frequencies, or iterations,” of the physics of particles. Internal symmetries or
their dissymmetries are the reason behind this, ‘Therefore, through a
discc—:ming logico-aesthetic choice of “non-octave” scales, we can obtain very
rich simultaneities (chords) or linear successions whicl: revive and generalize
tonal, modal or serial aspects. It is on this basis of sieves that cellular
automzia can be useful in harmonic progressions which create new and rich
timbric fusions with orchestral instruments. Examples of this can be found in
works of mine such as Aiq, Horss, et

Today, there is a whole new field of Investigation called
Mathematies,” that gives fascinating insights especially in automatic dynamic
systems, by the use of math and computer graphics. Thus, many structures
such as the already- mentioned cellular automata or those which possess self-

“Experimenial

FUPICUnité Polygogique Informatique du CEMAMu. A sort of musical drawing
bosrd which, through the digitalization: of a drawing, snables one to compose
music, teach acoustics, engage in musical pedagogy at any age. This machine wag

developed at the Centge d’Etudes de Mathématiques o Au tomatiques Musicales da
Paris.

Preface R
similarities such as Julia or Mandelbrot. sets, are stufiif:d and vi.suallz{:d. T] }.;fasc
studies lead one right into the frontiers of determinism and.m&e.t.ermm;simd
Chaos to symmetry and the reverse orientation are once again being su}zl 1;:
and are even quite fashionable! They open up new horu:.o.ns, although for
me, the results ave novel aspects of the equivalent compositional probi.ems I
started dealing with about thirty-five years ago. The theses presented i Tile
earlier editions of this ook bear witness to this fact although the dynamic of
musical works depends on several levels simultanconsiy and not only on the
caicnlus level. .

An important task of the research program at CEMAMU Is e (.i(;)*;elc;pf
synthesis through quantified sounds but with Qp-.t.o:date. tools capi}ai[icg
involving autosimilitades, symmetrics or deterministic chuos, or sLoLh $ .rc;
within 2 dynamic evolution of amplitude Frequency frames wiz{e.re eac 21};}
corresponds (o a sound quantum or “phonon,” as fi]ready imagine iy
Einstein 1n the 1910s. This research, which 1 started in 1958 and w?*ongy
attributed to Gubor, can now be purssed with much more powerful and
modern means, Some surprises can be expected! .

in Appendix IV of this edition, a new, more predise formudation 0?
stochastic sonnd synthesis can be found as a follow-up of the last chaplf:r;}_
the preceding edition of Formalized Music {presented }}ere as Chapter I?(}.nd n
the interim, this approach has been tested and used in my wor]i La Lége de
d'Eer for seven-track tape. This approach was developed at the (;E?\«FAM!J Tn
Paris and worked out at the WDR, the West-German Natonal Radio studio
in Cologne. This work was past of the Diatope wh.ich was installed for Lh(?
inauguration of the Pompidou/Beavhoury Center .m Paris. The event w:nst
entirely autonzated with a complete laser installation and 1600 electronic
flashes. This synthesis is part of CEMAMu's permanent research program.

In this same spirit, random walks or Brownian movcmer?ts have been
the basis for several of my works, especially instrumental pieces S‘L.li’_‘i} as
N'Shima, which means “breath™ or “spirit™ in Hebrew; for 2 female voices, 2
French Horns, 2 trombones and 1 'cello, 'This piece was written at the request
of Recha Freler, founder of the “Aliya movement” and premiered at the
‘Festimoniaum Festival in Jersalem.

The answer to the second question posed at the beginning of this
Preface is not up to me. In absolute terms, the artisan mausician {not o say
creator) mawst reain donbtful of the decisions he has made, douf)tﬁ.l!.
however subtly, of the result. The percentage of do.uba should not exist. in
virtue of the principles elaborated above. But in relative te.rms, the public, ohr
colnoisseurs (cither synchronic or diachronic), alone decide apon u work's
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cihicency. However, any culture’s validation follows “seasonal” rules, varying
between periods of a few years to centuries or even millennis, We must never
forget the nearly-total lack of consideration Egyptian art suffered for over
20090 years, or Meso-American art.

One can agstmilate a work of ant, or, let us say, just a work, to the
information we can put on a document, seal in a bottle which we will throw
into the middle of the ocean. Will it ever be found? When and by whom and
how will it be read, interpreted?

My gratitude and thanks go w0 Sharon Kanach, who translated and

supervised the new material in this updated edition of Formalized Music and to
Robert Kessler, the courageous publisher,

Formalized Music



Preliminary sketch Analogigue B (1959). See Chapter III,
pp. 103-09.

Preliminary sketch Analogique B (1959). See Chapter 111, pp.
168-09.



Chapter |

Free Stochastic Music

Art, and above all, music has a fundamental function, which is to catalyze
the sublimation that it can bring about through all means of expression, It
must aim through fixations which are laudmarks to draw towards a total
exahation in which the individual mingles, losing his consciousness in a
truth imnediate, rare, enormons, and perfect, If & work of art succeeds in
this undertaking even for a siugle momeny, it attains its goal, This tremen-
dons truth is not made of objcets, emotions, or sensations; it is beyond these,
as Beethoven's Seventh Symphony is beyond music, 'FThis is why art can lead
to realms that religion still ocoupies for some geople,

But this transmutation of every-day artistic material which transforms
trivial products into meta-art is a secret, The,* possessed > reach it without
knowing its “mechanisms,” The others struggle in the ideclogical and tech-
nical mainstream of their epoch which constitutes the perishable “climate™
and the stylistic fashion, Keeping our eyes fixed on this supreme meta-artistic
goal, we shall attempt to define in 2 more modest manner the paths which
can Jead 10 it from our point of departure, which is the magma of contra-
dictions in present music,

There exists a listorical parallel between European music and the
suctessive attempts to explain the world by reason. The music of antiquity,
causal and deterministic, was already strongly influenced by the schools of
Pythagoras and Plato. Plato insisted on the principle of causality, “for it is
impossible for anything, to come into being without cause” {7imaens).
Strict causality lasted until the nineteenth century when it underwent a

"The English translation of Chaps. 1=V is by Christopher A. Butchers,
1
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4 Formalized Music

brutal and fertile transformation as a result of statistical theories in physics.
Since antiquity the concepts of chance (tyche), disorder (ataxia), and dis-
organization were considered as the opposite and negation of rcason (logos),
order (faxis), and organization (systasis). It is only recently that knowledge
has been able to penetrate chance and has discovered how to separate its
degrees—in other words to rationalize it progressively, without, however,
succeeding in a definitive and total explanation of the problem of “pure
chance.”

After a time lag of several decades, atonal music broke up the tonal
function and opened up a new path parallel to that of the physical sciences,
but at the same time constricted by the virtually absolute determinism of
serial music.

It is therefore not surprising that the presence or absence of the principle
of causality, first in philosophy and then in the sciences, might influence
musical composition. It caused it to follow paths that appeared to be diver-
gent, but which, in fact, coalesced in probability theory and finally in
polyvalent logic, which arc kinds of generalization and enrichments of the
principle of causality. The explanation of the world, and consequently of the
sonic phenomena which surround us or which may be created, necessitated
and profited from the enlargement of the principle of causality, the basis of
which enlargement is formed by the law of large numbers. This law implies
an asymptotic evolution towards a stable state, towards a kind of goal, of
stochos, whence comes the adjective *stochastic,”

But everything in pure determinism or in less pure indeterminism is
subjected to the fundamental operational laws of logic, which were disen-
tangled by mathematical thought under the title of general algebra.
These laws operate on isolated states or on sets of elements with the aid of
operations, the most primitive of which arc the union, notated U, the
intersection, notated N, and the negation. Equivalence, implication, and
quantifications are elementary relations from which all current science can
be constructed.

Music, then, may be defined as an organization of thesc elementary
operations and relations between sonic entities or between functions of
sonic entities. We understand the first-rate position which is occupied by
set theory, not only for the construction of new works, but also for analysis
and better comprehension of the works of the past. In the same way a
stochastic construction or an investigation of history with the help of
stochastics cannot be carried through without the help of logic—the queen
of the sciences, and I would even venture to suggest, of the arts—or its
mathematical form algebra. For everything that is said here on the subject

Free Stochastic Music 5

is also valid for all forms of art (painting, sculpture, architecture, films,
ctc.).

From this very general, fundamental point of view, from which we wish
to examine and make music, primary time appears as a wax or clay on which
operations and relations can be inscribed and engraved, first for the purposes
of work, and then for communication with a third person. On this level, the
asymmetric, noncommutative character of time is use (B after 4 # 4 after
B, i.e., lexicographic order). Commutative, metric time (symmetrical) is
subjected to the same logical laws and can therefore also aid organizational
speculations. What is remarkable is that these fundamental notions, which
are necessary for construction, are found in man from his tenderest age, and
it is fascinating 1o follow their cvolution as Jean Piaget! has done.

After this short preamble on generalities we shall enter into the details
of an approach to musical composition which I have developed over several
years. I call it “stochastic,” in honor of probability theory, which has served
as a logical framework and as a method of resolving the conflicts and knots
encountered.

The first task is to construct an abstraction from all inherited conven-
tions and to exercise a fundamental critique of acts of thought and their
materialization. What, in fact, does a musical composition offer strictly on
the construction level ? It offers a collection of sequences which it wishes to
be causal. When, for simplification, the major scale implied its hierarchy of
tonal functions—tonics, dominants, and subdominants—around which the
other notes gravitated, it constructed, in a highly deterministic manner,
linear processes, or melodies on the one hand, and simultaneous events, or
chords, on the other. Then the serialists of the Vienna school, not having
known how to master logically the indeterminism of atonality, returned to
an organization which was extremely causal in the strictest sense, more ab-
stract than that of tonality; however, this abstraction was their great con-
tribution. Messiaen generalized this process and took a great step in sys-
tematizing the abstraction of all the variables of instrumental music. What
1s paradoxical is that he did this in the modal field. He created a multimodal
music which immediately found imitators in serial music. At the outset
Messiaen’s abstract systematization found its most justifiable embodiment
in a multiserial music. It is from here that the postwar neo-serialists have
drawn their inspiration. They could now, following the Vienna school and
Messiaen, with some occasional borrowing from Stravinsky and Debussy,
walk on with ears shut and proclaim a truth greater than the others. Other
movements were growing stronger; chief among them was the systematic
exploration of sonic entities, new instruments, and ““noises.”” Varése was the
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The heirhls of 1he three peaks have
been establshed, The Third peak and
e small ate connecting the straigh
directrixes of conoids ¢ and o (see B
foem, respectively, the apex and The
hase of a part of 8 gone £,

Cangid 2
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pioneer in this field, and electromagnetic music has been the beneficiary
(electronic music being a branch of instrumental music). However, in
electromagnetic music, problems of construction and of morphology were not
faced conscientiously. Multiserial music, a fusion of the multimodality of
Messiaen and the Viennese school, remained, nevertheless, at the heart of
the fundamental problem of music.

But by 1954 it was already in the process ol deflation, for the completely
deterministic complexity of the operations of composition and of the works
themselves produced an auditory and ideological nonsense. I described the
Inevitable conclusion in “The Crisis of Serial Music”’:

Linear polyphony destroys itself by its very complexity; what one
hears is in reality nothing but a mass of notes in various registers. The
enormous complexity prevents the audience from following the inter-
twining of the lines and has as its macroscopic effect an irrational
and fortuitous dispersion of sounds over the whole extent of the sonic
spectrum. There is consequently a contradiction between the poly-
phonic linear system and the heard result, which is surface or mass.
This contradiction inherent in polyphony will disappear when the
independence of sounds is total. In fact, when lincar combinations
and their polyphonic superpositions no longer operate, what will
count will be the statistical mean of isolated states and of transforma-
tions of sonic components at a given moment. The macroscopic effect
can then be controlled by the mean of the movements of elements
which we select. The result is the introduction of the notion of proba-
bility, which implies, in this particular case, combinatory calculus.
Here, in a few words, is the possible escape route from the “linear
category’” in musical thought.?

This article served as a bridge to my introduction of mathematics in
music. For if, thanks to complexity, the strict, deterministic causality which
the neo-serialists postulated was lost, then it was necessary to replace it by
a more general causality, by a probabilistic logic which would contain strict
serial causality as a particular casce. This is the function of stochastic science.
“Stochastics™ studies and formulates the law of large numbers, which has
alrecady been mentioned, the laws of rare events, the different aleatory
procedures, etc. As a result of the impasse in serial music, as well as other
causes, I originated in 1954 a music constructed from the principle of
indeterminism; two years later I named it *“Stochastic Music.” The laws
of the calculus of probabilities entered composition through musical
necessity.

But other paths also led to the same stochastic crossroads—first of all,
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natural events such as the collision of hail or rain with hard surfaces, or the
song of cicadas in a summer field. These sonic events are made out of thou-
sands of isolated sounds; this multitude of sounds, seen as a totality, is a new
sonic event. This mass event is articulated and forms a plastic mold of time,
which itself follows aleatory and stochastic laws. If one then wishes to form a
large mass of point-notes, such as string pizzicati, one must know these
mathematical laws, which, in any case, are no more than a tight and concise
expression of chain of logical rcasoning. Everyone has observed the sonic
phenomena of a political crowd of dozens or hundreds of thousands of
people. The human river shouts a slogan in a uniform rhythm. Then another
slogan springs from the head of the demonstration; it spreads towards the
tail, replacing the first. A wave of transition thus passes from the head to the
tail. The clamor fills the city, and the inhibiting force of voice and rhythm
reaches a climax. It is an event of great power and beauty in its ferocity.
Then the impact between the demonstrators and the enemy occurs. The
perfect rhythm of the last slogan breaks up in a huge cluster of chaotic
shouts, which also sprcads to the tail. Imagine, in addition, the reports of
dozens of machine guns and the whistle of bullets adding their punctuations
to this total disorder. The crowd is then rapidly dispersed, and after sonic
and visual hell follows a detonating calm, full of despair, dust, and death.
"The statistical laws of these events, separated from their political or moral
context, are the same as those of the cicadas or the rain. They are the laws of
the passage from complete order to total disorder in a continuous or explo-
sive manner. They are stochastic laws.

Here we touch on one of the great problems that have haunted human
intelligence since antiquity: continuous or discontinuous transformation.
The sophisms of movement (e.g., Achilles and the tortoise) or of definition
(e.g., baldness), especially the latter, are solved by statistical definition; that
is to say, by stochastics. One may produce continuity with either continuous
or discontinuous elements. A multitude of short glissandi on strings can give
the impression of continuity, and so can a multitude of pizzicati. Passages
from a discontinuous state to a continuous state are controllable with the
aid of probability theory. For some time now 1 have been conducting these
fascinating experiments in instrumental works; but the mathematical char-
acter of this music has frightened musicians and has made the approach
especially difficult.

Here is another direction that converges on indeterminism. The study
of the variation of rhythm poses the problem of knowing what the limit of
total asymmetry is, and of the consequent complete disruption of causality
among durations. The sounds of a Geiger counter in the proximity of a
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ragicactive source give an impressive idea of this. Stochastics provides the
necessary laws,

Before ending this short inspection tour of events rich in the new logie,
which were closed to the understanding until recently, I would like to in-
clude a short parenthesis. If glissandi are long and sufficiently interlaced,
we obtain sonic spaces of continuous evolution. It is possible to produce
ruled surfaces by drawing the glissandi as straight lines. I performed this
experiment with Metastasis {this work had its premiere in 1955 at Donau-
eschingen). Several vears later, when the architect Le Corbusier, whose
collaborator I was, asked me to suggest a design for the architecture of the
Philips Pavilion in Brussels, my inspiration was pin-pointed by the experi-
ment with Metastasis. Thus I belicve that on this occasion musie and archi-
tecture found an intimate conucction. Figs, I-1-5 indicate the causal chain
of ideas which led me to formulate the architecture of the Philips Pavilion
from the score of Metastasis,

Fig. I~4. First Model of Philips Pavilion

Free Stochastic Musie

Fig, I-8. Philips Pavilion, Brussels World's Fair, 1958
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STOCHASTIC LAWS AND INCARNATIONS

1 shall give guickly some of the stochastic Jaws which I introduced into
compesition several years age, We shall examine one by one the independent
components of an instrumental sonnd,

DURATIONS

Time (metrical) is considered as a straight line on which the ponts
corresponding to the variations of the other components are marked, The
interval between two points is identical with the duration, Among all the
possible sequences of points, which shall we choose ? Put thus, the question
makes no sense.

if a mean pumber of points is designated on a given length the question
becomes: Given this mean, what is the number of segmentts equal to a length
fixed in advance?

The foliowing formula, which derives from the principles of continuous
probability, gives the probabilities for all possible lengths when ane knows
the mean number of points placed at random on a straight line,

Pomm §em05 dy, {See Appendix 1.}

in which & is the linear density of points, and x the length of any segment.

If we now choose some points and compare them to a theoretical
distribution obeying the above law or any other distribution, we can deduce
the amount of chance inctuded in our choice, or the more or less rigorous
adaptation of our cheice to the law of distribution, which can even be
absolutely functional. The comparison can be made with the aid of tests,
of which the most widely used i the ¥? eriterion of Pearson, In our case,
where all the components of sound can be measured 10 a first approxinia-
tion, we shall use {n addition the correlation coefficient, It is known that if
two populations are in a Hucar functional relationship, the correlation
coeflicient is one, If the two populations are independent, the coeflicient is
zero. All intermediate degrees of relationship are possible,

Clouds of Sounds

Assume a given duration and a set of sound-points defined in the
intensity-pitch space realized during this duration. Given the mean super-
fickal density of this tone cluster, what is the probability of a particular
density occurring in a given region of the intensity-pitch space? Poisson’s
Law answers this question:

11
_ o o
Pg-««—*‘?& 'ﬁﬂ,
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where pg 5 the mean density and p is any particular density, As with
durations, comparisons with other distributions of sound-points can fashion
the law which we wish our cluster o obey.

INTERVALS OF INTENSITY, PITCGH, ETC.

For these variables the simplest law is

Bly) dy = é (% - g} dy, {See Appendix 1.}
which gives the probability that a segment (interval of intensity, pitch, ete)
within a segment of length o, will have a length inchided within y and
y + tfy, for {}5-};5,&,

SPEEDS

We have been speaking of sound-poiints, or granular sounds, which are
in reality a particular case of sounds of continuous variation, Among these
let us consider glissandi. Of all the pessible forms that a glissando sound can

glissando can be assimilated sensorially and physically into the mathematical
concept of speed. In a one-dimensional vectorial representation, the scalar
size of the vector can be given by the hypotenuse of the right triangle in
which the duratien and the melodic interval covered form the olher two
sides. Certain mathematical operations on the continuously variable sounds
thus defined are then permitted, The traditional sounds of wind instruments
are, for example, particular cases where the speed is zero, A gliwando
towards higher frequencies can be defined as pesitive, towards lower fre-
quencies as negative,

We shall demonstrate the simplest logical hiypotheses which lead us
to a mathematical formula for the distribution of speeds. The arguments
which follow are in reality one of those “logical poems” wlich the human
wntelligence creates in order to trap the superficial incoherencies of physical
phenomena, and which can serve, on the rebound, as a point of departure
for building abstract cntities, and then incarnations of these entities in
sound or light. It is for these reasons that I offer them as examples:

Hamogengity hypotheses [117*

I. The density of speed-animated sounds is constant; i.e., two regions
of cqqual extent on the pitch range contain the same average number of
mobile sounds {glissandi),

* The numbers in brackets correspond to the numbers in the Bibliography at the
end of the book.
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2. The absolute value of speeds (ascending or desconding ghissandi) is
spread uniformly; ie, the mean guadratic speed of mobilc sounds is the
same in different registers.

3. There s isotropy; that Is, there 1s no privileged divection for the
movemants of mobile sounds in any register. There is an cqual number of
sounds ascending and descending.

From these three hypotheses of symmetry, we can define e [unction
J1v) of the probability of the absolute speed o ( f{2) is the velative frequency
of accurrence of ».}

Let 2 be the number of glissandl per unit of the piteh range (density
of mohile sonnds), and r any portion taken from the range. Then the number
ol speed-animated sounds between v and v + & and positive, is, from
hypotheses | and 3:

nr3f(s) dv (the probability that the sign is + Js 4},

From hypothesis 2 the number of animated sounds with speed of
absolute value |v| s a function which depends on +* only. Let this function
be g(v?). We then have the cquation

nr i) do = nrg(v®) do.

Moreover if x = 2, the probability function g(v®) will be equal to the law
of probability #f of x, whence ¢{v%} = H{x), or log g(r®)} = h{x).
in order thut A{x} may depend only on 42 = #% 1t i8 necessary and
sufficient that the differentials dlog g{o?) = K{x) drand v dv = x dx have a
comstant ratio}
dlog gle®)  k{x) dx

v dy X dx

w consiant = —2j,

whence #{x} = —2jx, h{x} = —jx2 + ¢, and H(x) = ke™3%°,

But H{x} is a function of elementary probabilities; therefore its integral
from ~o0 to o0 must be cqual to 1. f s positive and £ = /ji/m I
J = 1fe®, it follows that

)
a/w

e pifad

1(n) = glv®} = Hix) =

and

HOREC aé; g viial

forv = x, which is a Gaussian distribution.
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This chuin of reasoning borrowed from Paul Lévy was established after
Maxwell, who, with Boltzmann, was responsible for the kinetic theory of
gases. ‘The fumction f{o) gives the probability of the speed v} the constant o
defines the “temperature™ of this sonic atmosphere. The arithmetic mean
of #1s cqual to a/4/=, and the standard deviation is a/+/2.

We olfer us an example several bars from the wovk Pithoprakia for string
orchestra (Fig. I-6), written in 195556, und performed by Prof. Hermann
Scherchen in Munich in March 19579 The graph {Fig, 1.7) represents g
set of speeds of temperature proportionat (o 2 = 35, The abscissa represents
tme in units of 5om = 26 MM (Malzel Metronome), This unit is sub-
divided into three, four, and five equal parts, which allow very slight
differences of duration, The pitches are drawn as the ordinates, with the
unit 1 semitone = 8.25 ¢m. 1 cm on the vertical scale corresponds to a major
third, There are 46 stringed instruments, cach represented by u Jagged hine.
Each of the Jines represents a speed taken from the table of probabilities
calculated withs the formula

2 e
Ho) = ant T
A total of 1148 spreds, distributed in 58 distinet valucs aceording to Gauss's
lzw, have heen ealeulated and traced {or this passage {measures 32-60, with
a duration of 18.5 sec.}. The distribution being Gaussian, the THACTOSCOPIC
configuration is a plastic modulation of the sonic material. The same passage
was transcribed into traditional notation. To sum up we have a sonic
compound in which:

The durations do not vary.
‘The mass of pitches s freely modulated.
The density of sounds at each moment is constant,
The dynumic s ff without variation.
The timbre is constant,
6. The speeds determine a “temperature” which is subject to local
fluctuations. Their distribution is Gaussian,

S

As we have alveady had occasion to remuark, we can establish more or
less strict relationships between the component parts of sounds.® The most
useful cocfficient which measures the degree of correlation between two
variables x and y s

e SRy -g)
VS~ STy <50
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where ¥ and 7 are the arithmetic means of the two variables.

Here then, is the technical aspect of the starting point for a utilization
of the theory and calculus of probabilities in musical composition. With
the above, we already know that:

1. We can control continuous transformations of large sets of granular
andfor continuous sounds. In fact, densities, durations, registers, speeds,
etc.; can all be subjected to the law of large numbers with the necessary
approximations. We can therefore with the aid of means and deviations
shape these sets and make them evolve in different directions. The best
known is that which goes from order to disorder, or vice versa, and which
introduces the concept of entropy. We can conceive of qther continuous
transformations: for example, a set of plucked sounds transforming con-
tinuously into a set of arco sounds, or in electromagnetic music, the passage
from one sonic substance to another, assuring thus an organic conpnection
between the two substances. To illustrate this idea, I recall the Greek
sophism about baldness: “How many hairs must one remove from a hairy
skull in order to make it hald?" It is a problem resolved by the theory of
probability with the standard deviation, and known by the term statistical
definition.

2. A transformation may be explosive when deviations from the mean
suddenly become exceptional,

3. We can likewise confront highly improbable events with average
events.

4. Very rarified sonic atmospheres may be fashioned and controlled
with the aid of formulae such as Poisson’s. Thus, even music for a solo
instrument can be composed with stochastic methods,

These laws, which we have met before in a multitude of fields, are
veritable diamonds of contemporary thought. They govern the laws of the
advent of being and becoming. However, it must be well understood that
they are not an end in themselves, but marvelous tools of construction and
logical lifelines. Here a backfire is to be found. This time it is these stochastic
tools that pose a fundamental question: “What is the minimum of logical
constraints necessary for the construction of a musical process?” But before
answering this we shall sketch briefly the basic phases in the construction of
a musical work.

ERTAL:

Fig. 1-8. Bars 52-57 of Pithoprakts
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Fig. |-7. Graph of Bars B2-87 of Pithoprakia
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Fig, |7 {continued)
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FUNDAMENTAL PHASES OF A MUSICAL WORK

I\ Initial conceptions {intuitions, provisional or defimitive data);

2. Definition of the soniy entities and of their symbolism communicable
with the Bmits of possible means (sounds of imusical instruments, clectronic
sounds, noises, sets of ordered sonic clements, granular or continuous
formations, etc.);

3. Dgfinition of the transformations witch these sonic entities wiust u ndergo
in the course of the composition {macrocomposition: general ehoice of
logical framework, i.c., of the elementary algebraic operations and the set-
ting up of relations between entities, scts, and their symbols as defined in
2.); and the arrangement of thesc operations in lexicographic time with the
aid of succession and simultaneity); '

4, Microcomposition {choice and detalled fixing of the functional or
stochastic relations of the clements of 2.), e, algebra outside-time, and
algebra in-time;

S, Sequential programming of 3. and 4. (the schema and pattern of the
work in its entirety);

G. Implementation of coleulations, verifications, fredbacks, and definitive
modifications of the sequential program;

7. Final symbolic result of the programming {sctting owt the music on
paper in traditional notation, numerical expressions, graphs, or other means
of solieggio) ;

8. Sonic realization of the program {direet orcliestral periormaiice,
manipulations of the type of electromagnetic music, computerized construa-
tion of the somc entities and their transformations)

"The order of this list is not really rigid. Permutations are possible n
the course of the working out of a composition. Most of the time these
phases are unconscious and defective. However, this list does establish ideas
and allows speculation about the future. In fact, computers can take in hand
phases 6. and 7., and even 8 But as a first approach, it seems that only
phases 6. and 7. are immediately accessible. That is to say, that the final
symboli result, at least in Francc, muy be realized ouly by an orchestra or
by manipulations of cleetroacoustic music on tape recorders, emitted by the
existing electroacoustic channels; and not, us would be desirable in the very
near future, by an elaborate mechanization which would omit orchestral or
tape interpreters, and which would assume the computerized fabrication of
the sonic entities and of their transformations,

Here now is an answer to the question put above, an answer that s
truc for instrumental music, but whieh can be applied as well Lo all kinds of
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sound production. For this we shall again take up the phases described:

2. Definition of sonic entities. The senic entities of the classical orches-
tra can be represested in a st approximation by vectors of four usuaily
independent variables, X,{s, &, g, 4

¢, = timbre or instrumental family
#; = pitch of the sound
g; = mtensity of the sound, or dynamic form

i

The vector £, defines a point M i the multidimensional space provided
by a base {¢, k, g, u). This point M will have as esordinates the numbers
oy My £ e For exanple: ¢, phaved arca und forte on a violin, one ¢ighth
note In length, at one eighth note = 240 MM, can bc represented s

A are plotted on an axis which we shall cali £,, and that through its origin
we draw another axis £, ut right angles to axis £, We shall represent on this
axis, called the axis of lexivographic time, the lexicographic-temporal sticeession
of the points M. Thus we have defined and convenicntly represented a
two-dimensional space {£,, £}. This will allow us to pass 10 phase 3., defink-
ton of transformation, and 4., microcompasition, which must contain the
answer 1o the problem posed concerning the minimum of constraings,

To this end, suppose that the points M defined above can appear with
110 necessary condition other than that of obeying an aleatory law without
memory. This hypothesis is eqquivalent to saying that we admit a stochastic
distribution of the events E, in the space (£,, 1), Admitting a sufficiently
weak superhcial distribution », we enter a region where the law of Poisson
ts applicabie:
e

=%

by

incidentally we can consider this problem as a synthesis of several
conveniently chosen linear stochastic processes (baw of radiation from radio-
active bodies). {The second method is perhaps more favorable for a mecha-
nization of the transformations.)

A sufliciently long fragiment of this distribution constitutes the musical
work, The basic law defined above gencrates 2 wholce family of compositions
ws a function of the superficial density, 8o we have 2 formal archetype of
composition b which the basic aim i to attain the greatest possible esgm.
metry (in the ctymological sense) and the minimum of constraints, causalities,
and rules. We think that from this archetype, which is perhaps the most
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gene’ra% one, we can redescend the ladder of forms by introducing progres-
sively more numerous constraints, Le., choices, restrictions, and negations,
In the analysis in several liuear processes we can also introduce other pro-
cesses: those of Wiener-Lévy, P. Lévy’s infinitely divisibles, Markov
chaing, etc, or mixtures of several. It is this which makes this second
method the more fertile,

The exploration of the limits ¢ and & of this archctype e s n 5 b is
cqually interesting, but on another level—that of the mutual comparison of
samples. This implics, in cffect, a gradation of the increments of r in order
that the differences between the famitics , muy be recognizable. Analogous
rernarks are valid in the case of other linear PTOCesses.

If we opt for a Poisson process, there are two necessary hypotheses
whi‘ch answer the guestion of the minimum of constraints: 1. there exists in
a given space musical instnuments and men; and 2. there exist means of
contact between these men and these instrurnents which permit the emission
of rare souic events,

This is the only hypothesis (cf. the ekklisis of Epicurus). From these
two constraints and with the aid of stochastics, 1 built an entire composition
without admitting any other restrictions. Achorripsis lor 2] instruments was
composed in 1956-57, and had its first performance in Buenos Aires in 1958
under Profl Hermann Scherehen, (See Fig, 1-8.)

At that tme | wrote *

M 4 3 % - 3 T4
TG YU GNTo PesEY 0;’0’7’31’ TE KO vt

76 yap abré elv dorly e kel obx elvout
GNTOLOGY

In 2 uz?iverse of nothingness. A brief train of waves, so brief that its end
and beginning coincide (negative time) disengaging itself endlessly.

Nothingness resorbs, creates.
It engenders being,

Time, Causality.

These rare sonic events can be something more than isolated sounds.
They can be melodic fignres, cell structures, or agglomerations whose

* The following excerpt {through p. 27) is from * In Search of » Sicchustic Music,”
Gravesaner Blétter, no. 11/14.

sx [ . . . 13 :
. T‘ Il"er itis the same to think us to be™ {Poem by Parmenides); and my paraphrase,
For it is the same to be s not to be.”
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characteristics are also ruled by the laws of chance, for example, clouds of
sound-points or speed-temperatures.’ In each case they form a sample of »
succession of rare sonic events.

This sample 1nay be represented by either a simple table of probabilities
or a double-entry table,  matrix, in which the cells are filled by the fre-
quencics of events. The rows represent the particnlar qualifications of the
events, and the columns the dates (see Matrix M, Fig. 1~9}. The {requencies
in this matrix are distribuled according to Poisson’s formula, which is the
Law lor the appearances of rare random events.

We should furdser deline the sense of such a distribution and the manner
in whicth we realize it. Fhere is an advantage in defining chance as an
aesthetic law, as a normal philosophy. Chance is the limit of the notion of
evolving symmetry. Symmetry tends to asymmetry, which in this sense i3
eqguivalent to the negation of traditionally inherited hehavioral frameworks,
This negation not only operates on details, bnt most importantly on the
composition of structures, hence tendencies in painting, sculplure, architec-
ture, and other reaims of thought. For example, in architecture, plans worked
out with the aid of regulating diagrams are rendered more complex and
dynamic by exceptional events, Everything happens as if there were one-to-
one oscillations between symmetry, order, rationality, and asymmelry,
disorder, irrationality in the reactions between the epochs of eivibuations.

At the beginning of a transformation towards asymmelry, exceptional
events are introduced into symmetry and act as aesthetic stimuli, When
these exceptional events multiply and become the general case, a jump to a
higher level occurs. The level is one of disorder, which, at least in the arts
and in the axpressions of artists, proclaims itself as engendered by the com-
plex, vast, and rich vision of the brutal encounters of modern life. Forms
such as absiract and decorative art and action painting bear witness to this
fact. Consequently chance, by whose side we walk i all our daily occupa-
tions, is nothing but an extreme case of this controlled disorder {that which
signifies the richness or poverty of the connections between cvents and which
angenders the dependence or independence of transformations); and by
virtue of the negation, it conversely enjoys alf the benevelent characteristics
of an artistic regulator, Itis a regulator alse of sonic cvents, their appesarance,
and their life. But it is here that the iron legic of the laws of ehance inter-
venes; this chance cannot be created without total submission to its own
laws. On this condition, chance checked by its own force beeornes a hydro-
clectric torrent,
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However, we are not speaking here of cases where one merely plays
heads and tails in order to choose a particular alternative in some trivial
circumstance. The problem fs much more serious than that, It is 2 matter
here of » philosophic and aesthetic concept ruled by the laws of probability
and by the mathematical functions that formulate that theory, of a coherent
concept n a new reglon of coherence.

The analysis that follows iy taken from Acherripsis.

For convenience in caleulation we shall choose a priori a mean density
of events

A = 0.6 eventsfunit,

Applying Poisson’s formula,

Ak
P &k b "m & =A
we obtain the table of probabilities:
P, = 05488
P, = 0,3293
P, = 0,0988 )
Py = 0,0198
Pyo= 0030
P, = 0.0004,

P, is the probability that the event will ocour ¢ thnes in the unit of
volume, time, ete. In choosing a priori 196 nnits or cells, the distribution of
the frequencies among the celly is obtained by muliiplying the vahues of
P, by 186,

Number of cells
196 P,

107
65
19 @)
4
1

B L R e D .

The 196 cells may be arranged in one or several groups of cells, quali-
fied as to timbre and time, so that the number of groups of timbres times
the number of groups of durations = 196 cells. Let there be 7 distinct
timbrey; then 196/7 = 28 units of time. Thus the 196 cells are distributed
over a two-dimensional space as shown in (3},
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Timbre &

Flute
Oboe
String gliss,

Percussion (3}

Pizzicato

Brass

String arco

T

01 2 3...........28 Time

If the rrnusz.cal sample is to Tast 7 minutes {a subjective choice) the unit of
;?;Z f:,;g‘ril equal 15 sec, and each I, will contain 6.5 measures at

How shall we distribute the frequencies of zero, single, double, triple
and c;uadraple events per cell in the two-dimensional space of Matrix (3) ":
C?nsxder the 28 columns as cells and distribute the zere, single, double
triple, and quadruple events from table (2 in these 28 new cells. Tuke as az:
example the single event; from table {2) it must occur 63 times. Everything
happens as if one were to distribute events in the cells with a mean density
A = 65/28 = 2.32 single events per cell (here cell = column).

In applying anew Poisson’s formula with the mean density A = 2,59
{2.32 « 30} we obtain table {4},

Poisson Distribution Arbitrary Distribution

F‘"‘*‘!‘Emﬂ}’ No. of  Product Frequency No. of  Product

X Columns col x X K Columns col x K
] 3 G a 16 0
1 6 G i 3 3
§ B 16 2 th it
B 15 3 9 27
4 3 12 ®) 4 G 0 )
f? 2 10 3 1 5
6 1 6 6 5 20
7 1 ¢ 7 G G

Totals 28 45 Fotals 28 63
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One could choose any other diwstribution on condition that the sum of
single events equals 65, Table {5} shows such a distribution,

But in this axiomatic research, where chance must bathe all of sonie
space, we must reject every distribution wlich departs from Poisson’s
Taw. And the Poisson distribution must be effective not only for the columns
but also for the rows of the matrix, The same reasoning holds true for the
diagonals, et

Contenting ourselves Just with rows and columns, we obtain 2 homo-
geneous distribution which follows Poisson. 1t was in this way that the
distributions in rows and columns of Matrix (M) (Fig. I-9} were calculated,

So a unique law of chance, the law of Poisson ({or rare events) through
the medium of the arbitrary mean A is capable of condifioning, on the one
hand, 1 whole sample mutrix, snd on the other, the partial distributions
following the rows and columns. The a priori, arbitrary choice admitted at
the beginning therefore concerns the variables of the ¥ vector-matrin”

Variables or entries of the "vector-matrix™

1. Poisson’s Law

2. The mean A

3. The number of cells, rows, and columns

The distributions entered in this matrix are not always rigorously
defined. They really depend, for a given A, on the number of rows or col-
umns. The greater the number of rows or columns, the more rigorous is the
definition. This is the law of large numbers. But this indeterminisim allows
free will if the artstic inspiration wishes it. It is a second door that is open
to the subjectivism of the composer, the first being the “state of entry™ of
the “Vector-Matrix™ defined above.

Now we must specify the unit-events, whose frequencies were adjusted
ki the standard matrix (M), We shall take us a single event a cloud of sounds
with linear density § soundsfsec. Ten soundsfsec is about the limit that a
normal orchestra cun play. We shall choose 3 = 5 sonnds/measure at MM
26, so that 8 = 2.2 soundsfsec (= 10{4},

We shall now set out the following correspondence:
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Gi,e ud of dcnsi.ty\& = Mean number of sounds/eeli
Event Sounds/ Sounds/ (15 sec)
measare 26MM sec "

ZOTO 0 0 0
single 5 7.2 325
double 10 &4 65
triple 15 5.6 97.3
quadruple 29 8.8 130

"The hatchings in matrix (M) show a Poisson distribution of frequencies,
homogeneous and verified in terms of rows and columns., We notice that
the rows are interchangeable {= interchungeable timbres). So are the
columns, This leads us to admit that the determinism of this matrix is weak
in part, and that it serves chiefly as a basis for thonght-for thought which
manipulates frequencies of events of all kinds. The true work of melding
sound consists of distributing the clouds in the two-dimensional space of the
matrix, and of anticipating a priori all the sonic encounters before the
caleulation of details, eliminating prejudicial positions. It & a work of
patient research which exploits all the ereative facultics instantaneously,
“his matrix is like a game of chess for a single player who must follow certain
rules of the game for a prize for which he himself is the judge. This game
matrix has no unique strafegy. 1t is not even possible to disentangle any
balanced gouls. It is very general and incalculable by pure reason,

Up to this point we have placed the clond densisies in the matrix, Now
with the aid of calculation we must proceed to the coordination of the
aleatory sonlc elements.

HYPOTHESES OF CALGULATION

Let us analyze as an example cell IIL, iz of the matrix: third row,
sounds of continuous variation (string glissandi), seventeenth unit of time
{measures 10311}, The density of the seunds is 4.5 sounds/measure at
MM 26 {8 = 4.5); so that 4.5 sounds/measure times 6.5 measures = 29
sounds for this cell, How shall we place the 29 glissando sounds in this cell ?

Hypothssis 1. The acoustic characteristic of the glissando sound is
assimilated to the speed v = dffdt of a uniformly continuous movement.
{See Fig. 1-10.)

Hypothesis 2. The quadratic mean « of all the possible values of v is
proportional to the sonic density 8. In this case o = 3.38 (temperature).

Hypothesis 3, The values of these speeds are distributed according to the
most complete asymmetry {chance). This distribution follows the Iaw of
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nMeTES )

Fig. }-10 T E

Gauss. The probability f{v} for the existence of the speed v is given by the
function

f{r}} s ﬁ_?; g“uﬁ,’as;

and the probability P(A) that » will lie between », and n,, by the function
PX) = 8(2g) — B(A),

; A
8A) = -\/%; fa e dx  {normal distribution).

Hypothesis 4. A glissando sound is essentially characlerized by a. the
moment of its departure; b, its speed v, = dffdt, (3, < v, < y); and ¢, its
register,

Hypothesis 5. Assimilate time to a line and make each moment of
departure a point on that line. It is as if one were to distribute a number of
points on a line with a linear density 8 = 4.5 points at MM = 26, This,
then, is a problem of continuous probabilities, These points define segments
and the probability that the i-th segment will have a length x; between
xand x & dris

Py == e dy,

Hypothesis 6. The moment of departure corresponds to a sound. We
shall attempt ta define its pitch, The strings have a range of about 80 serni-
tones, which may be represented by a line of length a = 80 semitones. Since
between two suceessive or simultaneous glissandl there exists an interval
between the pitches at the moments of departure, we can define not only
the note of attack for the first glissando, but also the melodic interval which
separafes the two origins,
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Put thus, the problem consists of finding the probability that a segment
§ within a line segment of length @ will huve a length between ; and j + ¢
{0 27 < @), This probability is given by the formnla

1 di = % (I - *;’:) d. {See Appendix 1.)

Hypothesis 7. The three essential characteristics of the glissando sound
defined in Hypothesis 4 are independent,

From these hypotheses we can draw up the three tables of probability:
a table of durations, a table of speeds, and a table of intervals.

All these tables Furnish us with the elements which materialize in
eell 31, iz, The reader 35 encouraged to examine the score 1o see how the
results of the caleulations have been used. Here also, may we emphasize,
a great liberty of choicc is given the composer. The restrictions ure more of
a general canaliving kind, rather than peremptory, The theory and the
calculation define the tendencies of the sonie entity, bat they do not con-
stitute a slavery, Mathematical formulae ure thus tamed and subjugated
by musical thought. We have given this example of glissando sounds
because it contains all the problems of stoehastic music, controjled, up to a
certam point, by caleulation,

Table of Durations

3 = 4.5 soundsfmeasure at MM 25
Unit x = 0.10 of the measure 1t 26 MM
4.5-6.5 = 29 soundsjcell, i.e., 28 durations

x Bx gt Sembx  Jemdi fy QB
3.00 0.08 1000 4.500 0.362 10
4,10 0.45 4.638 2.870 £.231 7
6.20 4,80 0.407 1.830 0.148 4
0.30 1.35 £.259 1.1865 0.094 3
0,40 1.80 0.165 (.743 0.060 2
8.50 2.25 0,105 0.473 .038 I
0.60 2.70 0.067 0,302 0.024 1
0.76 315 0,043 0,194 0.016 g

Tatals 12415 0973 28
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An approximation is made by considering dx as » constant factor,

5

2

Bt ffy = 1,

]

Therefore

dx 11’3 Be %%,
i

In this case dx = /12,415 = (.805,

Tuble of Speeds

8 = 4.5 glissando sounds/measure at 26 MM
o = 3,88, quadratic mean of the speeds

v i5 cxpressed 1n scmitonesfmeasure at 26 MM
Uy, 15 the mean speed (v, + pg)f2

4.5.6.5 = 20 glsando soundsfeell,

v A=oe B PR =00 - ) 9P

8 9.000 §.0000

0.286% 8 0.5
I 0,258 .2869

3.2510 7 L5
2 0.516 £.5379

(1859 3 2.5
3 0.773 0.7238

G.1310 4 3.5
4 1.032 0.8548

G.0771 2 4.5
3 1.228 6.9319

0.0397 i 3.5
6 1.545 0.9716

0.0179 i 8.5

7 1,805 0.9893
0.0071 0 7.5
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Table of Intervals

& = 4.5 glissandifmeasure at 26 MM.

¢ = 80 semitones, or 18 times the arbitrary unit of 4.5 semitones,

J is expressed in multiples of 4.5 semitones,

dj 1s considered to be constant. Therefore 47 = USsljtordi = af(m + 1),
and we obtain a step function. Forj =0, 8(j}di = 2¢(m + 1) = 0,185; for
j =18, 8(j)dj = 0.

#.5-8.5 = 29 glissando sounds per cell,

We can construct the table of probabilities by means of a straight line,

J 6(4) df = P(§) 99 P(})
T 11§ [ s R ————r

i 3
2 3
3 3
4 2
5 2
) 2
7 2
8 2
9 2
10 1
il 1
12 i
i3 i
14 1
15 0
16 0
17 0
18 o

We shall not speak of the means of verification of liafsons and correla~
tions between the various values used. Tt would be too iong, complex, and
tedious. For the moment let us affirm that the basic matrix was verificd by
the two formulae:
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Let us now imagine music composed with the aid of matrix (M), An
observer who perceived the frequencics of ovents of the musical sample
would deduce a distribution duc to chance and following the laws of
probability. Now the question is, when heard a number of times, will this
wusic keep its surprise effect? Will it not change into a set of forasceable
phenomena through the existence of memory, despite the fact that the law
ol frequencies has been derived from the laws of chance?

In fact, the data will appear aleatory only at the first hearing, Then,
during successive rehearings the relations between the events of the sample
ordained by “chance” will form a network, which will take on a definite
meaning in the mind of the listener, and will initiate a special “logic,” a
new cohesion capable of satisfving his intelect as well as his aesthetic senve;
that is, if the artist has a certain Sair.

If, on the other hand, we wish the sample to be unloreseeable at all
times, it is possible to conceive that at each repetition certain data might
be transformed in such a way that their deviations from theorctical fre-
quencics would not be significant. Perhaps & programming useful for a first,
second, third, ete., performance will give aleatory samples that are not jdenti-
calin an absolute sense, whose deviations will also be distributed by chance.

Or again a system with clectromic computers smight perinit varfations
of the paraieters of entrance to the matrix and of the clouds, under certain
conditions. There would thus arise a mugic which can be distorted in the
course of time, giving the same observer 2 results apparently due to chance
for » performances, In the long run the music will follow the laws of proba.
bility and the performances will be statistically identical with each other, the
identity being defined once for all by the “vector-matrix.”

‘The sonic scheme defined under this form of vector-matrix is conse-
quently capable of establishing a more or less self-determined regulation of
the rare sonic events contained in a misical composition sample. It TepIe.
sents a compositional attitude, a fundamentally stochastic behavior, a unity
of superior order. F1956-37].

works of art, the gquestion concerning the minimum has produced an inverse
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path: rules — vision, In fact stochastics permits 2 philosophic vision, as the
example of Ackorripsis bears witness,

CHANCE--IMPROVISATION

Before generahizing further on the essence of musical composition, we
must speak of the principle of improvisation which caused a furore among
the nco-serialists, and which gives thent the right, or so they think, 1o speak
of chance, of the aleatory, which they thus introduce into music. They
write scores in which certain combinations of sounds may be freely chosen
by the interpreter, It is evident that these composers consider the various
possible circuits as equivalent. Two logical infirmities are apparent which
deny them the right to speak of chance on the one hand and “ composition*?
on the other {composition in the broad sense, that is}:

1. The interpreter is u highly conditioned being, so that it is not possible
10 accept the thesis of unconditioned choice, of an nterpreter acting like a
roulette game. The martingale betting at Monte Carlo and the procession
of suicides shouid convince anyone of this. We shall return to this.

2. 'The composer commits an act of resignation when he admits several
possible and equivalent circuits. In the name of a “scheme™ the problem of
choice is betrayed, and it is the interpreter who s promoted to the rank of
composer by the composer himsclll There is thus u substitution of authors.

The extremist extension of this attitude is one which uses graphical
signs on & picce of paper which the interpreter reads while improvising the
whole, The two infirmities mentioned above are terribly aggravated here.
I would ke to pose u question: If this sheet of paper is put before an inter
preter who is an ineomparable expert on Chopin, will the result not be
modulated by the style and writing of Chopin in the same way that a per-
former who is immersed in this style might improvise 2 Chopin-like cadenza
to another composer’s concerto? From the point of view of the composer
ihere is no interest,

On the contrary, two conclusions may be drawn; firgt, that serial
compesition has become 5o banal that it can be improvised like Chopin’s,
which confirms the general Impression; and seccond, that the composer
resigns his function altogether, that he has nothing to say, and that his
function can be taken over by paintings or by cuneiform giyphs.

Chance needs to be calculated

To finish with the thesis of the roulette-musician, I shall add this:
Cliance is a rare thing and a snare, It can be constructed up 1o a certain
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point with great difficulty, by means of complex reasoning which is sum-
marized in mathematical formulace; it can be constructed a little, but never
improvised or intellectually imitated. 1 refer to the demonstration of the
impossibility of imitating chance which was made by the great mathemati-
cian Emile Borel, who was one of the specialists in the calcnlus of probabil-
ities. In any case-—to play with sounds like dice—what a truly simplistic
activity! But once one has emerged from this primary fieid of chance worth-
less 16 a musician, the calculation of the aleatory, that is to say stochastics,
guarantees first that inn a region of precise definition slips will not be made,
and then firnishes a powerful method of reasoning and enrichment of sonic
PrOCCsses.

STOCHASTIC PAINTING?

In Hne with these ideas, Michel Plilippot introduced the calculus of
probabilities into his painting scveral years ago, thus opening new direc-
tions for investigation in this artistic reatm. In music he recently endeavored
16 analyze the act of composttion i the form of a flow chari for an tmaginary
mackine. It is a [undamental analysis of voluntary choiee, which leads to a
chain of aleatory or deterministic events, and is based on the work Composi-
tion pour double orchesive (1960). The term imaginary machine meuns that the
composer may rigorously define the entities and operating methods, just as
on an electronic computer, In 1960 Philippot commented on his Compasition
pour double orchestre:

If, in connection with this work, I happened to use the term
“experimental music,” I should specily in what sense it was meant in
this particular case. it has nothing to do with concrete or clectronic
music, but with a very banal score written on the nsual ruled paper
and requiring none but the most traditional orchiestral instruments.
However, the experiment of which this composition was in some sense
& by-prodnct does exist {and onc can think of many industries that
survive onfy through the caploitation of their by-products).

The end sought was merely to effect, in the context of a work
which ¥ would have written independent of all experimental ambi-
tions, s exploration of the processes followed by my own cercbrai
mechanism as it arranged the sonic clements, 1 therefore devised the
following steps:

I Muake the most complete inventory possible of the set of my
gestures, ideas, masnerisms, decisions, and cholees, oo, whicl werc
mine when I wrote the music,
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2. Reduce this set to a succession of simple decisions, binary, if
possible; i.e., accept or refuse a particular note, duration, or sifence in
a situation determined apd defined by the contest on one hand, and
by the conditioning to which I had been subjected and my personal
tastes on the other,

3. Establish, if possible, from this sequence of simple decistons, a
scheme ordered according to the followin g two considerations {which
were sometimes contradictory}: the manner in which these decisions
emerged from sy imagination in the course of the work, and the
manner in which they would have o emerge in order to be most
usefigl.

4. Present this scheme in the formn of a flow chart containing the
fogical chain of these decisions, the aperation of whi¢h could easily
be controlled,

5. 8et in motion a mechanism of simulation respecting the rules
of the game in the flow chart and note the result.

6. Compare this result with my musical intentions.

7. Check thedifferences between result and intentions, detcct their
causes, and correct the operating rules.

8. Refer these corrections back to the sequence of experimental

phases, ie., start again at 1, unil a satisfactory result has been ob-
tained,

If we confine ourselves to the most general considerations, it
would simply be a matter of proceeding to an analysis of the complexs
ity, considered as an accumulation, in a certain order, of single events,
and then of reconstructing this complexity, at the same time verifying
the nature of the elements and their riles of combination. A CUrsery
look at the flow chart of the first movenent specifies quite well by a
mere glance the method 1 used. But to confine onesell to this first
movement weould be to misunderstand the essentials of musical
composition,

In fact the “preludial™ character which cmerges from this
combination of notes {elementary eonstituents of the orchoestra)
should remind us of the fact thas composition in its ultimate stage is
alse an assembly of groups of notes, motifs, or themes and their
transformations. Conscquently the task revealed by the flow charis
of the following movements ought (o make conspicuous a grouping of
a higher order, in which the data of the first movement were used as
a sort of “prefabricated” material, Thus appeared the phenomenon,
a rathcr banal one, of autogeneration of complexity by inxtaposition
and combination of « large number of single events and operations,

At the end of this experiment 1 possessed at most sorve insight into
my own musical tastes, but 10 me, the obviousty interesting aspect of
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Fig. |-t1. Composition for Double Orchestrs, by Michel Philippot, 1958

Flow Chart of the First Moverment
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it {as long as there is no error of smission 1) was the analysis of the
composer, his mental processes, and a cortain lberation of (he
imagination,

The biggest difficulty encountered was that of a comscions and
voluntary sphit in personality. On one hand, was the composer who
already had a clear idea and a precise andition of the work he wished
to obiain; and on the other was the experimenter who had (o maintain
a lucidity which rapidly beeame burdensome in these conditions—a
lueidity with respect to his own gestures and decisions. We must not
ignore the fact that such experiments must be examined with the
greatest prudcence, for overyone knows that no observation of a
phenomenon exists which does not disturh that phenomenon, and 1
fear that the resulting disturbunce miglht be particularly strong when
it concerns such an ili-defined domain and such a delicate activity,
Moreover, in this particular ease, T fear that observation might pro-
voke its own disturbanee. If [ accepted this risk, 1 did not under-
estimate is extent. At most, my ambition confined itself'to the attempt
to project on a marvelous unknown, that of acsthetic creation, the
timid light of a dark lamtern, (Fhe dark lantern had the repiHation
of being 1sed especially by housebreakers, On several occasions T huve
been able to verify bow much my thirst for investd gation has rmade me

appear in the eyes of the majority as a dangerous honsebreaker of
ingpiration.)

Chapter |l

Markovian Stochastic Music—Theory

Now we can rapidly generalize the study of musical composition with the
aid of stochastics.

The first thesis s that stochastics is valuable not only in iustrzzz.mn.tai
music, but also in electromagnetic music. We have demonstrated this with
several works: DHamorphoses 1957-58 {B.A M. Paris), Coneret PH {in t}}c
Philips Pavilion at the Brussels Exhibition, 1958} ; and Orient- Gc.c.z"deml, music
{or the film of the same name by E. Fulchignoni, produced by GNESCG in
1860,

The sccond thesis is that stochastics can lead to the creation of new
sonic materials and 1o new forms. For this purpose we must as a preamble
pul forward a tamnporary hypothesis which concerns the nature of sound, of
all sound {191

BASIC TEMPORARY HYPOTHESIS (lemma)} ANO DEFINITIONS

All sound i an integration of grains, of clementary sonic particles, of
somic guanta, Rach of these elementary grains has a tizr'cc?oid nature:
duration, frequency, and inlensity.? All sound, cven all continvous sonic
variation, is conceived as an assemblage of a large number of clementary
grains udequately disposed in time. So every sonic complex cun be .:;um}y.zcd
as a series of pure sinusotdal sounds even if the variations of these sinnsoidal
sounds are infinitely close, short, and complex. In the attack, body, and
decline of a complex sound, thousands of pure sounds appear in a more or
less short interval of time, Af Hecatombs of pure sounds are necessary for
the arcation of a complex sound. A complex sound may be imagined as a
multi-colored firework in which cach point of light appears and instan-

43
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taneously disappears against a Dlack sky. But in this firework there wonld
be such a quantity of points of light organized in such & way that their rapid
and teerning succession would create forms and spirals, slowly unlolding, or
couversely, brief explosions setting the whole sky aflame. A Hine of ight wenld
be created by a sufficiently large multitude of points appearing and dis-
appearing instantaneously.

I we consider the duration At of the grain as quite smalt butinvariable,
we can ignore it in what follows and consider frequency and intensity only,
The two plysical substances ol a sound are frequency and intensity in
association. They constitute two sets, Fand G, independent by their nature.
They have a sat product F x G, which is the elementury grain of sound, Set &
can be put i any kind of correspondence with G: mdny-valued, single-
valued, one-to-one mapping, . . . . The correspondence can be given by an
extensive representation, a matrix representation, or a canonical represen-
fation,

EXAMPLES OF REPRESENTATIONS
Extensive (term by term}:
Frequencies l L R o5 Oh
Intensities fa fn O B

Matrix {(in the form of a table):

VA f s i ko fe Fro
L+ 0 + 0 0 0 4+
g0+ ¢ 6 0 4+ 0
& 10 0 0 + 4 0 0

Canonical {in the form of a function):

V= Kg
[ = frequency
g == intensity
K w coeflicient

The correspondence may also be indeterminate (stochastic), and here
the mogt convenient representation is the matrical one, which gives the
transition probabilities,
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Example:

VA K 5 A

L1635 0 62 0

2210 03 03 |1

165 07 05 0

The table should be interpreted as follows: for eaclr value £ of f there are
one or several corresponding intensity values g, defined by a probability.
For example, the two intensities g, and g, correspond to the frequency f,
with 30%, and 707, chance of occurrenge, respectively. On the other hand,
each of the two sets F and & can be {uruished with a structure—tliat is to
say, lnternal refations and laws of composition.,

Time 1 15 considered as a totally ordered set mapped onto For 6 in a
Iexicographic form.,

Exampies:

afo fu fo oo b fos Jo fou Je
b= 12 .- tw 0.5, 8, /11, x,

é. SVALLLA AR A S e

b= AV CIDIEL | b
AtjAL AL AL A AL Af|- -] o)
At AF

Example ¢. 1s the most general since continuous evolution is sectioned
into shices of u single thickness A, which transforms it in discontinuity; this
makes it much easier o isolate and examine under the magnifying glass,

GRAPHICAL REPRESENTATIONS

We can plot the values ol pure {requencies in units of octaves or semi-
tones on the abscissa axis, and the intensity values in decibels on the ordinate
axis, using logarithmia scales (see Fig. II-10. This cloud of points is the
cylindrical projection on the plane (FG) of the graims contained 1y a thin
slice A (see Fig. I1-2). The graphical representations Figs. TI-2 und 11-3
make more tangible the abstract possibifities raised up to this point.

Psychophysiology

We are confronted with a cloud of evelving points. This cloud is the
product of the two sets Fand G in the slice of time AL What are the possible
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restrictive limits of human psychophysiclogy? What are the most general
manipulations which may be imposed on the clouds and their transforma-
tions within psychophysiological limits?

The bastc abstract hypothesis, which Is the granular construction of all
possible sounds, gives a very prolound meaning to these two questions, In
fact within human Himits, using all sorts of manipulations with these grain
clusters, we can hope to produce not only the sounds of classical Jastruments
and elastic bodics, and these sounds generally preferred in coperete music,
but slso sonic perturbations with evolutions, unparalleied and unimaginable
until now, The basis of the thmbre structures and transformations will have
nothing in common with what has been known until now.

We can even express 2 more general supposition. Suppose that cach
point of these clusters represents not only a pure frequency and its satellite
intensity, but an already present structure of elementary grains, ordered a
priort. We believe that in this way a sonoriy of a second, third, or higher
order can he produced.

Recent work on hearing has given satisfactory answers to certain
problems of perception. The basie problems which concern us and which
we shall suppose to be reselved, even if some of the solutions are in part
faching, are {2, 3] 1. What is the minimum perceptible duration {in com-
fort) of a sinnsoidal sound, as a function of s frequency and Hs intensity ?
2. What are the minimum valucs of intensities in decibels compatible with
minimum frequencies and durations of sinuseidal sounds? 3. What are the
mipimumn melodic interval thresholds, as a fanction of register, mtensity,
and duration? A good approximation is the Fletcher-Munson diagram of
equal loudness contours (see Fig, T1-4).

Fhe total number of elementary sndible grains is about 340,000 The
ear i more sensitive at the center of the andible area. At the exiremities it
perceives less amplitude and fewer melodic intervals, so that if one wished to
represent the zudible area in a homogeneons manner using the coordinates
Fand G, Lo, with cach surface element AFAG contalning the same density
of grains of perceptible sounds, ona would obtain a sort of mappa mundi
(Fig, 11-5).

En order to simplify the reasoning which will follow without altering 1t,
we shall base our argument on Fletcher’s dingram and suppose that an
appropriate one-lo-one transformation applied to this group ol coordinates
will change this curved space into an erdinary rectangle {¥Fig. 11-6}.

All the above experimental results were established in ideal conditions
and without reference to the actual complexity of the natural sounds of the
orchestra and of elustic bodies in general, not to mention the more complex
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G #

sounds of industry or of chaotic nature [4]. Theoretically [5] a complex
sound can only be exhaustively represented on a three-dimensional diagram
F, G, 4, giving the instantancous frequency and intensity a5 a functien of
time. But in practice this boils down to saying that in order to represent a
momentary sound, such as a simple noise made by a car, months of calcula-
tions and grapls are necessary, This impasse is strikingly reminiscent of
classical mechanics, which claimed that, given sufficient time, it could
account for all physical and even biological phenomena using only a few
formulae. But just to describe the state of a gaseous mass of greatly reduced
volume at one instant ¢, even if simplifications are allowed at the beginning
of the calculation, would require several centuries of human work!

This was a false problem because it is useless; and as far as gaseous
masses are concerned, the Maxwell-Boltzmann kinetic theory of gases,
with its statistical method, has been very fruitful [6]. This method re-
established the value of scales of observation. For a macroscopic phenomenon
it is the massed total result which counts, and cach time a phenomenon is
to be observed the scale relationship between observer and phenomenon
miust first be established. Thus if we observe galactic masses, we must decide
whether it is the movement of the whole mass, the movement of a single star,
or the molecular constitution of a minute region on a star that interests us.

‘The same thing holds true for complex as well as quite siraple sounds.
It would be a waste of effort to attempt to account analytically or graphi-
cally for the characteristics of complex sounds when they are to be used in
an clectromagnetic composition, For the manipulation of these sounds
macroscopic methods are necessary.

Inversely, and this is what particularly intercsts us here, to work like
architects on the sonic material in order to construct complex sounds and
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evolutions of these entities means that we must use macroscopic methods of

analysis and construction, Microsounds and elementary grains have no
importance on the scale which we have chosen. Only groups of grains and
the characteristics of these groups have any meaning. Naturally in very
particular cases, the single grain will be reestablished in all #ts glory, In a
Wilson chamber it is the elementary particle which carries theoretical and
experimenial physies on its shoulders, while in the sun it is the mass of
particles and their compact interactions which constitute the solar object.

O field of evelation is therefore the ¢urved space deseribed above,
but simplified to a rectilinear space by means of complete one-to-one
transformation, which safeguards the validity of the reasoning which we
shall pursue,

SCREENS

The graphical representation of » cloud of grains in a slice of time Ay
examined earlier brings a new concept, that of the density of grains per unit
of volume, AFAGAL (Fig, 11-7), Every possible sonnd may therefore be cut
up inte a precive quantity of clements AFAGAMAD in four dimensions,
distributed in this space and following certain rules defining this sound,
which are summarized by = function with fonr variables: s{F, G, D, 1.

G
OHF

Plane of
reference (FE)
at roment

A

/
/ e e
//// rg ‘

the dimension
of the density

Fig. -7
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The scale of the deusity will also be logarithmie with its base between
2 and 3.% To simplify the explanation we will make an abstraction of this
new coordinate of density. It will always be present in our mind but as an
entity associated with the three-dimensional element AFAGAL,

If time is considered as a procedure of lexicographic ordering, we can,
without loss, assume that the At are equal constants and guite small, We can
thug reason on a two-dimensional space defised by the axes F and G, on
condition that we do not lose sight of the fact that the cloud of grains of
sound exists in the thickness of time M and that the grains of sound are only
artificially flattened on the plane (FG).

Definition of the screen. The sercen is the andible area (FG) fixed by a
sulficiently close and Liomogeneous grid as defined above, the cells of which
may or may not be occupied by grains, In this way any sound and its
history may be desaribed by means of a sufficiently large number of sheets
of paper carrying a given screen £, These sheets are placed in a fixed lexi-
cographic order {sce Fig. I1-8L

- Sergen

A book of sureens eguals
the e of a complex sound

The clouds of grains drawn on the sereens will differ from one scrcen
to another Dy their geographical or topographical position and by their
surface density (see Fig. 11-9). Screen 4 contains a small elemental rectane
gle with a smali cluster of density 4 of mean freguency fand mean amplitude
g 1t s almost 2 pure sound. Screen B represents a more complex sonnd with
strong high and low areas but with a weak center, Scrcen O represents a
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“white”” sound of weak density which may therefore be perceived as a sonic
sheen occupying the whole audible area,

What is important in all the statements made up to now is that nothing
has been said about the topographic fixity of the grains on the screens, A1l
natural or instrumental sounds are composed of small surface ¢lements filled
with grains which Suctuate around a mean frequency and intensity. The
same holds for the density. This statement is [undamental, and it is very
fikely that the fallure of electronic musie to create new timbres, zside from
the inadequacy of the serial method, is largely due 10 the fixity of the grains,
which {orm structures like packets of spaghetti (Fig. 1110},

Topographic fixity of the grains is a very particular case, the rmost
general case being mobility and the statistical distribution of grains around
positions of equilibriur. Consequently in the majority of cases real sounds
can be analyzed as quite small rectangles, AFAG, in which the topographic
positions and the densities vary from one screen to another bllowing more
or less well-defined laws,

Thus the sound of example D at this precise instant is formed by the
collection of rectangles ( fo84), (fags), (faga), (fag)s (fsga), (faga)s (fs&1)s
{f6g2)s (ﬁags): {.f?gﬁ}! {ﬁé’a)s {.f'fga): (f‘?gs): (fﬂg';(}: {Jrﬁgd.)a (fﬁgs}y and ineach

of the rectangles the grains are disposed in an asymmetric and homogeneous

CONSTRYCTION OF THE ELEMENTS AFAG oF THE sCREERNS

1. By calewlation, We ghall examine the means of calculating the clements
AFAGAIAD,

How should the graing be distributed in an elemental volume? If we
fix the mean density of the grains (= number of grains per unit of volume)
we have to resolve a problem of probability in a four-dimensional space, A
simpler method would be 1o consider and then caleulate the four coordinaies
independently.

For the coordinate ¢ the law of distiribution of grains on the axis of time
is:

Po=ce ™dy or P, o= "Wehx, (1) (See Appendix L)

For the coordinates G, F, D the stochastic law will be:

20 ,
sadi=2(i-4a  w

JRE S SR See Appendix T

or *“2\10*( 5I0F - 1)‘ (See Appendix I.)
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From these formulae we can draw up tables of the frequencies of the
values £, G, F, D {see the analogous problem in Ghapter I}. These formulae
are in our opinion privileged, for they arise from very simple reasoning,
probably the very simplest; and it is essential to start out with a minimum
of terms and constraints if we wish to keep to the principle of the tabula rasa
{Ist and 3rd rules of Descartes’s Discourse on Method),

Let there be one of these elemental volurnes AIADAFAG of the screen
at the moment , This volume has a density D taken from the table derlved
from formula ('), Points on Al are defined with a lincar density D = ¢
accordmg to the table defined by formula (v}, To each point is attributed a
sonic grain of frequency f and intensity g, taken from within the rectangle
AFAG by means of the table of frequencies derived from fprmula (7). The
correspondences are made graphically or by random successive drawings
from urus composed according to the above tables,

2. Mechanically. ¢, On the tape recorder: The graing are realized from
sinusoidal sounds whose durations are constant, about 0.04 see. These
grains must cover the sclected elemental area AFAG, Unfolding in time is
accomplished by using the table of durations for a minimum density ¢ = I,
By mixing sections of this tape with itsclf, we can obtain densities varying
geometrically with ratio 1:2:3, .. according to the number of tracks that
we use. b, On computers: The grains are realized from wave forms duly
programmed according to Gabor's signals, for a computer to which an
analogue converter has been coupled. A second program would provide for
the construction of the clemental volumes MADAFAG Fom formulac (r)
and (r'}.

Firgt General Comment

Take the cell AFAGAL Although occupied in o homogeneous manner
by grains of sound, it varies in time by fluctirating around a mean density
dr. We can apply another argument which is more synthetic, and admit that
these fluctuations will exist in the most general case anyhow (if the sound s
long enough), and will therelore obey the laws of chance, In this case, the
problem is put in the following manuer:

Given a prismatic cloud of graing of density 4, of cross section AFAG
and length ¥ A¢ what is the probability that 4 grains will be found in an
clemental volume AFAGAL? If the number d,, is small enougls, the probabil-
iy is given by Poisson’s lormula:

&
Py o= (i’gf g™ ¥m,
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For the delinition of cach gram we shall again use the methods de-
seribed above,

Second Genersl Comment {Vector Space) [8]

We can construct elemental celis AFAG of the screens not only with
points, but with elemental vectors associated with the grains {vector space],
The mean density of 0.94 see/grain really implics 2 small vector. The partic-
ular case of the grain occurs when the vedtor s parallel to the axis of time,
when its projection on the plane (FG) is a point, and when the frequency of
the grain is constant, In general, the frequencics and intensities of the grains
can be variable and the grain a very short glissando {sce Fig. Y112},
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Fig. I1-12

In a veetor space (FG) thus defined, the construction of screens would
perbaps be cumberserne, for it wouid be necessary to introduce the idea of
specd and the statistical distribution of its valnes, but the interest in the
undertaking would be enormous. We could fmagine screens as the basis of
granular felds which are magnetized or completely neutral {disordered).

in the case of total disorder, we can caleulate the probability f{v) of
the existence ol a vector v on the plane (FG) using Maxwell’s formula as
applied to two dimensions [11]:

2u i
S ma,ze'”" .
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For the mean value n, < v, < o,

Plon) = 2 o0, - o)}

in which A = zfa and

B(A) = — f“‘ -
= e
{ ‘\/7’_ - S

for A £ A £ A (normal Gaussian law) [12]. In any case, whether it is a
matter of a vector space or a scalar space does not modify the arguments

f13],
Summary of the Screens

L. A screen is deseribed by a set of clonds that are themselves  set of
elemental rectangles AFAG, and whicli may or may not contain grains of
sound. These conditions exist at the moment £ in a shice of time Af, as small
as desired,

2. The grains of sound create a density peculiar to each cleinental
rectangle AFAG and are generally distributed in the rectangles in an er-
godic manner. {The ergodic principle states that the capricious effect of an
operation that depends on chance is regularized more and more as the
operation is repeated, Here it is understood that a very large succession of
streens is being considered {141}

3. The conception of the elemenial volume AFAGATAD is such that
ne simultaneity of grains is gencrally admitted. Simultaneity ocours when
the density is high enough. Its frequency s bound up with the size of the
density, Tt is all a question of scale and this paragraph refers above all to
realization, The temporal dimension of the grain {vector) being of the order
of 0.04 sec., no systematic overlapping of two grains (vectors) will be accepted
when the clementary density is, for example, Dy = 1.5 grainsfsec. And as
the surface distribution of the grains is homogeneous, only chance can
create this overlapping,

4. The Iimit for a screen may be only one pure sound (sinusoidal),
or even 1o sound at all (empty screen),

ELEMENTARY OPERATIONS ON SCREENS

Let there be a complex sound. At an instant ¢ of its life during a
thickness A4 it can be represented by one or several clouds of grains or
vectors on the planc (M), This is the definition which we gave {or the
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screen, The junction of scveral of these screens in a given order describes
or prescaibes the life of this sonic complex, Itwould be Interesting to envisage
in all s generality the manner of combining and fuxtaposing screens (o
desceribe, and above all to construct, sonic evolutions, which may be con-
finvons or discontinuous, with a-view to playing with them in a composition,
To this end we shall borrow the terminology and symbeolism of modern
algebra, but in an clementary manner and as a form of introduction to a
further development which we shall not undertake at the moment.

Comment. 1t does not matter whether we place ourselves on the plane
of physical phenomena or of perception. In general, on the plane of per-
ception we consider arithmetically that which is geometrical on the physical
plane. This can be expressed in a more rigorous manner, Perception
constitutes an additive group which is afmes! isoinorphic with a physical
excitation constituting a multiplicative group. The “almost” is necessary to
exXOrcise approximations,

Grains or vectors on the plane (FG) constitute a cloud, A sereen can be
composed of no grain at all or of several clouds of grains or vectors (see

Fig. 1i-13),
Gl e
A
&
Screen 1 Screen 2 Screen 3
Fig, H-13

To notate that a grain or vector & belongs to a cloud E, we writc g £
the contrary is writter a ¢ £, ¥ all the grains of a doud X are grains of
another clond ¥, it 35 sajd that X is incinded in ¥ or that X is a part or
sub-cloud of ¥. Tliis relation is notated X < ¥ {inclusion).

Consequently we have the {ollowing properties:

Ao X forany X
Aol and Yol imply Xo Z

When X « Yand ¥ < X, the clouds X and ¥ consist of the same grains;
they are mdistingnishable and the relation is written: X = ¥ {equation),

A cloud may contain as little as a single grain, A cloud X is said to be
empty when it contains no grain g, such that ae X, The empty cloud is
notated @.
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ELEMENTARY OPERATIONS

These operations apply equally well to clouds and to screens. We can
therefore use the terms “sereen” and “cloud” indiscriminately, with cloud
and grain as “constitutive elements.”

The intersection of two screens 4 and B Is the sereen of clouds which
belong to both A and B, This is notated as 4 M B and read as “ 4 inter B”
{Tig. TE-14). When 4 B =~ @, 4 and B are said to be disjoint (Tig.
TI-15}. The union of two screens 4 and B is the set of clouds which belong
0 both 4 andjor B (Fig. T1-16). The complement of a screen 4 in relation to
a screen [ containing 4 is the set of clouds in E whicl do net belong to
4. This is notated Cpd when there 3s no possible uncertainty about E
(Fig. 11-17). The difference (4 — B} of 4 and B is the set of clouds of 4
which do not belong to B. The immediate consequence s 4 — B == 4 -
4B =C,(4n 8 (Fig, I1-18).

We shall stop this borrowing here; however, it will afford a stronger,
more precise conception on the whele, better adapted for the manipu-
lations and arguments which follow,

DISTINCTIVE CHARACTERISTICS DF THE SCREENS

In our desire to create sonic complexes from the temporary accepted
primary matter of sound, sine waves (or their replacements of the Gabar
sort), and to create sonic complexes as rich as but more extraordinary
than natural sounds {using scientifically controlled evolutions on very
general abstract plancs), we bave lnplicitly recognized the importance of
three basic factors which seem to be able to dominate hoth the theoretical
construction of a sonic process and its sensory effectiveness: 1. the density
of the clementary elements, 2. the topographic situation of events on
the screens, and 3. the order or disorder of events.

At first sight then the density of grains or vectors, their topography,
and their degree of order are the indirect entities and aspects perceived by
our macroscopic ears. It is wonderful that the ear and the mind follow
objective reality and react directly in spite of gross inherent or cultural
Imperfections. Measurement has been the foundation of the experimental
scicnces. Man veluntarily treats himself as 2 sensory invalid, and it is for this
reason that he has armed himself, justifiably, with machines that measure
other machines. His cars and eyes do measure entities or physical phen-
omena, but they are transformed as if a distorting filter came between im-
mediate perception and consciousness. About a century ago the logarithmic
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Jaw of sensation was discovered; until now it has not been contradicted.
But as knowledge never stops in its advance, tomorrow's science will with-
ont doubt find not only a greater flexibility and cxactitude for this law,
but also the begiunings of un explanation of this distorting flter, whicl is so
astonishig,

"This statistieal, but none the less quasi-one-to-one transformation of
excitation into perception has up to now allowed us to argue about physical
entities, such as screens, all the while thinking “pereeived events.” A
reciprocity of the same kind between perception and s compreliension
Permits us to pass fromn the screens to the consequent distinetive cliaracteris-
tics. Thus the arguments which we shall pursne apply equally well to pure
coucepts and to those resulting from perception or sensory cvents, and we
may take the attitude of the crafisman or the listener.

We have already remarked on the density and the topography of
grains and cells and we have acknowledged the concepts of order and dis-
order in the homogeneous superficial distribution or grains,

We shall examine closely the concept of order, for it is probably hidden
behind the other two. That is to say, density and topography are rather
palpably simplified embodiments of this flecting and many-sided concept
of disorder.

When we speak of order or disorder we imply first of all “objects™ or
“elements,” Then, und this is already more complex, we define the very
“elements” which we wish to study and from which we wish o construct
order or disorder, and their scale in relation to onrs. Finally we guahify
and endeavor to measure this order or disorder. We cun even draw up = Hst
of all the orders and disorders of these entities on all scales, from ail aspects,
for all measurements, even the charactesistics of order or disorder of this
very list, and establish anew aspects and measurements.

‘Fake the example of the gases mentioned above. On the molecular
scale (and we could have descended to the atonic level), the absolute values
of the speeds, directious, and distributions in space are of all sorts, We can
distinguish the *“elements™ which carry order or disorder. Thus if we conld
theoretically isolate the element “directions” and assume that there is an
obligation to follow certain privileged directions and not all directions, we
could impose a certain degree of order which would be independent of the
other elements copstituting the concept “gas.” In the same way, given
cnough time, the values of the speeds of a single motecaule will be distributed
around 2 mean value and the size of the deviations will follow Gauss’s law.
There we will have a certain order since these values are vastly more

Markovian Stoehastic Music--Theory 61

numerows in the neighborhood of their mean than anywhere else, from in-
finitely smull 1o infinitely large.

Let us take another example, more obvious and egnally true. A crowd
of 500,000 persons is assembled in a town square. If we examine the gronp
displacement of this crowd we can prove that it does not budge. However,
each individual moves lis limbs, his head, his eyes, aud displaces his center
of gravity by a few centimeters in every direction, If the displacements of the
centers of gravity were very large the erowd would break up with vells of
terror because of the multiple collisions between individuals, The statistical
values of these displacements normally lie between very narrow Iimits which
vary with the density of the crowd, From the point of view of these values as
they affeet immobility, the disorder is weak.

Another characteristic of the crowd is the orientation of the faces, 1fan
orator on 4 balcony were to speak with a calming effect, 499,000 faces would
lock at the balcony and 998,000 ears would listen to the honeyed words. A
thousand or so faces and 2000 curs wonld be distracted for various reasons:
fatigue, annoyance, imagination, sexnality, contempt, theft, etc. We could
confirm, along with the mass media, without any possible dispute, that
crowd and speaker were in complete accord, that 500,001 people, in fact,
were imanimous. The degree of order that the speaker was alter would attain
a maximum for a fow minutes at least, and if unanimity were expressed
equally strongly at the conclusion of the meeting, the orator could be per-
suaded that the ideas were as well ordered in the lieads of the crowd as in his
OWHL

We can estabiish from these two extreme examples that the concept of
order and disorder is basic 10 a very large number of phenomena, and that
even the defiuition of a phenomenon or an object s very often ateribntable to
this concept. On the other hand, we can establish that this concept is
founded ou precise and distinct groups of elements; that the scale is impor-
tant in the choice of elements; and finally, that the concept of order or dis-
order implies the relationship between effective values over all possible
values that tlie elements of a group can possess. This introduces the concept
of probability in the quantitative estimate of order or disorder.

We shall call the number of distingt elements in a group its veriety. We
shall call the degree of order or disorder definable in a group of elements its
entropy. Entropy is Hnked with the concept of variety, and for (hat very
reason, it Is linked to the probability of an element in the group. These
eoncepts are those of the (heory of communications, which itself borrows
from the second faw of thermodynamics {Beltzmann’s theorem H) [151.
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Variety is expressed as a purc numnber or as its logarithm to the base 2,
‘Thus humasn sex has two elerments, male and female, and Hs variety is 2,
or | bit: 1 bit = jog, 2.

Let there he a group of probabilitics (a group of real numbers p,
positive or zero, whose sum is 1), The entropy H of this group 13 defined as

H= K3 plogps

If the logarithmic base is 2, the entropy is expressed in bits. Thus if we
have a sequence of heads and tails, the probability of cach is 4, and the
eutropy of tlis sequence, Le., its uncertainty at cach throw, will be 1 bit. If
botis sides of the coin were heads, the uncertainty would be removed and the
entropy H would be zero,

L.et us suppose that the advent of 1 head or a tail is not controlied by
tossing the coin, but by a fixed, univocal law, e.g., heads at each even toss
and tails at cach odd toss. Uncertainty or disorder is always absent and the
entropy is zero, If the law becomes very complex the appearance of heads or
tails will scem to 2 human observer 1o be ruled by the law of chance, and
diserder and uncertainty will be recstablished. What the observer could do
would be to count the appearances of heads and tails, add np their respective
frequencies, deduce their probabifitics, and then calculate the entropy in
bits, If the frequency of heads is equal to that of tails the uncertainty will be
maximum and equal to 1 bit.

This typical example shows roughly the passage from order to disorder
and the means of calibrating this disorder so that it may be compared with
other states of disorder, It also shows the importance of scale. The intelli-
gence of the observer would assimilate a detenninistic complexity up to a
certain limit. Beyond that, in his eyes, the complexity would swing over into
unforesecability and would become chance or disorder; and the visible {or
macroscopic would slide into the invisible {or nicroscopice). Other methods
and poinis of view would be necessary to observe and control the pheno-
mena.

At the beginning of this chapter we admitted that the mind and especi-
aily the car were very sensitive to the order or disorder of phenomena. The
taws of perception and judgment are probably in a geometrical or logarith-
mic redation to the laws of excitation. We do not know much about this, and
we shall again confine ourselves to examining general entitics and to tracing
an overall orientation of the poetic processes of w very general kind of music,
without giving figures, moduli, or determinisius, We are still optimistic
enough to think that the interdependent expertment and action of abstract
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hypotheses can cut biologically into the living conflict between ignorance
and reality(i there is any reality).

Study of Ataxy {order or disorder) on the Planeofa
Cloud of Grains or Vectors

Axis of time: The degree of ataxy, or the entropy, Is 2 function of the
simultaneity of the grains and of the distinet intervals of time between the
ensssion of each grain. I the pariefy of the durations of the emissions Is weak,
the entropy is also weak. If, for examiple, in a given Af each grain is emitted
at regular intervals of time, the temporal variety will be | and the entropy
zero. The cloud will have zero ataxy and wili be completely ordered. Con-
versely, if in a fairly long succession of Af the grains are emitted according
to the law P, = 8¢7%% dx, the degree of utary will be much larger. The limit
of entropy 15 infinity, for we can imagine all possible values of time intervais
with an equal probability. "Thus, if the variety is # — 0o, the probability
for each time interval is i, = 1/, and the entropy is

Hm —K'3. pilog pi
i=0

< I, 1 i i i
H o= X{ﬂzﬂ slog» = ~Kn-log- = —Klog~ = Klogn
for n > o0, H - o0,

This is fess true in practice, for a Af will never offer a very great variety
of durations und its entvopy will be weak, Furthermore a sonic composition
will rarely have more than 100,000 Afs, so that H 5 log 100,000 and
5 16.6 bits.

Axis of frequencies {melodic) . The same argumernts are valid here but with
greater restriction on the variety of melodic intervals and on the absolute
frequencies because of the limits of the andible area.

Eatropy is zero when the variety of frequencies of grains is 1, Le., when
the cloud contains only one pure sound.

Axis of intensily and dersily: The above observations are valid, There-
fore, if at the limit, the entropies following the thivee axes of un clement
AFAGAAD are zero, this element will only contain one pure sound of
constant intensity emitted at regnlar intervals,

In conclusion, a cloud may contain just one single pure sound emitted
at regular intervals of time (see Fig. 11-19), in which case its mean entropy
{arithmetic mean of the three entropies) would be zero. It may contain
chaotically distributed grains, with maximum ataxy and maximum mean
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entropy (theoretically o). Between these two limits the grains may be
distributed in an infinite number of ways with mean entropies between 0
and the maximum and able to produce both the Marseillaise and a raw,
dodecaphomic series,

Fig, 11-19 7

A single grain emitted at reqular intervals of time

Parentheses

GENERAL OBSERVATIONS ON ATAXY

Taking this last possibility as a basis, we shall examine the very general
formal processes in all realms of thought, in all physical and psychie realities,

‘To this end we shall imagine a2 “ Primary Thing,” malleable at will;
capable of deforming instantancously, progressively, or step-by-step; extend-
ible or retractable; unigue or plural; as simple as an electron {1} or as com-
plex as the universe (as compared (o man, that is).

It will have a given mean entropy. At a defined time we will cause it to
undergo a transformation. From the point of view of ataxy this transforma-
tion can have one of three effects:

i, The degree of complexity {variety) does not change; the transforma-
tion is neutral; and the overall entropy does not ¢hange.

2. The degree of complexity increases and so does the entropy.

3, The transformation is a simplifying one, and the entropy dimin-
ishes.

‘Thus the neutral transformation may act on and transform: perfect
disorder into perfect disorder {fluctnations), partial disorder into partial
disorder, and perfect order into perfect order.

Multiplicative transformation transforms: perfeet disorder into perfect
disorder, partial disorder into greater disorder, and perfect order into partial
disorder,
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And simplifying transformation transforms: perfect disorder into partial
disorder, partial order into greater order, and partial order into perfect
order. ¥ig. 1120 shows these transformations in the form of a kinematic
diagram.

Perfaer toegree af order
disorder |e Max,

- artropy

i’.artiai ™~ Entropy
disorder %« max.
i T
3 — "
e
! o
Parfect Entropy O
order
Fig, 120 Time

STUDY OF ATAXY AT THE LEVEE OF SCREENS {$BT OF GLOUDS)

From the above discussion, a screen which i composed of a set of
cells AFAG associated with densities during a slice of time A may be
dissociated according to the two characters of the grains, frequency and
amplitude, and affected by a mean entropy. Thus we can classify sereens
according to the criterion of ataxy by means of two parameters of disorder
the variety of the frequencies and the variety of the intensities, We shall
make an abstraction of the temporal distribution of the grains in At and of
the density, whicli is implicitty bound up with the varieties of the two
fundamental sizes of the grain. In symbolic form:

Perfect disorder = o
Partial disorder = n or m
Partialorder =m or =n
Perfect order == QL

From the point of view of ataxy a screen is formulated by a pair of
entropy vahies ascribed to a pair of freqnencies and intensities of its grains,
Thus the pair (5, o0) mcans a sereen whose frequencies have gnite a small
entropy (partial order or disorder) and whose intensities have maximum
entropy {more or less perfect disorder),
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CONSTRUCTION OF THE SCREENS

We shall quickly survey some of the screens in the entropy table in
Fig. T1-21.

sisorger| disorder | ondy||S¥mE0! | Descrvton | bigram | isgram
F G F w1l F @
£ G oo, oo | Uinique screen ‘ Wi M ,5
infinite number
F G oz, it of sereens """*"""‘1-"9""“'-";'-“f-/
F G wm, & Linique sereen
Infinite number f)
Gi F m, oo of screens
Urnique screen,
& F O, prre squnds
Infinite number e
F G o, m of soreens B ~J
infinite number
F G 0 of sereens - AR
infinite number N
G5 F 0, n of sereens .
Unique screen, .
F G 0.0 pure sound :

Fig, #-21. Screen Entropy Table

SCREEN (o0, o0)

Let there be a very large number of grains distributed at random over
the whole range of the audible area and Jasting an interval of time equal to
At. Let there also be a grid fine enough so that the average density will not
be more than 30 grains per cell. The distribution law s then given by
Poisson's formula

4

where 4, is the mean density and P, the probability that there will be &
grains in a cell. 11 d,, becomes greater than about 30, the distribution law
will become normal.

Fig. 11-22 is an exampie of a Poisson distribution for a mean density
de = 0.6 grains/cell in a grid of 196 cells for a screen (oo, ).

Thus we may construct the {00, 00} screens by hand, according to the
distributions lor the rows and columns, or with suitable computer programs.
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Fig. H-22 F

For a very high mean density the sereens in which disorder is perfect
(maximum) will give a very rich sound, almost a white sound, which will
never be identical throughout time. If the ealculation is done by hand we can
construct a large number of (o0, o0} screens from the first (00, oo} sereen in
order to avoid work and mmmerical calculation for each separate screen, To
this end we permate the cells by column and row (see Fig. 11-23).

— &

& b £ b a F
Fig. I1-23. Example of Permutation by Columns

Discussion. It is obvions that for a high mean density, the greater the
number of cells, the more the distribution of grains in one region of the
screen tends to regnlarize {ergodism) and the weaker are the fluctuations
from one cell or cloud to another. But the absolute limits of the density in
the cells in the audible area will be a Junction of the technical means
avallable: slide rules, tables, caleulating machings, computers, ruled paper,
orchestral instruments, tape recorders, scissors, programmed impuises of
pure sounds, automatic splicing devices, programmed recordings, analogue
converiers, ¢te,

W each cell is considered as a symbol defined by the number of grains £,
the cntropy of the sereen {for a given fineness of grid} will naturally be
affected by the mean density of the grains per cell and will grow at the same



68 Formalized Music

time, It is here that a whole series of statistical experiments will have to
circamscribe the perceptible limits of ataxy for these sereens {o0, o0) and
even express the color nuances of white sound. It is very possible that the
car classifies in the same file a great number of screens whose entropies vary
remendousty. There would result from this an impoverishment and a
simplification of the communication: physical information - perception,
But at least there will be the advantage that the work involved 1n construct-
ing screens will be considerably reduced,

ALL SCREENS

Starting from. a few screens and applying the elementary operations we
can construct all the sereens of the eatrapy table. See ¥ig. 11-24 for a few
examples, In practice, frequency and ntensity flters imilate these elemen-
tary operations perfectly,

% Z 7 |

AN = L

(o0 003 {oo a0} fn o)

ERAFY
Ea

L =UC T

i
N

BllI=

(nm (n' m) (@ m)

A\
N

s - ENZ = =

(n w0 {oo n) {n m

Fig. II-24
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LINKING THE SCREENS

Up to now we have admitted that any sound or music could be de-
scribed by a number of screens arranged in the lexicographic order of the
pages of a book, 1l we represent each screen by a specific symbol {one-to-one
coding}, the sound or the music can be transtated by a succession of symbols
called a protocol:

rzbgkab"-!;g...

cach letter identifying screens and moments ¢ for isochronous Af's,

Without seeking the causes of a particuiar succession of screens, Le.,
without entering into either the physical structure of the sound or the logical
structure of the composition, we can disengage certain modes of succession
and species of protocols [18], We shall quickly review the elementary
de&nitions,

Any matter or its unique symbol is called a ferm. Two successive terms
cause a transition 1o materialize. The second term is called the fransform and
the change effected is represented by term 4 - term B, or 4 -~ B,

A trangformation 1s & collection of transitions. The following example is
drawn from the above protocol:

1abg!c
b g k a

another transformation with musical notes:

¢ D E
vEB G 4
3
l iy J ‘
ah J o s

A transformation is said to be closed when the collection of transforms
contains only elements belonging to the collection of terms, for example:

the alphabet,

1;1&5“—2
b ¢ d .. g
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musical notes,

C Dy D Ep EF Gh 6
ipabcc F B

musical sounds,

an infinity of terms,

1 2
Lo s

3 4 5 6

4 100

I 2

Formalized Music

A By B
A Dp Ey E By

. Cloud of sound-points,

e.g., pizzitat

. Network of paraliel

glissandi in one
direction

. Network of parailel

glissandi in two
directions.

A transformation is univecal or single-valued {mapping) when each term
has a single transform, for example:

l

b a ¢

a b ¢

¢
d

The following are examples of transformations that are not univocal:

Y

/
ot

¢ & i
be d mn p
J
[N S S

e

57T >
5o F f

¢, timbre change of a group of values

; clarinets oboeg

Timbres 1

timpani, thmpani,

strings

hassoon

strings

brass

timpani

aboes

brass

sirings,
oboes
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and 4. concrete music characteriology {4, 5]

nil vibrated trembled cyclical irregular
“Manner | Oyelical or irregular  nil or trembled ni or
trembiled irregular vibrated or
eyclical

A wransiormation 13 a one-to-one mapping when each term has a single
trunsform and when each transform is derived from a single term, for
exarmple:

laﬁca’n-
b a d ¢

MATRICAL REPRESENTATION

A transformation:

i a b ¢
a4 & ¢
can be represented by a table as follows:
d | e b ¢
ai+ 0O 6
40 0 0 or
c | & A4

‘This table is a matrix of the transitions of the collection of terms to a
collection of transforms,

PRODUCT

L.t there be two transformations T and U

a b ¢ d a b ¢ d
i and i
b d o b d ¢ d &

In certain cases we can apply to a term n of 1" a transformation T, then
a transformation U, This is written: U[ T(n}], and is the product of the two
transformations T and U, on condition that the transforms of 7 are terms
of U, Thus, first T: g — b, then U b-»¢, which is summarized as
Ve UTi g e
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To caleulate the product applied to all the terms of 7 we shall use the
following matrical representation:

+ e b ¢ d yla & ¢ d
2 |6 01 0 a0 0 00
+ B 11 0 0 1 . #1060 0 0 1
c i 0 00 e} 1 00
416 1 060 4.V 610

the total transformation V equals the product of the two matrices T and U
in the order U, T,

U T v
0660 (001 0] (000 0
0601 106 1] 0100
o100 Joooo |1 oo
1o10 jo1oe loo1o

KINEMATIC DIAGRAM

The kinematic or transition diagram is a graphical expression of
transformation. "To draw it each term is connected to its transform by an
arrow pointed at the transform. ‘The representative point of a kinematic dia-
gram it an imaginary peint which moves in jmmps from term to term
following the arrows of the diagram; for an example see Fig, 11-25,

- iz‘f ¢ DI L NP 4

D DT 4 N A NN

P c

I
e N/

A transformation is really a mechanism and theoretically all the
mechanismy of the physical or biological universes can be represented by

Fig, H-25 ("

.
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transformations under five conditions of correspondence:

1. Each state of the mechanism {continuity is broken down into discrete
states as close together as is desired) is in a one-to-one correspondence with
a term of the transformation.

2. Each sequence of states crossed by the mechanism by reason of its
internal structure corresponds to an uninterrupted sequence of the terms of
the transformation,

3. ¥ the mechanism reaches 2 state and remains there {ahsorbing or
stationary state), the term which corresponds to this state has no transform,

4. If the states of 2 mechanism reproduce themselves in the same man-
ner without end, the transformation has a kinematic diagram in closed
cirenit.

5. A halt of the mechanism and its start from another state 13 repre-
sented in the diagram by a displacement of the representative point, which
is not due to an arrow but o an arbitrary action on the paper.

The mechanism is determined when the corresponding transformation
is univocal and closed. The mechanism is not determined when the corre-
sponding transformation Is many-valued. In this case the transformation is
said to be stochastic. In a stochastic mechanism the nunbers O and 1 in the
transformation matrix must be replaced by relative frequencies, These are
the alternative probabilities of various transformations. The determined
mechanism is a particular case of the stochastic mechanism, in which the
probabilitics of transition are 0 and 1.

Example: All the harmonic or polyphonic rules of classical music could
be represented by mechanisms. The f‘ugzle is one of the most accomplished
and determined mechanisms. One could even generalize and say that the
avant-garde composer is not content with following the mechanisms of his
age but proposes new ones, for both detail and general form.

if these probabilities are constant over a long period of time, and il they
are independent of the states of origin, the stochastic sequence is called,
more particularly, a Markov chain,

Let there be two screens 4 and B and a protocol of 30 transitions:

ABABBBABAABABABABBBBABAABABBAABABBABAAABABEA
ABBABBA,

The real frequencies of the transitions are:

A-» B 7 times B A 17 times
A-» A B times B+ B 10 times

23 times 27 times
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a diminution of the entropy. If melodic or harmonic liaisons are effected

and perceived in the same distribution, vnpredictability and entropy are
both diminished,

Hate of ataxy

Time

SN i

e

Fig. 28

A. The evolution is nil. B, The rate of disorder and the richness
increase.  C. Ataxy decreases. D. Ataxy increases and then
decigases. E. Atexy decieases and then increases. F. The
evolution of the ataxy is very complex, but it may be analyzed
from the first three diagrams.

Thus after the first unfolding of a series of twelve sounds of the term-
pered seale, the unpredictability has fallen to zero, the constraint is maxi-
murn, the choice is nil, and the entropy is zero, Richness and hence interest
are displaced to other flelds, such as harmonies, timbres, and durations, and
many other compositional wiles ure wimed at reviving eutropy, In fact sonk
discourse 15 nothing but a perpetual fluctuation of entropy in all its forms
[171.

However, human sensitivity does not necessarily follow the variation
m entropy even if it is logarithmic to an appropriate base, It is ruther a
succession or a protocol of straing and relaxations of every degree that often
excites the listener in a direction contrary to that of cntropy, Thus Ravel’s
Bolera, in which the only variation is in the dynumics, has a virtually rero
entropy afier the third or fourth repetition of the fundamental idea, How-
ever, the interest, or rather the psychological agitation, grows with time
through the very fact of this immobility and banality,

All incantatory manifestations aim at an effect of maximum tension
with minimum entropy. The inverse is squally true, und seen from a certain
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augle, white noise with its maximum entropy is soon tirgseme, It would
scein that there is no correspondence acsthetics « entropy. These two
entities are linked in quite an independent manuer at each occasion. This
statement still leaves some respite for the free will of the composer even if
this free will is buried under the rubbish of coltnre and civilization and
only a shadow, at the least a tendency, a simple stochasm,

The great obstacle to u too hasty generalization is chiefly oue of logical
order; for an object is only an olyect as a function of its definition, and there
is, especially in art, a near-infinity of definitions and hence a near-infinity
of entropies, for the notion of cutropy is an epiphenomenon of the definition,
Which of these is valid ? The car, the eye, and the brain unravel sometimes
mextricable situations with what is called intuition, taste, and intellgence,
Two definitions with two different entropies can be perceived as identical,
but it is also true that the set of definitions of an object has its own degree
of disorder. We are not concerned here with investigating such a difficult,
complex, and unexplored situation, bnt simply with looking over the
possibilities that connected realms of contemporary thanght promise, with a
view o action,

To conclude briefly, since the applications which foliow are more elo-
quent than explanatory {exts, we shall aceept that a collection or Lok of
screens can be expressed by matrices of tramsition probabilities having
parameters. They are affected by a degree of ataxy or entropy which is
calcnlable mnder certain conditions, However, in order to render the
analysis and then the synthesis of a sonic work within reach of understanding
and the slide rale, we shall establish three criteria for a screen;

. TOPOGRAPIIC CRITERION

The position of the cells AFAG on the andible arca is qualitatively
important, and au enumeration of their possible combinations is capabic of
creating a group of well defined terms to which we ean apply the coneept
of entropy and its calculation,

2. DENSITY GRITERION

The superficial density of the grains of a ccll AFAG also constitutes a
quality which is immediately perceptible, and we could egqnally well define
terms to which the coneept and calculation of entropy would be applicable,

3. CRITERION OF PURE ATAXY {defined in relation to the geaing of o
screen)

A cell as three variables: mean frequency, mean amplitude, und mean
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density of the grains. For a screen we can tE'ze}fcfbre tﬁtabf%ﬁi} three indft,;?e’m
dent or connected protocols, then three matrices Qf, trans’mon prf}babzlhiws
which may or may not be coupled. Each of the marriees will have its entropy
and the three coupled matrices will have a mean ¢n tropy. In the procession
of sound we can cstablish several series of three matrices an’d Iz’enct ﬁscvcra}
serics of mean entropics, their variations constituting the criterion of ataxy.

The first two eriteria, which are general and on the scale of screef*zs or
cells, will not concern ns 11 what follows, But the third, more conventional
criterion will be taken up in detail in the next chapter.

Chapter I}}

Markovian Stochastic Music—

Applications

In this chapter we will discuss two musical applications: Analogique A, for
string orchestra, and Analogigue B, {or sinusoidal sounds, both composed in
195859,

We shall confine ourselves to a simple case in which each of the <O
ponents G, ¥, D of the screcn take only two values, following matrices of
transition probability which will be coupled by means of paramecters. {n
addition, the choice of probabilities in the matrices will be made in such a
way that we shall have only the regular cage, conforming to the chain of
events theory as it has been defined in the work of Maurice Frechet [14].

1t is elwicus that richer and morc complex stochastic mechanisms are
highly interesting to construct and to put in work, but in view of the COf
siderable volume of calenlations which they necessitate it would be useless
to undertake them by hand, but very desirabie to program them for the
computer.

Nevertheless, despite the structural simplicity of what follows, the
stochastic mechanism which will emerge will be a model, a standard sub-.
Jacent to any othery that are far more complex, and will serve to catalyze
further studies of greater claboration. For althongh we confine ourselves
here to the study of screens as they have been defined in this study {sets of
clementary grains}, it goes without saying that nothing prevents the gen-
eralization of this method of structuralization {composition} for delinitions
of sonic catities of more than three dimensions, Thus, letnsno longer suppose
screens, but eriferia of definitions of a sonic entity, such that for the tirnbre,
degree of order, density, variation, and even the ¢riferia of more or tess
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Fig. -1, Syrmos for 18 strings
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complex clementary structures (e.g., melodic and temporal structures of
groups of sounds, and instramental, spatial, and kinematic structures) the
same stochastic scheme is adaptable. It is enough to define the variations
well and 0 be able to classify them even in u rough manner.

The sonic resnit thus obtained is not guaranteed a priori by caleulation.
Intuition and experience must always play their part in guiding, deciding,
and testing,

ANALYSIS
{definition of the scheme of a mechanism)

We shall define the scheme of u mechanism as the “analogue” of a
slochastic process. It will serve for the production of sonic entities and for
their transformations over time. These sonic entities will have screens which
will show the following characteristics freely chosen:

L They will permit two distinet combinations of frequency regions
Jo and f; {see Fig. IIF-2),

Fw B F Half axis
i of frequenciss
f ¥ in semitonss

Audible frequencies

{ T A
! E . _J F of frequencies

' in gomitones

Audibie lrequencies
Fig. Hi.2

Syrrngs, written In 1959, is built on stochastic sransformations of
eight basic textures : parallel horzonia! bowed notes, paellel
ascending bowed glissandi, paralle! descending bowed glissandi,
crossed {ascending and descending) paraliel bowed notes,
pizzicato clouds, atmosphsres made up of col legno struck notes
with short col legno glissandh, geometric configurations of
cenvergent or divergent glissandi, and glissando configurations
treated as undevelopable ruled surfaces. The mathematical struc-
wire of this work is the same as that of Analogigue A and
Analogique B.
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2. They will permit two distinct combinations of intensity regions
{see Fig. 11i-3)

G (Phones} Cii {Phonas)
1
w w
L 2
= E=
g o “é g 4 g
& k=
& b
! 8 e
2 “ @
L= &2
& b1 @
Fig. I3 o

3. They will permit two distinct combinations of density regions
{sce Fig. 1714},

{farts* or spundsfses) o {Tens* or soundsfsec) )

d, d,

Fig. -4 *Ternary logarithms
g. -

4. Each of these three variables will present a protocol which may be
summarized by two matrices of transition probabilities (MTF}.

V1 XY LA G 4
X |02 08 . xloss 04
{p) (o) . .
y|os 02 y | 015 06

The letters {p) and (¢} constitute the parameters of the (MTP).
MTPF (of frequencies)

i A I O
7 loz o8

{a
fi 188 42
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MTPG {of intensities)

i Eo £ wfv £o £

& | 02 08 fo | 085 04
) (e) .

g | 0.8 6.2 & |01 06

MTPED {of densities)

V)b 4 Vo4 4

dy 3.2 Q.8 4y 1 085 (.4
v W

dy 1 0.8 6.2 d 1315 06

5. The wansformations of the variables are indeterminate at the
nterior of cach (MTP) (digram processes}, but on the other hand their
{MTP) will be connected by means of a determined coupling of paramcters.
The coupling is given by the lollowing transformations:

{2} ifa Jo 4y 4y g o8 g0 81 N i 4o 4
A g e B A p B o vy £ vy =

By these rules we have described the structure of a mechanism. 1t 1s
thus constituted by three pairs of (MTP): (MTPF), (MTPG), (MTPD),
and by the group {¢y) of the six couplings of these (MTT).

Significance of the coupling. Let f; be the state of the frequencies of the
sereen at an instant { of the sonie evelntion of the mechanism during a shce
of time AL Let g, and d; be the values of the other variables of the screen
at the moment . At the next moment, £ + Al the term £, is bound to change,
for it obeys one of the two (MTPF), (=) or {8). The choice of (¢} or (8) is
conditioned by the values g, and 4, of the moment ¢, conforming to the
transforrnation of the coupling. Thus g, proposes the parameter (o) and 4,
the parameter {8} simuhaneously. In other words the term f must either
remain fo or yield its place 1o f; according to mechanisin (&) or mechanism
{8). Tmagine the term f; standing before two urns {«) and {8}, cach con.

taining two colors of balls, red for f, and blae for £, in the following
proportions:

Usn (e} Urn (8)
red balls { f3), 0.2 red balls { /), 0.85
blue balls (), 0.8 blue halls { £}, 0.15

The choice is free and the tenin /; can take Hs successor from either urn {«)

sty e e e o
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or urn {#) with a probability equal to § {total probabilities),

Once the urn has been chosen, the choice of a blue or a red ball wil
have a probability equal to the proportion of colors in the chosen urn,
Applying the law of compound probabilities, the probability that f;, from
moment £ wilt remain f, at the moment £ + Af3s (320 + 0.85)/2 = 0.525,
and the probabibity that it will change to f, 15 {080 4 0,153)/2 = (.475,

The five characteristics of the composition of the screens have estab-
fished a stochastic mechanism, Thus in each ol the slices A¢ ol the sonic
evolution of the created mechanism, the three variables £, g, 4; follow a
round of unloresceable combinations, always changing according fo the
three {MTP) and the coupling which connects terms and parameters.

‘We have established this mechanism without taking Inte consideration
any of the screen criteria. That Is to say, we have Implied a topographic
distribution of gram regions at the time of the cholce of £, /5 and gy, gy, but
without specifying it. The same is true for the density distribution. We shall
give two examples of very different realizations in which these two criteria
will be effective. But before setiing them out we shail pursue further the
study of the criterion of ataxy.

We shall neglect the entropies of the three variables at the grain level,
for what matters Is the macroscopic mechanisin at the sereen level, The
fundamental questions posed by these mechanisms are, “Where does the
transformation summarized by an {MTP) go? What is is destiny PV

Let us consider the {MTP):

Vlx oy
X 02 08
Y|os 02

and suppose one hundred mechanisms identified by the law of this single
{M'YP). We shall allow them 2l to set out from & and evelve freely. The
preceding question then becomes, “ Is there a general tendency for the states
of the hundred mechanisms, and if so, what 15 it ?” (See Appendix 1L)

After the first stage the 100X will be translormed into 8.2 (10647} —
20X, and 0.8 (100X} - BOY., At the third stage 0.2 of the X's and 0.8 of the
¥’s will become X7s. Conversely 0.8 of the A7 will become ¥'s and 0.2 of
the ¥'s will remain ¥’s. This genecral argument s true for all stages and can
be written:

&= 02X 4 08Y
Y= 08X 4 027,
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H this is to be applied to the 100 mechanisms & as above, we shall have:

Mechanisms Mechanisms

Stage X ¥
0 100 0
i 20 80
2 68 32
3 39 6l
4 57 43
] 46 54
6 52 48
7 44 51
8 50 50
g

56 50

We notice oscillations that show a genceral tendency towards a station-
ary state at the Bth stage. We may conclude, then, that of the 100 mecha-
nisrs that leuve from X, the 8th stage will in all probability send 50 to X
and 50 to Y. The same stationaty probability distribugion of the Markov
chain, or the fixed probability vector, Is calenlated in the following manner;

At equilibrium the two probability values X and ¥ remain unchanged
and the preceding system becomes

X = 02X 4+ 0.8Y
Y = 08Y + 0.2Y

or

8= 08X + 0.8Y
§ = 08X — 087

Since the number of mechanisms is constant, in this case 100 {or 1}, one of
the two equations may be replaced at the stationury distribution by
I = X + Y. The system then becomes

8§ = 08X — 0.8Y
1l=X4+%Y

The same methed can be applied to the (MTP) (o), which will give 1s
stationary probabilives X = 0.78 and ¥ = 0.97.
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Another method, particularly inferesting in the case of an (MTP} with
many terms, which forces us 1o resolve a large system of linear equations in
order to find the stationary probabilities, 15 that which makes use of matrix
calculus,

Thus the first stage may be considered as the matrix product of the

{MTP) with the anicolumn matrix ?}O
X102 08 100' 20
® = .
Y. 108 02 0 80

The second stage will be

02 08 [20] | 4+64] |68
10.8 02| solw 16 -+ 16|w1321’
and the ath stage
0.2 08]% [100
]0.3 0.2 0

Now that we know how to calculate the stationary probabilities of a
Markov chain we can casily calculate its mean entropy. The definition of
the entropy of a system: is

H == p;log py.

The calealation of the entropy of an (MTP} is made first by columas
(S p;, = 1}, the p, being the probability of the transition for the {MTP),
then this result is weighted with the corresponding stationary probabilities,
Thus for the {MTP){s}:

J1 x 7
X 08 04
Y 015 08

The entropy of the states of X will be —0.85 log 0.85 — (.15 Jog .15 =
(.L611 bits; the entropy of the states of ¥, —0.4 log 0.4 — 0.6 log 0.6 =
0.970 biw; the stationary probability of X = 0.73; the stationary proba-
hility of ¥ = 0.27; the mean entropy at the stationary stage is

Ho = 0,611(0.73) + 0.970{0.27) = 0.707 hits;
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and the mean entropy of the (MTP){p) at the stationary stage is
Hp = 10,722 bits,

The two entropies do not differ by mucly, and this is to be expected,
for if we look at the respective (M'TF} we observe that the great contrasts
of prebabilities inside the matrix {p} are compensated by an external equality
of stationary probabilitics, and conversely in the (MTP}e] the interior
guasi-eguality, 0.4 and 0.6, succeeds in counteracting the interior contrast,
(.85 and 0.15, and the exterior contrast, (.73 and 0.27.

At this level we may modify the (MTP) of the three variables £, g, 4,
in such a way as to obtain a new pair of entroples, As this operation is
repeatable we can form a protocol of pairs of entropics and therelore an
{(MTP) of pairs of entropies. These speeulations and investigations are no
doubt interesting, but we shall confine ourselves to the first calenlation made
above and we shall pursue the investigation on an even more general plane,

MARKOY GHAIN EXTENDED SIMULTANEOUSLY FOR f;, &, &

On p. B3 we analyzed the mechanism of transformation of fj to fyor /3
when the probabilities of the two variables g and 4, are given, We can apply
the same arguments (or each of the three variables /), g, 4, when the two
others are given,

Example for g.. Let there be a screen at the moment ¢ whose vaniables
have the values (£, g5, 4;). Al the moment { + Ai the value of g, will be
yransformed into g; or gg From f, comes the parameter (y), and from o,
vomes the parameter {).

With {MTPi{y} the probability that g, will remain g, s 0.2, With
{MTP}{e} the probability that g, will remain gy s 0.6, Applying the rules
of compound probabilities andfor probabilities of mutnally exclusive events
ason p. 83, we find that the probabiliey that g, will remain g, at the moment

0.4, The same holds for the calenlation of the transformation (rom g, into g,
and for the transformations of 4.

We shail now attempt to emerge from this jungle of probability com-
binations, which s impossible 1o manage, and look for a more general
viewpoint, if It exists,

In general, cach screen is eonstituted by a triad of specific values of
the variables F, G, D g0 that we can enumerate the different screens emaor-
ging from the mechanism that we are given (sce Fig, T11-5), The possible
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combinations are: {fo20do), (fodod) (fo2ude)s (fotads)y (Jiodo)s {fi8ut)s
(fi&1de), {fr£0dy); Lo, eight different screens, which, with their protocols,
will make up the sonic evolution. At cach moment ¢ of the composition we
shall encounter one of these eight screens and no others,

What are the rules for the passage from onc combination o another?
Can one coustruct 4 matrix of transition probahilities for these eight
streens?

Let there be a screen {fyg.4,) at the moment £ Can one calculate the
probabihty that at the moment £ + At this screen will be transformed into
{J1845)? The above operations have enabled us to calculate the probability
that f, wili be transformed into /; under the influence of g, and 4, and that
& will remain gy under the influence of f, and d;. These operations are

schemuatized in Fig. II1-6, und the probability that screen { fo2,4,) will be
transiormed into {1 6,4, 5 0,114,

Fig. -5

Screen at the moment 13 fo g &
Paramaters derived from the coupling ¢ £ #
transformations : B Y A
Sereen at the moment ¢ + A7 £y g1 dy
Values of probsbitities taken from the {MTF) 0.80 GG 04
sorresponding 10 the coupling parameters 018 892 08
Compound probabititios 4475 04 0.6

Compound probabilities for independent events: 0475 - 04 - 08 = 0114

Fig. 116

We can therefore extend the calculation to the eight screens and constract
the matrix of transition probabilities, It will be square and will have cight
rows and eight columns,
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MTPZ
A 8 [y o £ F G H
¥ (Fugotls] (oot} (omdy) Uondi) (Ageds) (figody) {(Ao:dy) (Fgidy)

Alfagots} 0.621 0.357 0084 0189 3165 0204 0.408 0.006
B{fpyoth) 0084 0088 0076 0126 0180 0138 0072 0.144
Clfpg1ts} 0084 0323 0.021 3126 0450 6036 0272 0.144
Dt} 0336 0081 0019 0084 0135 0024 0048 0.216
Flfy1g0ths) 0.018  0.063 033 G 0110 0300 3102 0,664
Fifgedy) 0076 0016 030¢ 0114 0100 0208 0018 0086
Gfg. ) 0076 0.087 c.oB4 0114 0100 0.054 0.068 0.086
H{f g1} 1.304 0014 0076 0076 0080 0036 0012 0.144

Boes the matrix have a region of stabilitv? Let there be 100 mecha~
nisms & whose scheme is summarired by {(MTPZ). At the moment £, ¢
mechanisms will have a screen 4, d, a sereen B, .. ., d a screen H, At the

moment  + At all 100 mechanisms will produce screens according fo the
probabilities written in {MTPZ). Thus,

0021 d, will stay in 4,
0.357 dy, will be transformed to 4,
0.084 d, wil he transformed to A,

0.096 4, will be transformed to 4,

The d, screens at the moment ! will become ) screens at the moment
¢t + A, and this number will be egual to the sum of all the sereens that will
be produced by the remaining mechanisms, in accordance with the corre-
sponding probabilitics,

Therefore:
dy = 0.021d, + G357dy + 0.084d, + - + 0.096d,
dp = 0.08d, + Q.08%; + Q.076d, + -+ & 0.144dy

(e} {df = 0.084d, + 0.523d, + 0.021ds + -+ + 0.144d,

djy = 0.304d, + 0.014dy + 0.076d, + - - + 0.144d,,

At the stationary state the bequency of the sereens 4, B, C, L, H will
remain constant and the cight preceding equations will heeome:

{d:l = d)‘l? d’f, = dﬂa d; = d{‘.’: 'ﬁf = dﬂ}
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0 = 0979, + 0.357d, + 0.084d, + - - + (L0964,

0= 0.084d, — 0.811d, + 00784, + -+ 4 0144d,
{e) {0 =  0.084d, + 0.323¢; — 0.979%, + ..+ + 0.144dy
0= 0.304d, + 0.014dy + 0.076dp + -+ — 0.856d,
On the other hand

dy+dpg+de+ b dy = 1

If we repiace one of the eight cquations by the fast, we obtain a system
of cight finear equations with cight unknowns. Selution by the classic
method of determinants gives the values:

(e dy = 017, dy = 013, dp = 013, dp = 011, d, = (.14, dyp = 0,12,
8 e = 0.0, dy = 0.10,

which are the probabilities of the screens at the stationary stage. This
method s very laborious, for the chance of error is very high (unless a
calculating machine is wvailable},

The second method (see p. 85), which is more zpproximate but
adequate, consists in making all 100 mechanisms Z set out from a single
sereen and letting them evolve by themselves. After several more or less
long osciliations, the stationary state, if it exists, will be attained and the
proportions of the screens will remain jnvariable,

We notice that the system of equations (¢, may be broken down into:

1. Two vectors ¥ und ¥ which may be represented by two unicolumn
matrices:

d;
dg
di
4%
dy
dy
and V= | °
dg
dH

Markovian Stochastic Mnsic—Applications g1

2. A linear operator, the matrix of transition probabilities Z. Conse-
quently system (¢,) can be summarized In a matrix equation:

() V' = ZV.

Te canse all 100 mechanisms Z to leave sereen X and evolve “freely”
means allowing a lincar operator:

04021 0337 0.084 0189 0185 0204 0408 0096
0084 0089 0076 0,026 0130 0136 0072 0144
0.084 0323 0.02F 0126 G0.1530 0.036 0272 0144
7 0.336 0081 0019 0084 4135 0.024 0.048 0215
0.013 4063 0336 0171 6119 6366 0102 6064
0.076 0016 0304 0114 0100 0204 001§ 0096
0.076 0,057 0084 G114 01060 04034 0068 0.096
0304 0014 0076 0.076 0090 0036 0012 0,144

to perform on the column vector

in a continuous manner at cach moment £ Since we have broken down
continuity into a discontinnous succession of thickness in thne Af, the equa-
tion {eg) wili be applicd t0 cach stage A

Thus at the beginning {moment { = §) the population vector of the
mechanisms will be V% After the first stage (moment 0 4+ AZ) it will be
V' = ZV9; after the second stage (moment § + 248}, ¥ = ZV' = Z*V9;
and at the ath stage (moment add}, F'™ = ZrFY In applying these data to
the vector

L
VH -

[ i e TR i o T o e S o

&
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after the firgt stage at the after the second stage at the

moment N moment 2AL
9.6 18,041
i4.4 10.954
4.4 14,472
¥ # 2]..6 " + ] Z 1‘:16
Vi w 2VE = Vi = £V = ’
H T 64 o " 164
9.6 11.954
9.6 8.416
14.4 8.066
aficr the third stage at the and afier the fourth stage at the
moment 342: moment 4A¢:
16,860 17,111
10.867 11.069
13.118 13,792
_— . 113143 _ w 112,042
Vi = 2V = 14,575 Vi = Vg = 14,558
12,257 12,111
8.145 8.238
11.046 1,716

Thus after the fourth stage, an average of 17 out of the 100 mechanisms will
have screen 4, 11 screen B, 14 screen €, .. ., 11 screen A,

H we compare the components of the vector ¥ with the values {es)
we notice that by the fourth stage we have almost attained the stationary
state. Consequently the mechanisem we have built shows a very rapid abate-
ment of the oscillations, and a very great convergence towardy final stability,
the goal (stochos), The perturbation Py, which was imposed on the mecha-
nism (MPTZ) when we considered that all the mechanisms (here 100) left
from a single screen, was onc of the strongest we could create,

Let us now calculate the state of the 100 mechanisms Z after the first
stage with the maximal perturbations # applied.
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7.6
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7.2
27.2
4.8
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1.8
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Vi =
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35.7
8.9
32.3
g1
6.3
i6
3.7
14

18.9
126
12.6

8.4
17.1
114
114
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204
13.6
36
24
30.6
204
54
38
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Recapitulation of the Analysis

Having arrived at this stage of the analysis we must lake our bearings.

On the level of the sereen cells we now lave! 1. partal mechanisms of

transformation for [requency, inlensity, and densily ranges, which are
expressed by the [MTPF), (MTPG), (MTPD); and 2. an interaction
between the three fandamental variables F, G, D of the screen {transfor-
mations of the coupling {g;}).

On the level of the screens we now have: 1. clght different sereens,
4, }3., C, D, B, F, G, H; 2. a gencral mechanism, the (MTPZ), which sum-
mar};‘:cs.aii the partial mechanisms and their interactions; 3. a inal state of
equilibrium {the goal, stochos) of the system 2 towards which it tends quite
guickly, the stationary distribution; and 4. a procedure of Bscquilibrium in
system Z with the help of the perturlutions P wlhich are imposed on it

SYNTHESIS

Z\/;Icchzmism Z which we have just constructed does not imply a real
c:v(}]nll.on of the screens. Tt only cstablishes a dynamic situation and a
pc:{tcnlmi. evolution. The natural process is that provoked by a perturbation
P zm;?(}scd on the system Z and the advancemeant of this system towards its
goal, #s stationary state, once the perturbation has ceased is action, We can
therefore act on this mechanism through the intermediary of a perturbation
such as P, which 35 stronger or weaker as the case may e, From this it is
oni}f a brief step to magming a whole series of successive perturbations
whw:ch would force the apparatus Z {0 be displaced towards exceptional
regions al odds with is behavior at equilibrium. |

.In effect the intrinsic value of the organism thus created Ties in the fact
Fha.t it must manifest itself, be, The perturbations which apparently change
its strue:u.zre represent so many negations of this existence, And if we create
a suceession of perfurbations or negations, on the one hand, and stationary
states or existences on the other, we ure only gfirming mechanism Z. In
otl}cr words, at first we argue positively by ;]roposing and offering as
fawdcncc the existence dselfy and then we confinn it m:ga.tiveiy by opposing
it with pertnrbatory states.

‘The bi-pole of being a thing and not heing this thing creates the whole
- ;he object which we ntended to construct at the begémting of Clhapter
3.11..}-\ dual dinjectics s thus at the basis of this compesitional attitude, a dia-
lectics that sets the pace 1o be followed. The “experimenial” Sf:icnccs’are an
c.xprcssion of ths argument on an analogous plane. An experiment estab-
lishes a body of data, a web which it disentangles from the magm# of
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objcetive reality with the help of negations and transformations imposed
on this body. The repetition of these dual operations 3s a fundamental
eondition on which the whole universe of knowledge rests. To state some-
thing once is not to define it; the cansality is confounded with the repetition
of phenomena considered 1o be identical,

In conclusion, this dual dialectics with which we are armed m order
to compose within the framework of our mechanism 3s homothelic with that
of the experimental sciences; and we can cxtend the comparison to the
dialectics of biological beings or Lo nothing more than the dinlectics of
being, This brings us back to the pomt of departure.

Thus un cntity must be proposed and then a modification imposed on
it. It goes without saying that to propose the cntity ot its modification n
our particular case of musical composition s (0 give a human observer the
means 1o pereeive the two propositions and to compare them. Then the
antitheses, entity and modification, are repeated enough times for the entity
1 be identified,

What docs identification mean m the case of onr mechanism Z?

Parenthesis. We have supposed in the course of the analysis that 100
mechanisms Z were present simultaneousty, and that we were following the
rules of the game of these mechanisms at cach moment of an evolution
created by a displacement beyond the stationary zone, We were thercfore
comparing the states of 100 mechanisms m a A with the states of these
100 mechanisms i the next 4, so that in comparing two suceessive stages of
the group of 100 simultancous states, we enwnerele 100 states twice. Enumera-
tion, that 3, insofar as abstract action unplies ordered Operations, MEans to
observe the 100 mechanisms one by one, classify them, and test them ) then
start again with 100 at the following stage, and finally compare the classes
pumber by number. And i the observation of each mechanism necessi-
tates a fraction of time x, it would take 200x of time lo enumerale 200
mechanisms.

This argument therefore allows s to transpose abstractly a simulfan-
city into a lexicographic (temporal} suceession withont subiracting any-
thing, however Httle, from the definition of transformations engendered by
scheme Z. Thus to compare two successive stages of the 100 mechanisms £
comes down to comparing 100 states produced in an interval of time 100«
with 100 others produced in an equal interval of time 100x (see Fig. I11-7).

MATERIAL IDENTIFICATION OF MECHANISM Z

Identification of mechanism Z means essentially a comparison between
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all its possibilities of being: perturbed states compared to stationary states,
independent of order,

Identilication will be established over equal periods of time 100x
following the diagram:

Phenomenon: Py— E— Py-» E
TFime: 160 100 10Cx 109

1n which Py and Py, represent any perturbations and £ is the state of Z at
equilibrium (stationary state).
An alternation of P and F is a protocol in which 100x is the uait of

p, P, EEE P, P, Py, E P,

A new mechanism ¥ may be constructed with an {M'TP}, etc., which
would control the identification and evolution of the composition over more
general time-sets, We shall not pursue the investigation along these lines for
it would lead us too far afield.

A realization which will follow will sise a very simple kinematic diagram
of pertnrbations P and equilibrium E, conditioned on one hand by the
degrees of perturbation P, and on the other by a freely agreed selection,

()  E—>PQor Pl E > Pl PY s PY o Py —> E > Py
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Cefinition of State £ and of the Perturbations P
From the above, the stationary state E will be expressed by a sequence

of screens such as:
Protocol E{Z}

ADEFECBDBCFEFADGCHCCHBEDFEFFECFEHBFEFBC
HDBABADDBADADAHHBGADGAHDADGFBEBGABEBB. -

To carry out this protocol we shall utilize eight urns [ 4], [B], [C], [D),
[EL [F], [Gl [H], each containing balls of eight different colors, whose
proportions are given by the probabilities of (MTPZ). For example, urn
[G] wili contain 40.8%, red balls 4, 7.2%, orange balls B, 27.2%, yellow balls
¢, 4.8%, maroon balls D, 10.2%, green balls E, 1.8%, blue balls F, 6.8,
white balls G, and 1.2%, black balls H. The composition of the other seven
urns can be read from {MTPZ} in similar fashion,

We take a yellow ball € at random from urn [}, We note the result
and return the ball to urn {(7], We take a green ball £ at random from urn
[€]. We note the result and return the ball to urn [C], We take a black ball
H at random from urn [E], note the result, and return the ball to urn [£]
From arn [H] we take . . .. The protocol so far is: GCEH . . ..

Protosol P§ {V3} is obviously

AA44

Protocol Py (V3. Consider an urn [¥'1in which the eiglit colors of balls
are in the following proportions: 2.1%, color 4, 8.4%, color B, 8.4%, color
C, 33.69, color D, 1.9, color E, 7.67, color F, 7.6%, color G, and 30.4%,
color H. Afier each draw return the ball to urn ¥, A likely protocol might
be the following:

GFFGHDDUBHGGHDDHBBHCDDDCCDDDDFDDHEHBF
FHDBHDHHCRHECHDBHEDHHEHDDGDAFHHHDEDG. . -,

Protogol Py, (V). The same method furnishes us with a protocol of P

EEGRGEREEFADFEBECCEEARFBRBEADEFAAEEFH
ABFRCHFEBEFEFFHFAEBFFFEFEEAFHEBEFEER . -

Protocol PS(VE):

Ceee- - -,
Protocal P§ (V)

BBBB. ..
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Protaeel Pg (Vi)

AAADCCECDAACEBAFGRCAAADGCDDCCCADGAAGEC
CAACAARAACGCD AACDAABDCCCGACACAANCACE. . .

REALIZATION OF ANALOGIOQUF A FOR ORCHESTRA
The instromental composition follows the preceding exposition point
by point, within the lmits of orchestral instruments and conventional
execution and notation, The mechanism which will be used is system Z,
which has already been treated numerically. The choice of variables for the
screens are shown o Figs, 1118, 9, 10,

4 —— Aoy B
2 fagions & ;Fm i t ii_ﬂ N;}NW ; - Frequencies
1 2 ] 4 5 3 {semitones)}
EG E! D2 Dbﬁ C; 84 A,;
Py ¥
(#,} Regions o : : - — - Frequencies
7 4 2 3 & & {semitones)
£ Dy Ly
{4y = 440 Hy)

Fig. I8, Frequencles

Nuaness of intensity Nuances of intensity

4 L

s o] e %o

i -
ORI Iy @ "R
&~r§ %~£3
Regions Repions

Fig. k-9, Intensities
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Fig. Il-10, Densities

This choice gives us the partial screens FG {Fig, 111-11) and FD
{Fig, 11112}, the partial screens GD being a consequence of #G and FD.
The Roman numerals are the Haison agents between all the cells of the
three planes of reference, FG, FD, and G, so that the different combinations
{fis &5 di) which are perceived theoretically are made possible,

For example, let there be a screen (f1s &5, 45} and the sonic enlity Cy
corresponding to {requency region ne. 8. From the partial screens above,
this entity will be the arithmetic sum in three dimensions of the graing of
cells I, 1, and 114, lying on frequency regionno. 3. Cy = I + 11 + FIL

‘The dimensions of the cell corresponding to 1 are; AF = region 3,
AG = region 1, AD = region 2, The dimensions of the cell corresponding
to Hare: AF = region 3, AG = region 2, AD = region 1. The dimensions
of the cell corresponding to IH are: AF = region 3, AG = region 2,
A4) = region 1. Consequently in this sonic entity the grains will have fre-
quencies included in region 3, intensities included in regions 1 and 2, and they
will form densities included in reglons 1 and 2, with the correspondenges

set forth above, e CR L
A g,
] M on BINGishhisl

Lo
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Fig. 1112, Partial Screens for £D
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The eight principal screens 4, B, C, D, E, F, G, H which derive from
the combinations in Fig. II1-5 are shown in Fig, 11113, The duration At
of each screen is 1,11 sec. {1 half note = 54 MM). Within this duration the
densities of the occupied cells must be reatized. The period of time necessary
for the exposition of the protocol of each stage (of the protocol at the station-

ary stage, and of the protocols for the perturbations) is 30Af, which becomes
15 whole notes (1 whole note = 27 MM).

Screen A /9;6’3 ‘{"} Screen 8 [ facly)
¥
# i # ¥
3 b
7 3 2
any z i x| |z
Fo £ Oy Dha C, By Ag Eo E1 Do Dha €5 8By As
Screen C (%o £, d.) Sersen D (% er“’;?
7 #
/ ! 2 3
T nr £\ z
3 3 g 7
2L ¥ b s ¥4
£o £y Dz Dby Ci By Ay Eo Ey Dy Dby €4 By As
Scresn £ (74 o o) Soreen £ (1 £, 4y
2 A # &
o 9
4 Z Fd r
FP]
M| | #5 7.z
Eg Ex Dz Dba C.; 84 Aﬁ sa Eg Da Db!! ci ﬂi A\'i
Screen G [# §¢ o) Screen H #1814y
# F
14 743
! 7 F Zp
ERR K 211
P rix £F I |mw
“"0 Ei 02 Dbfi c‘ 34 An fﬂ 51 Qa Dbs C4 B* Aﬁ
Fig. H-13

NOTE: The numbsrs written in the cells are the mean densities in grains/sec.
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The linkage of the perturbations and the stationary state of (MTPZ) is

given by the following kinemalic diagram, which was chosen for this
purpose:

(6} Es Pyon Pl B Pl Pl Py Py B P

P

Fig. 11114, Bars 108-15 of Analogique A
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Fig, 11114, bars 105-15 of the score of Analogique A4, comprises a section
of perturbations P§ and Pjp. The change of period occurs at bar 109, The
disposition of the screens is given in Fig. I1I-15. For technical reasons
screens B, B, 7, and H have been simplified slightly.

108 168 115
| BE | BB I BB BB | AA | GE| CC AR CA | AH | -+

End of the period of —|+- Baginning of return to equi-
perturbation P§ tibrium {perturbation Pg)

Fig. #i-15

Analogique A replaces elementary sinusoidal sounds by very ordered
clouds of elementary grains, restoring the string timbres. In any case a
realization with classical instruments could not produce sereens having a
timbre other than that of strings because of the limits of buman playing.
The hypothesis of a sonority of a sceond order cannot, therefore, be cone ;
firmed or invalidated under these conditions,

On the other hand, a realization using clectromagncetic devices as
mighty as computers and adequate converters would enable one to prove
the existence of a second order sonority with elementary sinusoidal grains
or grains of the Gabor type as a base,

While anticipating some such technique, which has yet to be developed,
we shall demonstrate how more complex screens are realizable with the
rescurces of an ordinary electroacoustic studio equipped with several mag-
netic tapes or synchronous recorders, filters, and sine-wave generators.

ELECTRCMAGNETIC MUSIC {sinuscidal sounds}—EXAMPLE
TAKEN FROM ANALOGIOUE B

We choose: 1. Two groups of frequency regions £, £, as in Fig, 11316,
The protocols of these two groups will be such that they will obey the
preceding (MTP}'s:

4 mjfe wwj 1 LRI PR £
fo {02 08 f |08 04
@ o los o2 B slos o6

in whicl: {a) and {8} are the parameters.
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3. Two groups of density regions dy, 4y, asin Fig. 11118, The protocols

r & y.J iy e o d
I T - S o o 2 & X : - TPYs wi
| T CE— ey WP i ) i ] A ;8 are 4 :
v & * i - -+ i o L £ . of this group will have the same {MTP)Y’s with parameters (A} and {g}
Regions f 2 3 8 & & F B ¢ w v nmoa o P _L dﬂ dl .;, {1’0 ﬂlli
(/J{") 0 d, 102 0.8 W) dy | 085 04
g tos 02 o4 015 06
Ha o P s B e e W e
# 2 238 2z 7o P !
Regions L - A T Y " S WG » m',;— s o F

Fig. Hl-16

2. Two groups of intensity regions g, g, as in Fig, 31172, The
protocols of this group will again obey the same {(MTPYs with their
parameters (y) and (&)

e & Vg8 &

g | 02 08 g 1 085 04
) _ @ *

g: 108 02 £ | 015 08

G G

3 i

Mo = Fig. II-18
13 n ~
t‘g” ® Q- 5 — . . .
B i I I'his choice gives us the principal sereens 4, B, C, D, E, F, G, H, as
s 3 sof 2 shown in ¥ig. 111-19, The duraton & of cach screen is about 0.5 sec.
N B o The period of exposition of a perturbation or of a stationary state is about
ﬁ i Ir :: }.5 SCC,
B~y q o~ We shall chonse the same protocol of exchanges between perturba-
"' Y a:"‘:‘ ! 8 tions and stationary states of {MTPZ), that of Analegique A.

5 3 g £ (es)  E— P9 Py B Pl PS> P8 Py s B P,

e B = i

The screens of Aralogique B calenlated up to now constitute a special
choice. Later in the course of this composition other screens will be used
more particalarly, but they will always obey the same wles of coupling
and the same {(MTPZ). In fact, if we consider the combinations of regions
of the variable f; of 2 screen, we notice that without tampering with the
Fig. In-17 name of the variable £ its structure may be changed.

—
o
——
—
In
Serrrt
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I :
7 i & et = L Thus for £, we may have the regions shown in Fig, I1E-20. The Roman
Sereen 4 FT Ty NS I & : numerals establish the laison with the regions of the other two variables,
ﬁ"’! v ) ? 5 - S T 4 f r gz ’
‘L £ & z P U S S P B
s Hr gz Y i aF P e LASH M . ¥
g i . Regions ¢ ¢ F 0t & & ¥ 8 % w ¥ w8 w4 K
LT S ¥ N x
- S
sereen s 7 A (+)
creen 2| |7 I E Fig. I11-20
b ds) z i o
)y D E
B # But we could have chosen another combination f;, as in Fig. 111-71.
G
iz Z &ABE LI E, FIE,
s f - 4B - . ‘ ) o,
Iy Hz 42 &y 7] 35 o Rie | gfe s s F
Seraen 2 & 1 A Rogions 7 2 3 ¢ 8 & F & 9 w0 4 e B A 4 s
Fbyds) S ttr—ta -
- > (%)
G Eig. 1821 o
yHiuEENERN & .
So D 3 7 & ‘This prompts the question: **Given n divisions AF (regions on F} what \
reaz; a 7 z‘(z 4 15 the total number of pessible combinations of AF regions?
/f;«l‘ i) ’ g ; x = Ist case. None of the n areas 18 used. The screen corresponding to this
2. B4 o combination is sifent, The number of these combinations will be
§
z 5 u!
7 Py 5 X T = Oyt {=1).
¥ KH
soreen £ ; 2 &l 2nd One of 1 ied, Th her of binati
(4 g a‘,) 2 7 ‘% il b: case. One of the # arcas is occupied. The number of combinations
i *
/ L ¥ vz 3 .
G !
e
) JE (2 {n - Ly
Serean F 3 E. % 3rd case, T'wo of the r areas are occupied. The number of combinations
(1 o dy) 2 g 7z g will be
4 7 Lr |7 N
p “ [n = 5yi
- ‘ o
4 x ﬂé} mik case. m of the # ureas are occupied, The number of combinations
Screen G 3 s 2 will be
/f.,ﬁ, ) 2 ; Y pi
/ 2 = F@'_f TN
. &
G
y i,’ 5 FIG. -1 Yhe Arablc numbers above the Homan sumersls in the sells indicate the density in
Se H ¥ B4 s togaritherie onkte, Thas ol (107 ) will have a density of [flog 1.3/0g 3} 4 5] torts, which is 3158
reen 3 ¥ 7 qFraing et o7 (e sveraye.
{:?l{ g‘ Q{(} % J R S T e B f La,:%
P & 7 N
7 i | iz .

Fig. 1818
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nth case. n of the areas are occupied. The number of the combinations
wili be

!
{n — @@t

"The total numbcr of combinations will be equal to the sum of all the
preceding

nt 7! !

Go ool T o T g T

7! n!
M R Ty T TR ey

i

The same argument operates for the other two variables of the sereen.
Fhus for the intensity, ik is the number of available regions AG, the total
number of variables g; will be 2%} and for the density, if 7 i the number of
available regions AD, the total number of variables d, will be 9.

Consequently the total number of possible screens will be

T oam Hmthibrs

134,217,728 different screens.

important comment. At the start of this chapter we would have accepted
the richness of 3 musical evolution, an evelution based on the method of
stochastic protocols of the coupled screen variables, as a function of the
transformations of the entropies of these variables. From the preceding
calculation, we now see that without modifying the entropies of the (MTPF),
(MTFPG), and {MTPD) we may obiain a supplementary subsidiary evo-
lution by utilizing the different combinations of regions {topographic
criterion).

Thus in dnalogique B the (MTPF), (MTPG), and (MTPD) will not
vary, On the contrary, in time the £, g, 4, will have new structures, corol-
laries of the changing combinations of their regions.

Complementary Conclusions about Screens and Their
Transformations

1. Rule. To form a sereenr one muy choose any combination of regions
on £, G, and D, the £, g, 4,

2. Fundemental Criterion. Bach region of one of the variables £, G, D
must be associable with a region corresponding to the other two variables
in all the chosen couplings. (This is accomplished by the Roman numerals. )
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3. The preceding association is arbitrary (free choice) for two pairs,
but obligatery for the third paly, a consequence of the firsst two, For example,
the associations of the Roman numerals of f; with those of g; and with those
of 4, are both free; the association of the Romun numerals of g; with those
of d,, is obligatery, because of the first two associations.

4. The components f, &, 4, of the screens generally have stochastic
protocols which correspond, stage by stage.

3. The (MTP) of these protocols will, in general, be coupled with the
help of parameters.

6. IFF, G, [ are the “variations” (number of components f,, g, 4,,
respectively) the maximum number of couplings between the components
and the parameters of (MTPE), (MTPG), {(MTPD] is the sum of the
products GO 4+ FG ¢ FD. In an example from dnalogigue 4 or B

F = 2{fyand f}) the parameters of the (IMTP)s are: , £
G = 2{gand g} Vs &
D = 2 (dy and d;) A p

and there are 12 couplings:

lfn fo fo i 8 & & & 4 4 dy 4
¥y £ A g B e XA p oa B oy =

7 UF, G, & are the “variations™ {number of components £, g5, d
respectively}, the number of possible screens 7" 1 the product FUD. For
example, f F = 2(f, and fi), G = 2 (g, and g,}, D = 2 {d; and 4},
T2 %2 x2=8

8. Fhe protocol of the screens is stochastic {1n the broad sense) and can
be summarized when the chain s ergodic (tending to regularity), by an
(MTEPZ). This matnix will have FGD rows and FGD columns,

$PATIAL PROJECTION

No mention at all has been muade In this chapter of the spatialization
of sounsd. The subject wus coufined to the fundamental concept of a sonic
complex and of its evolution in itselll However nothing would prevent
broadeniig of the technique set ont in this chapter and “leaping” into
space. We can, for example, imagine protocols of screcns attached to a
particular point in space, with transition probabilities, space.sound coup-
lings, etc. The method is ready and the general application is possibie,
along with the reciprocal enrichments it can create,




Chapter IV

Musical Strategy—Strategy, Linear
Programming, and Musical
Composition

Before passing to the problem of the mechanization of stochastic music by
the use of computers, we shall take a stroll in a morc enjovable realm, that
of gamnes, their theory, and application in musical composition.

AUTONOMOUS MUSIC

‘T'he musical compeoser establishes a scheme or pattern wlicli the con-
ductor and the instramentalists are called npon to [oliow more or less FigoT-
ousty. From the final details——attacks, notes, intensities, imbres, and stylesof
periormance-—to the form of the whole work, virtually everything is writlen
into the score. And cven in the case wherc the composer leaves u margin of
improvisation to the conducter, the instrumentalist, the machineg, or to all
three together, the unfolding of the sonic disconrse follows an open line
without leopis. The score-model which is presented to them once and for
all does not give rise to uny conflict other than that between u “good ” per-
formancce in the technical sense, and its “musical expression™ as desived or
suggested by the writer of the score. This opposition between the sonic
realization and the symbolic schema which plots its coursc might be called
tnternal conflict; and the role of the conductors, instrumentalists, and their
machines is to control the output by fecdback and comparison with the
input signals, 4 role analogous o that of servo-mechanisms that reproduce
profiles by such means as grinding machines, In general we can state that

114
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the nature of the technical oppositions (instrumental and conductosial) or
even those relating to the aesthetic logic of the musical discourse, is infernal
1o the works written until now, The tensions arc shut up in the score even
when nore or less defined stochastic processes are uiilized. This traditional
class of internal conflict might be qualitied as aulonomous music.

Fig. V1

Conductor

2. Qrchestra t
3. Score

4. Audience

"

HETERONOMOUS MUSIC

It would be interesting and probably very fruitful to imagine another
class of musical discourse, which would mirodace a concept ol external
conflict between, for instance, two opposing orchestras or instrt:mgntafist‘s.
One party’s move would infinence und condition that of the other. The sonic
discourse would then be identified a3 a very strict, although often stochastic,
suecession of sets of acts of sonic opposition. These acts would derive from
botl the will of the two (ot more) conductors as well as from the will of the
compeoser, all in a higher dialcctical harmony,
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Let us imagine & competitive situation between twe orchestras, cach
having one conductor. Each of the conductors directs sonic operations
against the operations of the other. Each operation represents a move or a
tactic and the encounter betweenr two moves has a numerical andfor a
gualitative value which benefits one and harms the other, This value s
wrilten in 2 grid or matrix at the intersection of the row corresponding to
move 1 of conductor 4 and the column corresponding to move j of conducter
B. Thisis the partial score i, representing the payment onc condactor gives
the other. This game, a duel, 15 defined as a two-person zero-sum game.

The external conflict, or Aeteronomy, can take all sorts of forms, but can
always be summarized by a matrix of payments §, conforming to the mathe-
matical theory of games. The theory demonstrates that there 15 an optimum
way of playing (or 4, which, in the long run, guaran{cés him & minimum
advantage or gain over B whatcver B might do; and that conversely there
exists for B an optimum way of playing, which guarantees that his disad-
vantage or loss under 4 whatever 4 might do will not exceed a certain
maximum, A’s minimum gain and B's maximum loss coincide i absolute
value; this is called the game vafue.

The introduction of an externat conflict or Aeteronemy into music is not
entirely without precedent. In certain traditional folk musie in Europe and
other continents there exist competitive forms of music in which two instru-
mengalists strive to confound one another. One takes the initiative and
attempts either rhythmically or melodically to uncouple their tandem
arrangement, all the while remaining within the musical context of the
tradition which permits this special kind of improvisation. This contra~
dictory virtuosity is particularly prevalent among the Indians, especially
among tabla and sarod {or sitar) players,

A musical heteronomy based on modern science 15 thus legitimate even to
the most conformist eye. But the problem is not the historical justification of
a new adventure; guite the contrary, it i the enrichment and the leap
forward that count. Just as stochastic processes brought a beautiful gen-
eralization to the complexity of Hnear polyphony and the deterministic
logic of musical discourse, and at the same time disclosed an unsuspected
opening on a totally asymmetric acsthetic form hitherto qualihed as non-
sense; In the same way Agfersnomy introduces 1o stochastie music a comple-
ment of dialectical structure,

We could equally well imagine setting up conflicts between two or more
instrumentalists, between one player and what we agree to call natural
environment, or between an orchestra or several orchestras and the public,
But the fundamental characteristic of this situation is that there exists a gain
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and a loss, a victory and a defeat, which may be expressed by a moral or
materia] reward such as a prize, medal, or cup for one side, and by a penalty
for the other.

A degenerate game is one in which the partics ptay arbitrarily folowing
a more or less improvised route, without any conditioning for confliet, and
therelore without any new compositional argument. This is a false game.

A gambling device with sound or lights would have a énvial sense if it
were made in a gratuitous way, ke the usual stot machines and juke boxes,
that is, without a new competitive Inner organization inspired by any
heteronomy. A sharp manufacturer might cash in on this idea and produce
new sonnd and Hght devices based on heteronomic principles. A less trivial
use would be an educational apparatus which would require children {or
adults) to react to sonic or uminous combinations. The aesthetic interest,
and henee the rules of the game and the payments, would be determined by
the phayers themselves by means of special input signals.

In short the fundamental interest set forth above lies In the mutual
conditioning of the two parties, a conditioning which respects the greater
diversity of the musical discourse and a certain liberty for the players, but
which involves a strong influence by a single compeser. This point of view
may be generalized with the introduction of a spatial factor in music and
with the extension of the games to the art of light,

In the ficdd of calculation the problem ol games is rapidly becoming
difficult, and not 2ll games huve received adequate muathematical clar-
fication, for cxample, games for several players. We shall therefore con-
fine oursclves to a relatively simple case, that of the two-person zero-sum
game,

ANALYSIS OF DUEL

This work for two conductors and two orchestras was composed in
1958--59, Tt appeals to relatively simple concepts: sonic constructions putinto
mutual correspondence by the will of the conductors, whe are themselves
conditioned by the composer. The following events can occur!

Event 11 A cluster of sonic grains such as pizzicati, blows with the
wooder: part of the bow, and very briel urco sounds distributed stochastic-
ally.

Fuent Il Paralle]l sustained strings with fluctuations.

Luent TEH: Networks ol intertwined string ghissandi,

Fuent 11 Stochastic percussion sounds.
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Event V' Stochastic wind instrument sounds,
Euent VI Silence.

Each of these events is writien in the score In a very precise manner and
with sufficient length, so that at any moment, following his instantaneous
choice, the eonductor is able to qut out a slice without destroying the iden-
tity of the event. We thercfore imply an overall homogeneity in the writing
of each event, at the same time maintaining local fluctuations.

We can make ap a st of couples of simultancous events », y issuing
from the two orchestras X and ¥, with our subjective evaluations. We can
also write this list in the form of 2 qualitative matrix (M, ).

Table of Evaluations

Gouple Fwaluation
(%3] = {9, %)
LD passabie (£

(L I} = (1L, 1} good (g)
(LI = (LD good* (g%
(1, IV} = (IV, I) passable® (p*)
{I: Vi = {V, I) very gGOé {g-!- 4‘)

(11, 11} passable  {)
(11, IF1) = (111, 31} passable  {p)
(1, IV} = (IV 1%} good {g)

(I, V) = {V, II}  pasable® {(p*}

{11, 1} passable ()
(11, VY = (IV, 111} good* (g%}

(I, VY = {V, III} good {g)
(IV, IV} passable ()
IV, V) = (V,IV) good  (g)

(V. V) passable ()

Stralegy, Linear Programming, and Musical Composition 15
Conductor ¥

Minimum
per row

LN T P A VA A

i B Il v

I ig g p g P £

Conductor X HI g |p b gt g £ (M)
LA T VA V- VO #
Volgttet g g (2 ’

Maximum per g%t g gt g gt
column

In {A4,) the largest minirnum per row and the smallest maximuin per
colomn do not coingide (g + p), and conscquently the game has no saddle
point and no pure strategy. The introduction of the move of silence (VI)
modifies (M), and matrix (M) results,

Conductor ¥

Pl HI vV V]

Polg g egrtijey 187 |8

It g 1p 1 g | (P

ML jgtv* s
Conducior X

(M)
IV ig" 1g gt | £ #

-3
ey
N
e
-3
- k=3 b3 3 ey

Vo oig® 1t g lg (2 1k

AL P VI A F A VA Ea

++

iy
[
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This time the game has several saddic points. All tacties are possible,
but a closer study shows that the conflict is stilf too slack: Conductor ¥ ig
interested in playing tactic VI only, whereas conductor X can choose freely
among L, I, 11, IV, and V. It must net be forgotlen that the rules of this
malrix were established for the benefit of conductor X and that the game in
this form is not fair, Moreover the rules ure too vague. In order to pursue
our study we shall attempt to specify the qualitative values by ordering thern
on an axis and muking them correspond to a rough numenical scale:

A A N A A A

£ ] H i
] 1 ' 1

| |
0 1 2 3 4 5

-

I, 1n addition, we modify the valse of the couple (VI, VI} the matrix
becomes (M)

Conductor ¥
I H TV V VI

T 1315144711 1

I 311113412017 1

13T 51171 |4(3:1 1
Conductor X (M)

IV 1413141113111 1

Vo [41213 311111 1

VE 11/ 1pi1i1 18 i

8 3 53 4 4 3

(M} has no saddle point and ne recessive rows or columns, To find
the solution we spply an approximation method, which lends itsel{ casily to
compuler treatment but modifies the relative equilibrium of the entries as
little as possible. The purpose of this method is to find a mixed strategy;
that is to say, a weighted multiplicity of tactics of which none may be zero.
It is not possibie to give all the calculations here [21], but the matrix that
results from this method is (A}, with the two unique strategies for X and
for ¥ written in the margin of the matrix, Conductor X must therefore play
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Conductor ¥

I 11701 IV VOV

I 121314] 218 2] 18

I i3]212) 313 2| 4

1 42711 413 1 5
Conductor X' po- - (M}
IV 1214141 2127 2 5

vV oisl2i3) 8120 2 U

VE (23121 1F 2121 4 15

8 68 8 12 9 14 38 Total

tactics I, T3, I, IV, V, VI in proportions 18/58, 4/58, 5/58, 5758, 11/58,
15/58, respectively; while conductor ¥ plays these six tactics in the propor-
tions 9/58, 658, B/58, 12/58, 9/58, 14/58, respeciively. The game value from
this method s about 2.5 in favor of conductor X (game with zero-sum but
stil} not fair).

We notice immediately that the matrix is no longer symmetrieal about
its diagonal, which means that the tactic couples are not commutative,
eg, (IV, 11 = 4) # (T1, IV = 3). There is an oricntation derived from
the adjustment of the calculation which is, in fact, an enrichment of the
game.

The following stage is the experimental control of the matrix.

Two methods are possible:

1. Simulate the game, Le, mentally substitute oneself for the two
conductors, X and ¥, by following the matrix entries stage by stage, without
memory and without blufl, in order to test the least interesting case.

stages: |1]2]3]a]s]6]7]a]e]10] i1 12]1s]1a]15]16]17[18] 19]20] 21
Cond. X|1{111 ] 1 IVI 1 l m | ovi|oav o l |
Cond. ¥| Tv | mir|vi|mx] 1 | vi | 1 o | oon |
Scores: |24 1[#]2a{t]a]2l 4 [ 1[4 {1 a2 ]s]2|2]1]4]2]

Game value: B2/20 = 2.6 points in X's favor,
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2. Choose tactics at random, but with frequencies proportional to the
marginal numbers in (M)

Stages: |1]2]3]4(5]6]7]89] 10| 11]12]1s|1e]15]16] 17| 18] 19| 20|21
Cond. x|r|vijvilu| x| v v | o v | v

cond ¥l Vi|vi|vim] 1| v ] vi] v | ] v
scores: |2]4]4]4]2]3]o]4]2] s s s 22 o3 ]2a]2]2]s

Gume value: 37J21 == 2.7 points in Xs favor,

We now establish that the experimental game values are very close to
the value ealculated by approximation. The sonic pfocesses dertved From
the two experimentis are, moreover, satisfactory,

We may now apply a rigorous method for the definttion of the optimurn
strategies for X and ¥ and the value of the game by using methods of linear
programming, in particular the simplex method [22]. This method is based
on two theses:

1. The fundamental theorem of gume theory {the “ minimax theorem ™)
is that the mimimum score {maximin} corresponding to A's optimum
stratepy 1s always cqual to the maximum score (minimax) corresponding to
s optimum strategy.

2. The caleulation of the maximin or minimax value, just as the
probabilitiesof the pptimumastrategies of a two-person zero-sum game, comes
down to the resolution of a pair of dual problems of linear prograrmming
{duul simplex methed).

Here we shall simply state the system of linear equations for the player
of the minimuam, ¥. Lety,, ¥z, ¥a, ¥4, ¥5. #s be the probabilitics corresponding
to tactics I, 1E, EII, IV, V, VI of Y5 yo, va, ¥a ¥ios Y11 Vrg D€ the “slack™
variables; and o b the game valoe which must be minimized. We then have
the following liaisons:

Y1+ Yt ys v Ga by b ye =1
2y, -+ By, + dyy 4 Ly + Bys - Jyg 4y = 0
Yy + 2yp + 2y + 2y + Syp o+ Ly yg = 0
2y + dyp b dys + 2y b 2ys b Qs b yp = v
Sy + s + By + By + s b 2 b Yo =¥
29y b 29 b ya b Ty b Dys b Ay + Yy =B
dyy + 20 + Y5 + dys + Bys + Yo o+ Huz = v,

T'o arrive at a unique strategy, the calonlation leads to the modification
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Ing optimum strategies:

For X For ¥
Tactics Probabilities Tactics Probabilities

I 2417 I 5/17

i 6/17 11 217
111 G 111 2{17
v 3117 |AY 1417
v 2117 v 2117
Vi 4117 Vi 5417

and for the game value, v = 42/17 & 247, We have established that X
must completely abandon tactic 11 (probability of 111 = @}, and this we
must avoid.

Modifying score (311, IV = 38} to (11, IV = 2}, we obtain the following
optimnm strategies:

For X For ¥
Tactica  Probabilities Tactics Prebabilities

I 14/55 I 19/56

ir 6/56 If 7156
13 6/536 It 6/56
v 5756 iv 1/56
v 8/56 v 7156
A1 16/56 VI 16/56

and for the game value, » = 138/56 = 2.47 points

Althouglh the scores have been modified a little, the game value has,
in fact, not moved. But on the other hand the optimum strategies have
varied widely, A rigorous caleulation is thereflore necessary, and the final
matris accompanied by its caleulated strategies is (M),
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Coonductor ¥
IO IRV OV OVI

I 7213 /41231 2] 14

I 31212 2,34 2] 6

I 41211
Conductor X (M)
v 214i4i212 2 G

[ %33
[#]
=]

V 1 312133127 2% 8

Vi 2121172121 41 18

i 7 6 1 7 1A 56 Total

By applying the clementary matrix operations to the rows and columns
n such a way as to make the game falr (game value = 0}, we obtain the
equivaient matrix {3} with a zero game value,

Conductor ¥
I T Irx Iv A% Vi

i |~18 15 487 ~13. 15| —13

i1 15 13} 131 —18 157 ~13

sPose ok

331 450 18] 41 71 151 41
Conductor X {Mg)

IV [ ~13] 48| 48] —13| -13| 13| &
v | 15 ~13] 15 18] —13] -13] &
VI | -18] 18] —41; —13] ~13] 48] ¢

LRl
e

7 B ik e 8
Ex) S BE EE s%

As this matrix 15 difficelt to read, it is simplified by dividing all the
scores by + 13, Tt then becomes (M) with 2 game value s = —0,07, which
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Conductor ¥
I H OH IV VvV Vi

I [~ 41 +8 -1 41 -1} +%
T | +1] 1] =1 =1 4l) =1} &
111 +3) 1] -8 +5 | +1| -8} &%
Conductor X (M)
IV | 1] 43 43| 1| 1] ~1] &
v RN N R [ (ETE 10 0 W I A | e
Vi RS N S U . 3 R O A N R A
- S SR . R VAR
36 ] -] 54 A6 EX ]

means that at the end of the game, at the final score, conductor ¥ shoukd
give 0.07m points to conductor X, where m ix the total mumber of moves,

If we convert the numerical matrix (M) into a qualitative matrix
according to the correspondence:

WE —3 ti +8 +5
_[_| - l_[_l
. pr g gt &

we obtain (M}, which & not very different from (M), except for the silence
couple, Vi, VI which is the opposite of the first value, The calculation is
now finished,

p. F AN N A g

AN ¢ 4 p*

grr s ? grr |t _
(M)

ﬁ g++ g+4~ j) P

-3 o -2 o e

I AN P AN A
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Mathematical manipulation has brought about a refinement of the
duel and the emergence of a paradox: the couple VI, VI, characterizing
total silence. Silence 3s to be aveided, but to do this it is necessary to aug-
ment its potentiality,

It s impossible to desceribe in these pages the fundamental role of the
mathematical treatment of this problem, or the subtle arguments we are
forced 1o make on the way, We must be vigilant at every moment and over
every part of the matrix area, It is an nstance of the kind of work where
detail is dominated by the whole, and the whole is dominated by detail, It
was to show the value of this intellectual fabor that we judged it useful to
set out the processes of calculation,

‘The conductors direct with their backs to each other, using finger or
light signals that are invisible to the oppesing orchestra, If the conductors
use illuminated signals operated by buttons, the successive partial scores
can be announced automatically on lighted panels in the hall, the way the
score 15 displayed at football games, If the conductors just use their fingers,
then a referee can count the points and put up the partial scores manually
so they are visible in the hall, At the end of a certain number of exchanges
or minutes, as agreed upon by the conductors, onc of the two is declared
the winner and is awarded a prize,

Now that the principle has been sct out, we can envisage the interven
tion of the public, who would be invited to evaluate the pairs of tactics of
conductors X and ¥ and vote immediately on the make-up of the game
matrix, The music would then be the result of the conditioning of the
composer who established the musical seore, conductors X and V, and the
public who construct the matix of points.

RULES OF THE WORK STRATEGIE

‘The two-hieaded flow chart of Duel is shown in Fig, IV-2, Tt is equally
valid for Stratégie, composed in 1962. The two orchestras are placed on
either side of the stage, the eonductors back-to-back (Fig, IV-3), or on
platforms on opposite sides of the auditorium, They may choose and play
one of 51X sonic constructions, numbered in the score from I to VI, We call
them tactics and they are of stochastic structure. They were calculated on
the IBM-7090 1n Paris. In addition, each conductor can make his orchestra
play sitmultaneous combinations of twe or three of these {undamental tactics,
The six fundamental tactics are;
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. Winds
FE. Percussion
111, Swring sound-box struck with the hand
1V. String pointillistic effects
V. String glissand:
Vi, Sustained string harmonics,

The following are 13 compatible aud simultzneous combinations of these
tactics;

T&I =VII &I~ XIT I1&IT&IH = XVI
P& HI = VI &IV = XIIT T&II&IV = XVII
T&IV = IX &V =XIV I1&II&V = XVIH

T&V =X H&VI =XV T&HI&VE=XIX
T& VI = XI

Thus there exist in all 19 tactics which each conductor can make his orches-
tra play, 561 (I8 x 19 possible pairs that may be played simultaneously,

The Game

1. Choosing tactics. Flow will the conductors cheose which tactics to
play?

a. A first solution consists of arbitrary choice. For example, conductor
& chooses tactic 1, Conductor ¥ may then choose any onc of the 19 tactics
including L. Conductor X, acting on ¥’s choice, then chooses a new tactic
{see Rule 7 below), X7s second choice is a function of hoth his taste and ¥'s
choice, In his turn, conductor ¥, acting ou X’s choice and his own taste,
either chooses a new tactic or keeps on with the old one, and plays it for a
certain optional length of time. And so on. We thus obtain a continuous
succession of couplings of the 19 structures,

b. The conductors draw lots, chicosing a new tactic by taking one card
from a pack of 1%; or they might make a drawing [rom an urn containing
balls numbered from I to XIX in different proportions, Thesc operations can
be carried out before the performance and the results of the successive draws
set down in the form of a sequential plan which cach of the conductors will
have before lim during the performance,

¢. 'The conductors get together in advance and choose a fixed succession
which they will direct,

d. Both orchestras are divected by a single conductor whe cstablishes
the succession of tactics according to one ol the above methods and sets
them dows on a master plan, which he will follow during the performance,
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. Actually all these ways constitsic what one may call “degenerate™
competitive situations. The only worthwhile setup, which adds something
new in the case of more than one orchestrs, s one that intreduces dual
conflict hetween the conductors. In this case the pairs of lactics are pere
formed simultancously without interruption from one cholce to the next
{see Fig. TV-4}, and the decisions made by the conductors are conditioned
by the winnings or Josses contained in the game malrix,

GArprd 7& ra 2] S

OR X FACTHCS TR X v LYY KV 774
FAING a2 GG 48 28 4
orY
FAGTICY it WX 143 \'
Fig, V-4

2. Limiting the game, The game may be limited In several ways: a. The
conductors agree (o piay to a certain number of points, und the first to reach
it is the winner, 4. The conductors agree in advance to play 7 engagements.
The onc with more points at the end of the ath engagemient is the winner,
«. The conductors decide on the duration for the game, m seconds {or
rinutes), for instance. The one with more points at the end of the mth
second (or minute) I the winner,

3. Awarding poinis.

a. One method I8 to have one or two referees counting the points in
two columas, one for conductor X and one for conductor ¥, both in positive
numbers, The referees stop the game after the agreed lirit and announce
the result to the publc,

& Another method has no referees, but used an automatic system that
consists of an individual board for cach conductor. The board has the
n % neells of the game matrix used. Bach eell has the corvesponding partial
score and a push button, Suppose that the game mutrk is the large one of
18 % 19 eells. I conductor X chooses tactie XV against ¥'s IV, he presses
the bution at the intersection of row XV and column IV, Corresponding to
this intersection i the coll comtaining the partial score of 28 points for X and
the hutton that X must push. Fach buiton is sonnected to a small adding
smachine which totals up the resnlis on an dlectric panel so that they can be
seen by the public as the garne proceeds, just ke the panels in the footbali
stadinm, but on a smaller scale,

4. Assigning of rows or calumns is mude by the conductors tossing a coln,

5. Deciding whe staris the game 5 determined by a second toss.
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8. Reading the tactics, The orchestras perform the tactics cyclically on a
closed loop. Thus the cessation of a taclic is made Iistantancously at a bar
Iine, at the discretion of the conductor. The subsequent eventual resumption
of this tactic can be made either by: a. reckoning from the bar line defined
abave, or k. reckoning rom a bar line identified by a particular letter. The
conducior will usually indicate the letter he wishes by displaying a large
card to the orchestra. I he Iias a pile of cards bearing the letters 4 through
U, ke has available 22 different points of entry for ¢ach one of the tactics,
In the score the tacties have a duration of at Jeast two minutes. When the
conductor reaches the end of a tactic he starts again at the beginmng, hence
the “da capo™ written on the score,

7. Duration of the engagements, The duration of cach engagement is
optional. Ttisa good ides, however, 1o fix a lower limit of about 10 seconds;
ie, if a conductor engages in a tactic he must keep 1t up for at least 10
seconds. This Himit may vary from concert to concert, It constitutes a wish
on the part of the composer rather than an obligation, and the conductors
have the right to decide the lower limit of duration for each engagement
before the game. There is no upper Jimit, for the game itsell conditions
whether to maintain or to ¢hange the tactic.

8. Resull of the contest. To demonstrate the dual structure of this compo-
sition and to heonor the conductor who more faithfully followed the con-
ditions imposed by the composer in the game matrix, at the end of the
combat one might a. proclaim a victor, or . award a prize, bouguet of
Howers, cup, or medal, whatever the concert impresario might care to
donate.

§. Cheie of matrix. In Stratégie there exist three matrices, The large one,
19 rows x 19 columns (Fig. IV~5), contains all the partial scores {or pairs
of the fundamental tactics I to V1 and their combinations. The two smaller
malrices, 3 x 3, also contain these but in the following manser: Row | and
column 1 contain the fundamental tactics from I to VI without discrimina-
tion; row 2 and column 2 contain the two-by-two compatible combinations
of the fundamental tactics; and row 3 and column 3 contain the three-by-
three compatible combinations of these tactics, The choice between the
farge 19 x 19 matrix and one of the 3 x 3 matrices depends on the ease
with which the conductors can read a matrix. The cells with positive scores
mean a gain for conductor X and automatically a symmetrical loss for
conductor ¥, Conversely, the cells with negative scores mean a loss for
conductor X and automatically & symmetrical gam for conductor ¥,
The two simpler, 8 % 3 matrices with different strategies are shown in
Fig, IV-6,
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This fragment can be replaced by the single seore
A D2 (@i id(Gra ) (s p)

THemEdA T m R
20 @i 25 Koy

and by the probabilities

{J = Zq:’+k
=i
and
K= ks
T

Operating In this way with the 19 x 19 mutrix we offtain the following
matrix {the tactics will be the same as in the matrices in Fig, IV-6):

7704 1 8296 50D 95
FETOE 45 % 9% FEX6
14522 17614 3088 45
5% 45 /YR TEE « 98 ‘
6818 9514 2466 50
5% 30 T40 % 3D 3% %6

25 49 26

2465 1 —1354 82 25

or —2581 10971 —328) 45

1818 | — 1267 8401 30

Chapter V

Free Stochastic Music by Computer

After this interlude, we return to the treatment of composition by machines,

The theory put forward by dehorripsis had to wait four years before
being realized mechanically, This realization oceurred thanks to M,
Frangois Genuys of IBM-France and to M. Jacques Barrand of the Regre
Autonome des Transports Parisiens.

THE PARADOX, MUSIC AND COMPUTERS
A STOCUHASTIC WORK EXECUTED BY THE I8M-7000

The general public has a number of different reactions when faced hy
the alliance of the machine with artistic creation, They fall into three
categoiies:

“1tis impossible to obtaln a werk of art, since by definition it is & handi-
craft and requires moment-by-moment “creation” for each detail and for
the entire structure, while a machine is an inert thing and caunot invent.”

“Yes, one may play games with a machine or use it for speculative
purposes, hut the result will not be “finished”: it will represent only an
experiment—interesting, perhaps, but no more™

The enthusiasts who at the outset accept without flinching the
whele frantic brouhaha of science fiction. “The moon? Well, yes, it’s
within our reach, Prolonged life will also be with us tomorrow—why not a
creative machine?” These people arc among the credulous, who, in their
idiosyncratic optimism, have replaced the myths of Icarus and the fairics,
whicl have decayed, by the scientific civilization of the twentieth century,
and science partly agrees with them. In reality, science s neither all
paradox nor all animism, for it progresses a fimited stages that are not
foreseenbie at too great a distance,

i3l
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There exists in all the arts what we may call rationalism in the etymo-
logical sense ; the searcls for proportion, The arlist has always called upon it
out of necessity. The rules of construction have varied widely over the cen—
turies, but there have always been rules in cvery epoch because of the
necessity of making oneselfunderstood, Those who believe the first statement
above are the first to refuse to apply the qualification arfistic to a product
which they do not undersiand at all,

Thus the musical scale is a convention which circumscribes the area off
potentiality and permits construction within those limits in is own particii-
lar symmetry, The rules of Christian hymmography, of harmony, and of
counterpoint in the various ages have allowed artists to construct and to
make themselves understood by those who adopted the same constraints—
through traditions, through collective taste or imitation, or through sym-
pathetic resonance. The rules of serialism, for instance, those that banned
the traditional octave doublings of tonality, imposed constraints which were
partly new but none the less real,

Now everything that is rule or repeated constraint is part of the mental
machine. A little “imaginary machine,” Philippot wonld have said-—a
chotce, a set of decisions. A musical work ¢an be analyzed as a multitude
of mental machines, A melodic theme in a symphony is a mold, a mental
machine, in the same way as its structure . These mental machines are
something very restrictive and deterministic, and sometimes very vague and
indecisive, In the last few years we have seen that this idea of mechanism 1s
really a very general one. It flows through every arez of human knowledge
and action, from strict logic to artistic manifestations.

Just as the wheel wag once one of the greatest products of human
intelligence, a mechanism which allowed one to travel further and faster
with more luggage, 5o is the computer, which today allows the transforma-
tion of man’s ideas. Computers resolve logical problems by heuristic methods,
Bt computers are not really responsible for the introduction of mathematics
into music; rather it is mathematics that makes use of the computer in
compusition. Yet if people’s minds are in general ready to recognize the
usefulness of geometry in the plastic arts (architecture, painting, etc.}, they
have only one more stream to gross to be able to conceive ol using more
abstract, nenwvisual mathematics and machines as aids to mnsical composi-
tfon, which is 1sore abstract than the plastic arts.

To summarize

L "The creative thought of man gives birth to mental mechanisms,
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which, in the last analysis, are merely sets of constraints and choices, This
process takes place in all realms of thought, including the arts,

2. Some of these mechanisms can be expressed in mathematical terms,

3. Some of them are physically realizable: the wheel, motors, bombs,
digital computers, analogue compulters, ote,

4, Certain mental mechanisms may correspond to certain mechanisms
of nature,

5. Certain mechanizable aspects of artistic creation may be simulated
by certain physical mechanisms or machines which exist or may be created,

6. It happens that computers can be useful in certain ways,

Here then is the theoretical point of departure for a utilization of
electronic computers in musical composition.

We may further establish that the role of the living cormposer seerns to
have evolved, on the one hand, to one of inventing schemes {previonsly
forms} and exploring the limits of these schemes, and or the other, to effect-
ing the scientific synthesis of the new methods of construction and of sound
emission, In a short while these methods must comprise all the ancient and
modern means of musical instrument making, whether acoustic or electronic,
with the help, for example, of digitai-to-analogue converters; these have
already been used in communication studics by N. Guttman, J. R. Pierce,
and M, V. Mathews of Bell Telephone Laboratories in New Jersey. Now
these explorations necessitate impressive mathematical, logical, physical,
and psychological impedimenta, especially computers that accelerate the
nzental processes necessary for ¢learing the way for new fields by providing
irmmediate experimental verifications at ail stages of musical construction.

Music, by its very abstract nature, is the first of the arts to have at-
tempted the conciliation of artistic creation with scientific thought. Its
industrialization Is inevitable and irreversible, Have we not already seen
attempts to industrialize serial and popular music by the Parisian team of
P. Barbaud, P. Blanchard, and Jeanine Charbonnicr, as well as by the
musicological research of Hiller and Isaacson at the University of 1llinois?

In the preceding chapters we demonstrated some new areas of 1mnusical
creation; Poisson, Markov processes, musical games, the thesis of the mini-
mum of constraints, etc, They are all based on mathematics and especially
on the theory of probability, They therefore lend themselves to being
treated and explored by computers. The simplest and most meaningful
scheme is onc of minimum constraints in composition, as exemplified by
Achorripsis,

Thanks to my fitend Georges Bondourds of the CN.R.S. I made the
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acquaintance of Jacques Barraud, Engincer of the Ecole des Mines, then
director of the Ensembie Electroniques de Gestion de la Société des Petroles
Shell-Berre, and Frangois Génuys, agrégé in mathematics, and head of the
Etides Seientifiques Nouvelles at IBM-France. All three are scienlists, yet
they consented 1o attempt an experiment which scemed at first far-fetchede—
that of a marriage of music with one of the most powerfitl machines in the
world.

In most human relations it is rarcly pure logical persuasion. which is
important; usually the paramount consideration is material interest. Now
in this case it was not logic, much less sclf-interest, that arranged the be-
trothal, but purely experiment for cxperiment’s sake, or game for game’s
sake, that induced collaboration. Stochastically speaking, my venture should
have encountered failure. Yet the doors were opened, and at the end of a
year and a half of contacts and hurd work “the most unusual event wit.
nessed by the firm or by this musical season [in Paris]” tock place on 24
May 1962 at the headguarters of IBM-France. It was a live concert pre-
senting a work of stochastie instrumental music entitled $7T110-1, 080262,
which had been calculated on the IBM-7080. It was brithantly performed
by the conductor C. Simonovic and his Ensemble dc Musique Contem..
poraine de Paris. By its passage through the machine, this work made
tangible a stochastic method of composition, that of the minimum of
constraints and rules,

Paosition of the Problem

‘The first working phase was the drawing up of the flow chart, ie,,
writing down clearly and in order the stages of the operations of the scheme
of Achorripsis,! and adapting it to the machine structure. In the first chapter
we st out the entire synthetic inethod of this minimal structure, Since the
machine is an iterative apparatus and performs these iterations with extra.
ordinary speed, the thesis had to be broken down into a sequential series of
operations reiterated in loops, An excerpt from the first flow chart is shown
in Fig, V-1,

The statement of the thesis of deherripsis reccives its first machine
oriented interpretation in the following manner:

L. The work consists of a succession of sequences o movements each a; seconds
long. Their durations are totally independent (asymmetric) but have a fixed
mean duration, which is introduced in the form of a parameter. These
durations and their stochastic suceession are given by the formula

Py, = cem%% da, {See Appendix L)
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2. Definition of the mean densily of the sounds during a,, During 2 sequence
sounds are emitted from several sonic sources. If the total number of these
sounds or points during u sequence is &, the mean density of this point.
cluster is N, fa; soundsfsec. In general, for a given instrumental ensemble
this density has limits that depend on the number of instrimentalists, the
nature of their instruments, and the teclnical difficulties of performance.
For a large orchestra the upper limit is of the order of 150 sounds/sec, The

Previous experiments led us to adopt a logarithmic progression for the
density sensation with a number between 2 and 3 as its base. We adopted
¢ = 2.71827. Thus the densities are included between (¥3)¢% and (V§)e?
sounds/sec., which we can draw on aline graduated logafithmically (basee) .2
As onr purpose is total independence, we attribute to each of the sequences
a; calculated i 1w dewsity represented by a point drawn at random from
the portion of the line mentioned whove, However a certain concern for
continuity leads us to temper the independence of the densities among
scquences a;; to tis end we introduce a certain “memory” from sequence
to sequence in the following manner:

Let 4, be a sequence of duration g;_,, (D4);_, its density, and g, the

next sequence with duration ¢ and density (D4), Density (DA4), will be
given by the formula;

(DA}, = (DA} e*%,

n which x is a segment of line drawn at random from a line segment § of
length equal to (R - 0). The probability of 5 is given by

{see Appendix I}
and finally,

Ny = (DA

3. Compesition Q of the oxchestra dusing sequence ¢, First the nstruments
are divided into 7 classes of timbres, e.g., flutes and clarinets, oboes and
bassoons, brasses, bowed strings, pizzicati, col legno strokes, glissandi, wood,
skin, and metal percussion instruments, etc. {See the table for Atrées.} The
composition of the orchestra is stochastically conceived, i.e., the distribution
of the classes is not deterministic. Thus during a sequence of duration ¢, it
may happen that we have 807, pizzicad, 10%, percussion, 7%, keyboard,
and 37, flute class. Under actual conditions the determining lactor which
would condition the composition of the orchestra s density. We therefore

Free Stochastic Music by Computer

Composition of the Orchestra for Atrées (3TN 0--3,060962)
Timbre ciasses and instruments as on present input data

Class Timbre Instrument Instrument No.

i Percussion ‘Temple-bliocks o

Tom-toms ]
Maracas 0
Susp. eymbal i
Gong 12
Z Hom French horn 1
3 Fhate Flute i
4 Clarinet Clarinet Bh !
Russ clar. B 2
3 Ghissando Viglin 1
Celio i
Trombone 3
6 Tremoks Flute H
or Narinet Hh 2
Hutter- Bass ciar. Bb 3
tongue Freach horn 4
Trumpet ]
Trombone a &
Trambone & 7

{pedal notes)

Vioiin 8
Celio 9
7 Plucked Violin t
stringy Celle 2
8 Struck Viokin i
strings® Cello 2
9 Vibraphone  Vibraphone 1
16 Trumpet Trumpet H
11 Trombone Trombone & 1
Trombone & 2

{pedal notas}

12 Bowed Violin 1
strings Cello 2
* col fegno

187
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connect the orchestral composition with density by means of a special
diagram. An example from $T710-1, 080262 is shown in Fig. V-2,
Fig, V-2 is expressed by the formula
Q085 & o to sor g o %

Q? = (?2 - x) (en.r - gn«i«l.r} + fn,r jn
inwhichr = the number of the class, x = log [{DA)/(V8)],7 = 0,1,2, . ca R,
suchthatn 5 ¥ s n + 1,and ¢, , and ¢, , arc the probabilities of class 7
as a function of 2. It goes without saying that the composition of this table N cog 4 o d 2,22 2 e

is a precise task of great complexity and delicacy. Once these preliminaries
have been completed, we can define, one after the other, the N, sounds of
SEGUENEE ay
4. Definition of the nt 17 the sound N within the sequence ;.
finition of the moment of occurrense of the sound N within qit £ oo a,fa o 20 0 20

The mean density of the points or sounds to be distributed witlin 4, is n 50008
k= Ny la. The formula which gives the intervals scparating the sound /
attacks is
e -k :
Py ow o 4y, {(Sce Appendix 1.) o 4 R AN AN

5. Attribution to the above sound of an instrument belonging to orchestra (),
which has already been coleulated. First class 7 is drawn at random with proba-
bility g, from the orchestra ensemble calculated in 3, (Consider an urn with
balls of r colors in various proportions.) Then from within class r the number - a5 \aotgo e sa lo ol % 2,7 % o, 28

of the instrument is drawn according to the probability #, given by an
arbitrary table (urn with balls of » colors). Here also the distribution of
instruments within a class is delicate and complex,
6. Astribution of a pitch a t #h 1. Taking as the zero
ution of @ pitch s a function of the instrument. Taking 073 G azo o £.20 e..8 o
point the lowest Bl of the piane, we establish a chromatic scale in semitones )

of about 85 degrees. The range s of cach instrument is thus expressed by a

natural number (distance). But the pitch 4, of a sound is expressed by a

decimal number of which the whole number part is related to a note of the \

clromatic scale within the instriment’s range, P AL g 26 o R AW TR A
7

Justasfor the density in 2., we accepta certain memory of or dependence
on the preceding pitch played by the same instrument, so that we have

\/

A

0
T
kY

it a4 tax -~ o o “~d o
3 g B £ % 3 ¥ g
‘ku = fyny & 2, § ;:',: g §. % g g_ 3
3 - & g v g 2
where z is given by the probability formula 8 g °
2 z ) N
Pymo(1 - 5)da (See Appendix 1.) Fig. V-2. §7/710-7, 080262, Composition of the Orchestra

. oy . Density = {DA), = QLileY, U = log, (DA/011)
P, is the probability of the interval z taken at random from the range s, and
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s is expressed as the difference between the highest and lowest pitches that
can be played on the instrument,

7. Attribution of a glissands speed if class v is characterized as a glissands. The
homogeneity hypotheses in Chap. 1 led us to the formula

S

‘“‘1-‘2&2
gt

2
T anw

and by the transformation »fa = ¥ to its homologue:
- 2 Yo
T = = fo e du,

for which there are tables. f{v) is the probability of octurrence of the speed »
{which is expressed in semitonesfsec.); it has a parameter ¢, which i3 pro~
portional to the standard deviation 5 (g = 54/2),

a is defined as a function of the logarithm of the density of sequence g,
by: an inversely proportional funciion

- W(s& - %L{(D&},](VS)]),

or a directly propertional function

- w(ze + 2 L4 V3}}),
or a function independent of density

a= 17,7 4+ 35¢%,

where £ is a random number between O and §.

"The constants of the preceding formulae derive from the limits of the
speeds that string glissandi may take,

Thus for {D4), = 145 sounds/sec,

g = 53.2 semitones/sec,

25 = 75 semitonesfsec,,

and for {D4Y, = 0.13 soundsjsec,

2y = 25  semitonesfsec,

8. Autribution of a duration x to the sounds emitted, To simplify we establish
& mean duration for each instrument, which is independent of tessitura and
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nuance, Consequently we reserve the right te modify it when transcribing
into traditional notation, The following is the list of constraints that we take
into account for the establishiment of duration 2.

G, the maximum length of respiration
or desired duration

{DA);, the density of the sequence

g, the probabitity of class r

br, the probability of the instrument n

Then if we define z as a parameter of a sound’s duration, z could be
inversely proportional to the probability of the occurrence of the
instrument, so that .

“ = DA

z will be at its maximum when (DA),£,9, Is at its minimum, and in this case

to freeze the growth of z. This law applies for any given value of z.

z' = Gl zfin Zg,,

Sinee we admit a total independence, the distribution of the durations
x will be Gaussian:

S =

gl 42T .
s/ 2r

whtere m is the arithmetic mean of the durations, s the standard deviation,
and

o 425y =0

m A 4255 w z'

1

the linear system which furnishes us with the constants m and s, By ussuming
# = {x — m}fs4/2 we find the funciion T'{), for which we consult the
fables,

Finally, the duration 2 of the sound will be given by the relation

x = dus/2 4 om,

We do not take into account incompatibilities between mstruments, for
this would needlessly hurden tlie machine’s program and caleulation,

9, Atuiributinn of dynamic_forms to the sounds emitted. We define four zones
of mean intensities: ppp, p, £, fF Taken three at a time they yield 4% = 64
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permutations, of which 44 are different {an urn with 44 colors) ; for example,
bbb -<f=-p.

10. The same operations are begun again for each sound of the cluster N, .

11. Recaleulations of the same sort are mads for the other sequences.

An extract from the sequential statement was reproduced in Fig. V1.
Now we must proceed to the transcription inte Fortran 1V, a language
“understood” by the machine (see Fig. V-3).

It is not our purpose to describe the transformation of the flow chart
into Fortran. However, it would be interesting to show an example of the
adaptation of a mathematical expression to machine methods,

Let us consider the elementary law of probability {density function)

Flx) dx = ceme% dy, [20]

How shall we proceed in order for the computer to give us lengths x with
the probability f{x} dx? The machine can only draw random numbers y,
with equiprobability between 0 and 1. We shall “modulate” this proba-
bility: Assume some length x,; then we have

prob. (0 < x € x5) = F"f(x) d¢ = 1« e=%0 = Flx,),
4

where F{x,} is the distribution funetion of x. But

Flxo) = prob. (0 < v £ 90) = 9,
then
I 7% =y
and
In{l — gy)

&

Xy = o

for all x4 = G

Once the program is transcribed into language that the machine’s
internal organization can assimilate, a process that can take several months,
we can proceed to punching the cards and setting up certain tests, Short
sections are run on the machine to detect errors of logic and orthography
and to determing the values of the entry parameters, which are introduced
in the form of variables. This is a very important phase, for it permits us to
explore all parts of the program and determiné the modalities of its opera-
tion. The final phase is the decoding of the results into traditional notation,
uniess an automatic transcriber is available,
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Tabie of the 44 Intensity Forms Derived from 4 Mean Intensity
Values, ppp, p. 1, ff
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Conclusions

A large number of compositions of the same kind as ST/ 10-1, 080262
is possible for a large number of orchestral combinations. Other works have
already been written: STj48-1, 240162, for lurge orchestra, commissioned
by RTF {(France FI1}; Atrées for ten soloists, and Merisma-Amerisima, for four
soloists.

Although this program gives a satisfactory solution to the minimal
structure, it is, however, necessary to jump to the stage of pure composition
by coupling a digital-to-analogue converter to the computer. The numerical
calculations would then be changed into sound, whose internal organization
had been conceived beforehand. At this point one gould bring to fruftion
and generalize the concepts deseribed in the preceding chapters,

The oliowing are several of the advantages of using electronic compu-
ters in musical composition:

1. The long laborious caleulation madc by hand is reduced to nothing.
The speed of » machine such as the IBM-7090 is tremendous—of the order
of 500,000 elementary operationsjsec.

2. Freed from tedious calculations the composer is able to devote him-
self to the general problems that the new musical form poses and to explore
the nooks and crannies of this form while modifying the values of the input
data. For example, he may test all Instrumental combinations from soloists
to chamber orchestras, to large orchestras, With the aid of electronic com-
puters the composer becomes a sort of pilot: he presses the buttons, intro-
duces coordinates, and supervises the controls of a cosmic vessel sailing in
the space of sound, across sonic constellations and galaxies that he could
formerly glimpse only as a distant dream. Now he can explore them at his
ease, seated 1n an armcharr,

3. The program, i.e,, the List of sequential operations that constitute
the new musical formm, is an obiective manifestation of this form. The
program may consequently be dispatched o any point on the earths that
possesses computers of the appropriate type, and may be exploited by any
composer pilot.

4. Because of certain uncertainties introduced in the program, the
composer-piiot can instiil his own personality in the sonic result he obtains,
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Fig. V-3. Stochastic Music Rewritten in Fortran [V
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EOYME F] TABLE T RaSUIFELZAEI 2, 3l 0% THE 22 TABLE 1 ¥4/ W8F 14, By s/ KEN
LERE IR HEH
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an entity, and this overall perception is sufficient for the moment. Because
of our amnesia, we decide that it i nenter—neither pleasant nor unpleasant,

Postulate. We shall systematically refuse a gualitative judgment on
every sonic event, What will count will be the abstract relations within the
event or between several events, and the logical operations which may be
impeosed on them, The emigsion of the sonic event is thus a kind of statement,
inscription, or sonic symbeol, which may be notated graphically by the
letter 4,

13t is emitted once it means nothing more than a single existence which
appears and then disappears; we simply have 4.

1f it is emitted several times in succession, the events are compared and
we conclude that they are idenficel, and no more, Idemtity and tautology
are therefore implicd by a repetition. But aimultancously another phe-
nomenon, subjacent to the first, is created by reason of this very repetition
modulation of time. I the event were a Morse sound, the temporal abscissa,
wonld take a meaning external to the sound and independent of it. In addi-~
tion to the deduction of tautology, then, repetition causes the appearance
of a new phenomenen, which Is inscribed in time and which modulates time,

To sumamarize: If no account & taken of the temporal element, then a
single sonic event signifies only its statement. The sign, the symbol, the
generic element 2 have been stated. A somic event actually or mentaily
repeated signifies only an identity, a tautology:

avavavag-o oV dae=4dg

v Is an operator that means “put side by side without regard to time,”
The = sign means that it & the same thing. This is all that can be done with
a single sonic event.

CASE OF TWO OR MORE GENERIC BLEMENTS

Let there be two sonic events g and b such that 4 is not identical with &,
and such that the two are distinet and casily recognizable, like the letters
q and b, for example, which are ouly confused by a nearsighted person or
when they are poorly written,

' no account i taken of the temporal clement, then the two clemernds
are considered as a pair. Consequently emitting first a then 5, or first b
then a, gives us ne more ipformation about these distinct events than when
they are heard in isolation after long intervals of silence. And since no
account is taken of the relation of similitude or of the time factor, we can
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write fora # &

which means that ¢ and & side by side do not create a new thing, having the
same meaning as before. Therefore a commutative law exists.

In the case of three distinguishable events, 4, 4, ¢, a combination of two
of these sonic symbols may be considered as forming another element, an
entity In relation to the third:

lavd ve
But since this associational operation produces nothing more we may write
lavBve=av bVl

This is an associative law,

The exclusion of the time factor leads therefore to two rujes of compo-
gition outside-time-—the commuiative and the associative, {These two rules
are extensible to the case of a single event.}

On the other hand, when the manifestations of the generic events
a, b, ¢ are considered in time, then commutativity may no longer be accepted.
Thus

atThd#EbTa

T being the symbol of the law of composition which means “anterior to.”
‘This asymmetry is the result of our traditional experience, of our cus-
tomary one-to-one correspondence between events and Hme instants. It
is raised when we consider time by itself without events, and the conse-
guent metric time which admits beth the commutative and the associative
propertics:
eaTb=bTa commutative law
faTdytTe=at1 (bTs associative law.

CONCEPT OF DISTANCE {INFERVAL)

‘The consideration of generic elements g, b, ¢, ... a§ entities does not
permit much of an advance. To exploit and clarify what has just been said,
we must penetrate the internal organization of the sonic symbols.

Every sonic event is perceived as a set of qualities that is modified dur-
ing its life, On a primary level we percelve pitch, duration, thnbre, attack,
rugosity, et¢. On ancther Jevel we may distinguish complexitics, degrees of
order, variabilities, densities, homogeneities, fluctuations, thicknesses, etc.
Our study will not attempt to elucidate these questions, which are not only
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difficult but at this moment secondary. They ure also sccondary because
many of the gualities may be graduated, oven if only broadly, aad may be
totally ordered. We shail therefore chioose oue quality and what will be
sald about # will be extensible to others,

Let us, then, consider a series of events discernible solely by pitch, such
as is perceived by an observer who has lost is memory. Fwo elements, a, 4,
are net enough for him o create the notion of distance or interval, We must:
look for a third term, ¢, in order that the ebserver may, by successive com-
parsons and through his immediate sensations, form frst, the concept of
relative size {4 compared to 2 and ¢), which is a primary expression of rank-
ing; and then the notion of distance, of interval. This mental toil will end
in the totally ordered classification not only of pitches, but also of melodic
intervals. Given the set of piteh intervals

H = {ﬁaa by oy o ')
and the binary rclation § (greater thun or equal to), we have

L &Sk for all ke H, hence reflexivity;

3. RSk, and RSk, entadl k8%, hence transitivity,

Thus the different aspects of the sensations produced by sonie events
may eventually totally or partially constitute ordered sets according to the
unit interval adopted, For example, if we adopted as the unit juterval of
pitch, not the relationship of the semitone (& 1.059) but a relationship of
100001, then the sets of pitches and tervals would be very vague and
would not be totally ordered because the differential sensitivity of the human
ear is inferior to this relationship. Generally for a sufficiently large unit
distance, many of the qualities of sonic events cun be totally ordered.

To conform with a first-degree acoustic cxperience, we shall suppose
that the ultimate aspects of sonic cvents are frequency? (experienced us
pitch), intensity, and duration, and that everysonic event may be constructed
from these three when duly interwoven, In this case the number three i3
irreducible. For otlier assamplions on the microstructure of sonic events see
the Preface and Chapter 1X,

Structure of the Qualities of Sonic Fvents*

From a naive musical practice we have defined the concept of interval
or distance. Now let us examine sets of intervals which are in fact isomorphic
to the equivalence classes of the ¥ x & product set of natural numbers.
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1. Let there be a set H of pitch intervals (melodic). The law of urternal
composition states that to every couple (ky, by € H) 2 thizjd clement may be
made to correspond. This is the composite of &g by Ay, wh ch we shall ?wta{t;
by 4 hy = kb, such that & e H. For example, iet there be thrﬂ? sounds
characterized by the pitches I, I, 11L, and let Ag ny fem\.m) e t‘m? zntezilx*afs
in semitones separating the couples (I, 11} and {IZ., I, rcspecﬂ.»."eiy‘ .[“hc;
interval ky yyp, separating sound I and sound 111 will be f{qaai to the sum 0f
the semitones of the other two. We may therefore establish that the law o
internal composition for conjuncted intervals is eddition.

2. The law is associative:
B 4 {hy + hey = By + Ry) b B = By by + k.
3. There exists a neutral element &, such that for every &, & &,
by 4 by = by ok Ry = A

For pitch the neutral element has 1 name, unison, of the zero m{crvaI.; for
1 1t 3 Aty
intensity the zero interval is nameless; and for duration it 3s sgnu].tanmt} .b
4. For every k, there exists 2 special element &, called the mmverse, sac
that

Corresponding to an ascending melodic interval 2o, i}-}t?rc may be a cit;:sc?,e;zé-f
ing interval k), which returns to the unison; to an mcreasing z.z}tf,ria. o
intensity (expressed in positive decibels) may be added another dimi n.blzmg
miterval (in negative 4b), such that it cancels the othf:r’s Cﬁ‘ﬂ{li.; correspo;;fi«
ing to u positive time interval there may be a negative duration, such that
the sum of the two is zerc, or simultaneity.

5. The law is commutative:

!1“ + kb m kb + !1‘14

# Following Pranc, we may state an axiomaiics of pitch and consiruct the Eh:}?;
mutic or whoele-tone scule by means of three primary terms—origin, note, an
suceessor of . . ~and five primary proposihons:

1. the origin is & note;
9. ihe successor of 2 note s a note; _ .
3. noles having the same successor are identical;
igin R 3 te) and
4. the origin is not the successor of any note ] . -
5. if a property applies 1o the origin, and i when .:t appijcs to any note it ulso
applies to is successor, 1hen it applies to all noles {principal of induction},

See also Chap, ViL, p 194
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These five axioms bave been established for pitch, cutside-time, But
the examples have extended them to the two other {undamental factors of
sonic events, and we may state that the sets 7 {pitch intervals), & {intensity
intervals}, and U {durations) arc furnished with an Abelion additive group
struciure.

To specify properly the difference and the relationship that exists
between the temporal set 7 and the other sets examined outside-time,
and in order not to confuse, for example, set & {durations characterizing a
sonic event) with the time intervals chronologically separating sonic
cvents helonging to set 7, we shall summarize the successive stages of our
comprehension,

SUMMARY

Let there be three events g, b, ¢ einitted successively,

First stage: Three evenis are distinguished, and that is all,

Second stage: A **temporal succession” is distinguished, ie., » corre-
spondence between evenis uand moments. There results from this

a before b+ b before 4 {non-commutativity),

Fhird stage: Three sonic events are distinguished which divide tfime into
two sections within the events, These two seetions may be compared and then
expressed in multiples of a unit. Time becomes metric and the sections
constitute generic elements of set 7. They thus enjoy commutativity,

According to Piaget, the concept of time among children passes threugh
these three phases {see Bibliography for Chapter V1),

Fourth siage: Three sonic events are distinguished; the time intervals
are distinguished; and independence between the sonic evenis and the
time intervals is recognized, An algebra sutside-time is thus admitted for sonic
events, and a secondary femporel algebra exists for tomiporal intervals; the
two algebras are otherwise identical. {1t & useless to repeat the arguments
in order to show that the temporal intervals between the events constitute
a set 7, which is furnished with an Abelian additive group structure.)
Finally, one-to-one correspondences are admitted between algebraic func-
tions outside-time and temporal algebraic functions. They may constitute
an algebra in-time,

In conclusion, most musical analysis and eonstruction may be based on»
1. the study of an entity, the sonic event, which, accerding to our termporary
assumption groups three characteristics, prich, intensity, and durution, and
which possesses a struciure outside-time, 2. the study of another simpler entity,

Symbelic Music 161

tinme, which possesses a lemporal struchure; and 3. the correspondence between
the structure outside-time and the temporal structure: the structure in-time,

Vector Space

Sets H {melodic intervals), G {(intensity intervals), I/ {time intervals),
and T {intervals of Hme separating the sonic events, and independent of
them) ure totally ordered. We also assume that they may be issmorphic
under certain conditions with set £ of the real numbers, and that an external
law of composition for each of them may be established with set K. For every
ae E {E is any one of the above sets} and for every element 4 & R, there
exiss an element b = Aa such that b € K For another approach 10 vector
space, see the discussion of sets of intervals as a product of a group times a
fleld, Chap. VIIL, p. 210,

Let X be a sequence of three numbers x,, Xy, *i, corresponding to the
elements of the sets H, G, I, respectively, and arranged in a certain order:
X s {xq, 7y, #5). This sequence is u vector and xy, ¥y, X are itS components.
The particular case of the vector in which all the components arc zero is a
zero vector, 3. It may also be called the origin of the coordinates, and by
analogy with elementary geometry, the vector with the numbers (x;, x5, £3)
as components will be called point A4 of coordinates {x,, x,, %3). Two points
or vectors arc said to be egual if they are defined by the same sequence:
o= Y

The set of these seguences constitutes a veclor space in three dimcnsions,
E,. There exist two Jaws of composition relative to £q: 1. An infernal law of
composition, addition: It X = {x,, 2, 2y} and ¥ = (g4, ¥s ¥y), then

X*"Ym(xi +S‘z;xz+§2,r"s+y3).

The following properties are verified: a. X + ¥ = ¥ 4 X {(commutative);
b X4 ¥+ 2)= (X +¥) + Z {associative); and c. Given two veclors

Z. We have z; = x, — g3 Z 15 called the difference of X and ¥ and 15 nota-
ted Z =X~V Inparticilar ¥ + 0 = 0 + X = X; and each vector X
may he associated with the opposite vector(— X), with components (- x,,
kg, —Xg), such that X + {—~X) = 0.

2. An external faw of composition, multiplication by a scalar: If
peRand Xe K, then

PX = (pxy, pra, pry) € B
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(pg)X (associative);ande. (p + )X = pX + gXandp(X + V) = pX + p¥
{distributive).

BASIS AND REFERENT OF A VEOTOR SPASE

1t is impossible to find a system of p nuinbers ay, ay, @, .« ., @, which
are 1ot all zero, such that

a:in e RzXz R -+ (zﬁXff _— O,

and on the condition that the p vectors X, X, . . ., X, of the space E, are
not zero, then we shall say that these vectors are lincarly independent,

Suppose a vector of £,, of which the ith component is 1, and the others
are O, This vector £ is the ith wnit vector of £, There exist then 3 unit vectors
of £y, for example, 4, §, &, corresponding to the sets i, 7, U, respectively;
and these three vectors are ncarly independent, for the relation

ah + apf + agit = O

entalls g, = a4, = 4, = . Moreover, every vecior ¥ = {xy, %, x5} of E
may be written

XN o= 0+ g f 4 2T

It immediately results from this that there may not exist in Fg more than
3 linearly independent vectors, The set £, &, r, constitutes a basis of E. By
analogy with elementary geometry, we can say that Ok, Og, Du, are axes
of coordinates, and that their set constitutes a referent of Ey. In such a space,
all the referents have the same origin 0,

Linear vectorial mulliplicity. We say that a set V of vectors of £, which is
non-empty constituies a bnear veclorial multiplicity if it possesses the loHowing
propertes

1. I X'is a vector of ¥, every vector p¥ belongs also to ¥V whatever the
scalar g may be.

2. I Xand ¥ are two vectors of ¥, X + ¥ also belongs to ¥, From this
we dednee that: o all near vectorial multiplicity contains the vector
00X = 0); and . every linear combination a,.¥; + 25Xy + ... a,X,
of p vectors of ¥ is a vecior of ¥,

REMARKS

1. BEvery sonic event may be expressed as a vectorial multiplicity.

2. There exists only one base, £, 3, & Every other quality of the sounds
and every otlier more complex component should be analyzed as a linear
combination of these three unit vectors, The dimension of ¥ s therefore 3,
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3. The scalars #, ¢, may not in practice take all values, for we would
then meve out of the audible arca, But this restriction of a practical order
does not invalidate the generality of these arguments and their applications.

For example, let U be the origin of & trihedral of reference with Ok,
0g, Ou, as referent, and a base £, Z, &, with the following unils:

for £, 1 = scmitone;
for 7, 1 = 10 decibels;

ark
for , 1 = second

I¢

The origin O will be chosen arbitrarily on the “absolute” scales established
by tradition, in the manner of zero on the thermometer, Thus:

for A, O will be at Cy; {Ag = 440 Hz)
for £, O will be a1 50 db;
for #, O will be at 10 se¢;

and the vectors

Xy = Bk — 3F + 51
KXo = Th + 1f = lit
may be written in traditional notation for I sec 2 J.
Y= S
~ Yo~ (5030 = 20 oB)
Xz i F = —" ‘j}
v £ o~ (50440 =60 dB)

In the same way
X+ Xy =08+ 7h+ -3+ (5 il = 124~ 27 + 4K

i
— ¥
e S ol

T (50 - BO =30dB)

X.‘E - ng"’"‘-—

We may stmilarly pursiue the verification of all the preceding propositions.

We have established, thanks to vectorial algebra, a working language
which may permit both analyses of the works of the past and new construg.
tions by setfing up interacting fuactions of the components {combinations
of the sets H, (7, {7}, Algebraic research n conjunciion with experimenial
research by computers coupled to analogue converters might give us
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information on the linear relations of a vectortal multiplicity so as to obtain
the timbres of existing instruments or of other kinds of sonic events.

The following is an analysis of a fragment of Ssnate, Op, 57 {Appas-
sionata}, by Beethoven {see Fig. VI-1), We do not take the timbre into
account since the piano is considered to have only one timbre, homegeneous
over the register of this fragment,

Jf = 60 db (invariable) on the F axis, and
54 on the § axis.

ALGEBRA QUYTSIDE-TIME (O?ERA’I‘iONS AND RELATIONS IN SET A}

The vector X, = 18k + 0F + 3 corresponds to G,

The vector X; = {18 + 3)4 + OF + 44 corresponds to Bp.
The vector X, = (18 4+ 6)4 + 0F + 37 corresponds 1o D,
The vector Xy = (18 + 94 + 0F + 24 corresponds to .
The vector Xy = (18 + 12)& 4+ 0F + 1 corresponds to G
The vector Xy = (18 + 0} + 0F + 17 corresponds to G.

{See Fig. VI-2.)
Let us also admit the free vector # = 34 + 0F - 1@y then the vectors
X, (fori =0, 1,2 3, 4) arc of the form X, = X, + 5,
We notice that set 4 consists of two vector families, X, and i, combined
by means of addidion,
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Fig. Vi.2

A second law of composition exists m theset ({ = 0, 1,2, 3, 4} it is
an arithmetic progression.

Finally, the scalar 7 leads to an antisymmetric varlation of the com-
ponents £ and # of X, the second § remaining mvasiant,

TEMPORAL ALGEBRA [iN SET 7)
Fhe sonic statement of the vectors X, of set 4 i successive!
X(}TX}TXRT tr

T being the operator “before.”

This boils down to saying that the origin O of thehase of 4 & E, = V
is displaced on the axis of time, a shifting that has nothing to do with the
change of the base, which is i faet an operation within space E; of base
k, & % Thus in the case of a simultaneity {(a chord) of the attacks of the gix
vectors described for set A, the displacement would be zero,

In Fig. VI-3 the segments designated on the axis of time by the origins
0 of X, are equal and obey the funetion Al = Af, which is an internal law
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of compeosition in set 7'; or consider an origin ¢ on the axis of ime and a
segment unit cqual to Al then §, = a + AL fori = 1,2, 5, 4, 5.

ok

Fig. VI-3

ALGEBRA IN-TIME (RELAYIONS BETWEEN SPACE E; AND SET 7}

We may say that the vectors X, of 4 have components H, &, U, which
may be expressed as a function of a parameter 4, Here #, = {Af; the values
are lexicograplically ordered and defined by the increasing orderi = 1, 2,
3, 4, 5. This constitutes an association of each of the components with the
ordered set T". Itis therefore an algebration of sonic events that is indepen~
dent of time {algebra outside-time), as well as an algebration of sonic events
as a function of time {algebra in-time).

In general we admit that a vector X'is 2 function of the parameter of
time £ if' its components are also a function of . This is written

XQ@) = HiYh + GYF + Ui

When these functions are continuous they have differentials. What is
the meaning of the variations of X as a function of time £? Suppose

d¥ _dH . 4G dU.
T FETES Y

Hwe neglect the variation of the component G, we will have the following
conditions: For dHjdt = 0, H = ¢,, and dUjdt = 0, U = ¢,, H and 7 will
be independent of the variation of ¢; and for ¢, and ¢, ¥ {, the sonic event
will be of invariable pitch and duration. I ¢, and ¢, = 0, there is no sound
(sifence}. (See Fig. VI-4.)

¢ # 0, we have an infinity of vectors at the unison, If¢, = 0, then we have
a single vector of constant pitch ¢, and duration I/ = k. (See Fig. VI-5).

Symbolic Music 167

For dHldt = 0, H = ¢,, and dU}dt = f{t}), U = F{f}, we have an
infinite family of vectors at the unison. )

For dHjdi=c,, H =g+ k and dUldt =0, U =0, if ¢, <5
lim & = 0, we have a constant glissando of a single sound. He, >0, th‘cn
we have a chord composed of an infinity of vectors of duration ¢, (thick
constant glissande}. (See Fig, VI-6.)

il‘
¢ S ——
3 Cqu
"
T
Fig. Vi-4
k4
ch . | ¥ d Fl | —— -
cot vk
Fig. VI-5 t.u
Tt 3
Fig. VI-6 €,5
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For dHjdl = ¢, H = o + k,and dUfdt = ¢, U] = 2t + 7, we have a

For dHjdt = F(), H = F{1), and dU}dt = s{t}, U = §(t}, we have a
chord of an infinity of vectors of variable durations and pitches. {See

Fig, V1-7.)

[

Fig. VE-7

t,u
Fov dHjdt = ¢, H = ¢yt + k, and dlUfdt = f{t}, U = F{i), we have a
chiord of an infinity of vectors. (See Fig. VI-8.)
C

Fig. VI-8

chord of an infinity of vectors of duration ¢, {thick variable glissando). (See
Fig, V1.9

Fig, VI-9

chord of an infinity of vectors. (See Fig, VI-10.)

hi

Fig. V1-10

t.4
In the example drawn from Beethoven, set 4 of the vectors X is not a
comtinuous function of 2. The correspondence may be written

X, % X X X X
f(} Ia 12 fa t4 35

Because of this correspondence the vectors are not commutable.

Set B is analogous to set 4. The fundamental difference lies in the change
of base in space Ej relative to the base of 4. But we shall not pursue the
analysis,

Remark

If our musical space has two dimensions, e.g., pitch-time, pitch-intensity,
pressure-time, etc., it is interesting to introduce complex variables, Let x be
the time and y the pitch, plotted on the { axis. Then z = x + yiis asound of
pitch y with the attack at the instant x. Let there be a plane w with the

a mapping which establishes a correspondence between points in the wp
and xy planes. In general any w is a transformation of z.

The four forms of 2 melodic line {or of a twelve-tone row) can be
represented by the following complex muappings:

w = z, withu = rand v = y, which corresponds to identity (original form)

w = |z{%/z, with u = x and v = —y, which corresponds to inversion

w = |z|*f~zwithu = —xand v = g, which corresponds to retrogradation
w = ~z withtt = —xand v = -y which corresponds to inverted retro-
gradation,
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Phese transformations form the Klein group.?
Other transformations, as yet nnknown, even to present-day musicians,

could be envisaged. They could be applied to any product of two sets of

sound characteristics. For example, w = (42?2 + Bz + ¢}/(D2* + Ez + F ),
which can be considerced as a combination of two bilincar transformations
separated by u transformation of the type p = o2 Furthermore, for a
musical space of more than two dimensions we can introduce hypercomplex
systems such us the system of quaternions,

EXTENSION OF THE THREE ALGEBRAS TO SETS OF
SONIC EVENTS (an application}

We have noted in the above three kinds of algebras:

1. The algebra of the components of a sonic event, with its vector
tanguage, independent of the procession of time, therefore an algebra
outside-time,

2. A temporel algebre, which the sonic events create on the axis of metric
time, and which is independent of the vector space.

3. An algebra in-time, issning from the correspondences and functional
relations between the elements of the set of vectors X and of the set of metric
tirne, T independent of the set of X,

All that has been said about sonic events themselves, their compenents,
and about time can be generalized for sets of sonic events ¥ and for sets 7"

In this chapter we have assumed that the reader is familiar with the
concept of the set, and In particnjar with the concept of the cluss as it is
mterpreted in Boolean algebra. We shall adopt this specific algebra
which is isomorphic with the theory of sets. ‘ ’

.Te simplify the exposition, we shall first take a concrete example by
<:9nsxdering the refereniial or universal set R, consisting of all the sounds of &
pano. We shall consider only the pitches; timbres, attacks, intensities, and
{itlrar.i(?zas will be ntilized in order to clarifly the exposition of the logical
operations and refations which we shall imposc on the set of piiches, ‘

. Suppose, then, a set 4 of keys that have a characteristic property,
'I“.Eus will be set 4, a subset of set R, which consists of all the keys of the
plano. This subset is chosen & priori and the characteristic property is the
particular choice of a certain number of keys, )

For the aimnesic observer this class may be presented by playing the
keys one after the other, with a peried of silence in between. He will deduce
from this that he las heard a collection of sournds, or a listing of ciements,
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Another class, B, consisting of a certain number of keys, is chosen In the
same way. It is stated afier class 4 by causing the clements of # fo sound.
The observer hearing the two classes, 4 and B, will note the temporal

ships between the elernents of the two chasses. If certain clements or keys are
common o both classes the classes infersect. If none are common, they are
disjoint, I all the elements of B are common to one part of 4 he deduces that
B s 1 class mefuded in A, 15 all the elements of B are found i A4, and all the
clements of A are fonnd in B, he deduces that the two classes are mdistin-
guishable, that they are squal.

Let us choose A and B in such a way that they have some clements in
common. Let the observer hear first 4, then B, then the common part. He
will dedluce that: 1. there was a choige of keys, 4; 2. there was u second choice
of keys, B; and 3, the part common to 4 and B was considered. "T'he opera-
tion of infersection (corjunction} has therefore been used:

4B or B4

This operation has therclore engendered a new class, which was symbolized
by the sonic enumeration of the part common to 4 and B.

If the observer, having heard 4 and B, hears a mixture of all the ele-
ments of 4 and B, he will deduce that a new class Is being considered, and
that u logieal summation has becn performed on the fust two classes. This
operation is the unien (disjunction) and is written

A+ B or B+ 4

Ifclase 4 has been symbolized or played to him and he is made to hear
all the sounds of R except those of 4, he will deduce that the complement
of 4 with respect to R has been chosen, This is a new operation, negation,
which is written 4.

Hitherto we lhave shown by an imaginary experiment that we can
define and state classes of sonie events {while taking precautions for clarity
i the symbohzation); and cffect three operations of fundamental kmpor.
tance: interscation; union, and negation,

On the other hand, an observer must undertuke an ntellectual task
in order to deduce from this both classes and operations, On our plane of
immediate comprehension, we replaced graphic signs by sonic events. We
consider these sonic events as symbols of abstract entitics farnished with
abstract logical relations on which we may eflect at Jeast the [undamental
operations of the logic of classes. We have not allowed special symbols for
the statement of the classes; only the sonic enumeration of the gencric
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elements was allowed (though in certain cases, if the classes are already
known and if there is ne ambiguity, shortcuts mav be taken in the state-
ment to admit a sort of mpemoteclinical or even psychophysiological
stenosymbolization),

We have not allowed special sonic symbols for the three operations
which are expressed graphically by «, +, — ; only the classes resulting from
these operations arc expressed, and the operations are consequently deduced
mentally by the observer, In the same way the observer must deduce the
relation of equality of the two classcs, and the relation of implication based
on the concept of inclusion. The empty dass, however, may be symbolized
by a duly presented silenee, In sum, then, we can only state clagses, not the
operations. The following is a list of correspondepces between the sonic
symbolization and the graphical symbolization as we have just defined it:

Graphic symbols Sonic symbols
Classes 4, B, C, . . . Sonic epumeration of the generic
clements having the properties 4, B,

Cy ..« {with possibie shortcats)
Intersection (-} B

Union {+) R

Negation () N

Implication (-} —_—

Membership () —

4 Sonic enumeration of the clements of
R not included in 4

A4-B Sonic enumeration of the clements of
A B

A+ B Sonic enumeration of the elements of
4+ B

A= B

A= P N

This table shows that we can reason by pinning down our thoughts by
means of sound. This is true even in the present case where, because of a
concern for economy of means, and in order to remain ¢lose to that immedi-
ate intuition from which all sciences are built, we do not et wish to propose
sonic conventions symbolizing the operations -, -+, -, and the relations
=~ Thus propositions of the form 4, F, I, 0 may not be symbolized by
sounds, nor may theorems, Syllogisms and demonstrations of theorems may
only be inferred.
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Besides these ?-agicaf relations and operations cutside-time, we have
seent that we may obtain temporal classes {7 classes) issuing from the sonic
symbolization that defines distances or intervals on the axis of time, The role
of time is again defined in a new way, It serves primarily as a crucible, mold,
or space In which arc inseribed the classes whose relations one must decipher.
Fime i in some ways equivalent to the area of a sheet of paper or a black-
board, It is only in a sccondary sense that 1t may be considered s carrying
generic elements {temporal distances} and relations or opcrations between
these clements (temporal algebra),

Relations and correspondences may be established between these
temporal ¢lasses and the outside-time ¢lasses, and we may recognize in-time
operations and relations on the class level,

Alter these general considerations, we shall give an example of musical
composition constructed with the aid of the algebra of ¢lasses, For this we
must search out a necessity, a knot of interest.

Construction

Every Boolean expression or function F{4, B, ), for example, of the
three classes 4, B, C can be expressed in the form called disjunctive canonic:

where oy e 0; 1 and k, = 4. B.C, 4. B.C, A BC, A B.C, A 8.C,ARBC,
A-BC A EBLC

A Boolean function with # variables can abways be written in sucl a way
as to bring in 2 maximum of operations +, -, —, equal to 372772 — |,
Tor n = 3 this number is 17, and is found in the function

FeAdBC+ ABC+ ABC+ ABC (1

For three classes, each of which intersects with the other two, function (1)
can be represented by the Venn diagram in Fig. VI-11. The flow chart of
thie operations 1s shown In Fig. VI-12,

Fhis same function ' can be obtained with only ten operations:

F={(4B+ AB)C+ @B+ A5C (2)

1ts flow chart & given in Fig, VI-13,
If we compare the two expressious of F, each of which defines a different
procedure in the composition of classes 4, B, €, we notice a more elegant
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Fig. Vi-11
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Fig. Vi-12
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Fig. V1-13

symmetry in (1) than in (2). On the other hand (2) is more ¢conomical {ten
operations as against stventeen). It is this comparison that was chosen for
the realization of Herma, a work for piano. Fig. VI-14 shows the flow chart
that directs the operations of {1} and (2) on two parallel plancs, and Fig.
VI-15 sliows the precise plan of the construction of Herma.

“The three classes 4, B, C result in an appropriate set of keys of the prano.
“There exists a stochastic correspondence between the pitch components and
the moments of occurrence in set T, which themselves follow a stochastic
law. The intensitics and densities {number of vectorsjsee.), as well as the
silences, help clarify the levels of the composition. This work was composed
in 1960-61, and was first performed by the cxteaordinary Japancse pianist
Yuji Takahasht in Tokyo in February 1962,



19/0861 "WBYD Mmopd jeiodwsg oueld 0j0§ 10f eulal/ “§1-IA ‘Bid

i~ e mwen = e mm —— - e o e e e mew me —— - e e wemwe rmmm ML mee e e —— e me v o o e s
= V(e vy
e | BUEEEEEN 4}.&3
£ i
I i e
HUI ; . .
IR ¥ T * w;mw... o AP —
£eE vy 4 . E ] H;I»,wwu\
| AR e LA L A— o
B o L s oo T gy e a a
T e TETEEY T E { SR EY Y ] uﬁui
[23 TR AN A LA/ ooy
Py Y mmmm.w MMme 16y
AL 1 S | %&&4 e ESHT  posm -
e e e e e e i e e o e e — —
i NS E T
| . | I
76 34} ‘w
%ﬁ?iuilmau_ | i
| { L
U VY. A YT R
B TR ! Fer 7wy b B !
w6 { wwifs 61§ i
2 T Sy LT L I ﬁwl e
R e —— ” I e T ¢ L LLiru A T
pd IRy e Y #
= i
2 #9? Is
o ot e e i wew mw covn n o s e amw mem e e e e el G e e MMM el L e s s mo msmm mmommmoh s e e s sss
o
mf T PR T TET T T T vaif §L1 % § k-3 OM [P _-mw.vvxv.tew et
an
£}
o i I
HWoOopg 22l s
3 > -
= 2Ea42¢ 248y grigy P
B BYg3EL
¢ =EEF3 4 I .
sl e - T T
= c & oMo l3 - "
£
] o G P i
g2 Wm o E
o 2 = 8 -
= m m!ﬂnu W‘..ﬂ Umm__wm E =
I Yy
B om & r
w5 & 0F
Egsgc
£ dTo g
=9ERE v _
PR B
FEE S E /\ oz} 3k g
= m,MQH b ] . /
52 AN D
>4 2% 3 |/
-] &
SEgZs |
R =y i
FEZEE§ 3
Sw gy b
fd = &
VS R
G g 5
o m,ﬂk =
g 29 ¢
e £} T
gy i S G
Bt
Zu et 9,
wEE2E
se=fr: 7 <
AR L i)
=] = o
D B2 >
o = Uh:} uu,u
38 fus w o - ” [
— oD EE s (W



Conclusions and Extensions
for Chapters 1-V1

I have sketched the general framework of an artistic attitude which, for the
first time, uses mathematics in three fundamental aspects: 1. as a philo-
sophical summary of the entity and s cvolution, c.z., Polsson’slaw; 2. as a
gualitative foandation and mechanism of the Logos, ¢.g., symbolic logic, set
theory, theory of chain evenis, game theory; and 3. as an instrument of
mensuration which sharpens investigation, possible realizations, and pers
ception, ¢.g., entropy caleulus, matrix calculus, vector calculus,

Te make music means to express human intelligence by sonic means,
This is intefligence in its broadest sense, which includes not only the pere-
grivsations of pure logic but also the “logic” of emotions and of intuition,
The technics set forth here, althongh often rigorous in their internal struc-
ture, leave many openings through which the most complex and mystericus
factors of the intelligence may penctrate, These technics carry on steadily
between two age-old poles, which are unified by modern science and
philosophy: deternsnism and fatality on the one hand, and free wilt and
unconditioned choice on the other. Between the two poles actual everyday
hife: goes on, partly fatalistic, partly medifiable, with the whole gamut of
Interpenetrations and interpretations.

In reality formalization and axiomatization constitute a procedural
guide, better suited to modern thought. They permit, at the outses, the
placing of sonic art on a more universal plane. Onee more it can be con-
sidered on the same level as the stars, the numbers, and the riches of the
human brain, ag it was in the great perods of the ancient civilizations. The

178

Conclnsions and Extensions for Chaptars I-VI 175

movements of sounds that cause movements in us in agreement with them
“procure a common pleasure for those who do not know how to reason; and
for those who do know, a reasoned joy throngh the imitation of the divine
harmony which they realize in perishable niovements™ (Plato, Timaeus).

The theses advocated in this expesition arc an initial sketch, but they
have already been applied and ¢xtended. Imagine that all the hypotheses of
generalized stochastic composition as described in Chapter II were to be
applied to the phenomena of vision. Then, instead of acoustic grains, sup-
pose quanta of light, i.e., photons. The components in the atomic, quan~
tic hypothesis of sound-—intensity, frequency, density, and lexicographic
time-—are then adapted to the guanta of ight,

A single source of photons, a photon gun, could theoretically reproduce
the acoustic screens described above through the emission of photons of a
particular choice of frequencies, energies, and densities. Tn this way we could
create a laminous fow analogous to that of mugic issuing from a sonic source,
If we then join 1o this the coordinates of space, we could obtain a spatial
music of light, a sort of space-light. It would only be necessary to activate
photon guns in combination at all corners in a glorfously iluminated area
of space. It is technically possible, but painters would have to emerge from
the fethargy of their cralt and forsake their brushes and their hands, unless
a new type of visual artist were to lay hold of these new ideas, technics, and
needs,

A new and rich work of visual art could arise, whose evolution would
be ruled by huge computters {tooks vital not only for the calculation of bombs
or price indexes, but alse for the artistic life of the future), a total audiovisual
manifestation ruled in its compositional intelligence by machines serving
other machines, which are, thanks to the scientific arls, directed by man.



Chapter VII

Towards a Metamusic

Today’s technocrats and their followers treat music as a message which the
composer {source) seuds to a listener {recciver), In this way they believe
that the solution to the problem of the nature of music and of the arts in
general Bes in formulae taken from infermation theory, Drawing up an ac-
count of bits or quantz of formation transmitted and received would thus
seem to provide them with “objective” and scientific eriteria of aesthetic
value, Yot apart from elementary statistical recipes this theory—which
is valuable for techuological communications-—has proved incapable of
giving the characteristics of aesthetic value even for a simple melody of
J. S Bach. Identifications of mugic with message, with commaunication, and
with language are schematizations whose tendency is towards absurdities
and desiceations. Certain African tom-toms camnot be included n this
criticism, but they ave an exception. Hazy music cannot be forced into tos
precise a theoretical meld. Perhaps, it will be possible later when presert
theories have been refined and new ones invented,

The {ollowers of information theory or of cybernetics represent one
extreme. At the other end there are the intuitionists, who may be broadly
divided into two groups:

1. The “graphists,”’ who exalt the graphic symbol above the sound of
the music and make a kind of fetish of it. Tn this group it is the fashionable
thing not to write notes, but to create any sort of design, The “music™ is
judged according to the beauty of the drawing, Related to this is the so-called
aleatory music, which is an abuse of language, {or the truc term should be

English translation of Chapter VII by G. W. Hopkins.
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the “improvised” music our grandfathers knew. This group is ignorant of
the fact thut graplical writing, whether 1t be symbolic, as in traditional
notation, geometric, or mumerical, should be no more than an image that
18 as faithful as possible to all the instructions the composer gives to the
orchestra or to the machine.* This group is taking music outside itself,

2. Those who add a spectacle in the form ol extra-musical scenic action
to accompany the musical perforinance. Tnfluenced by the “happenings”
which express the confusion of certain artists, these composers take refuge
it mimetics and disparate cecurrences and thus betray their very Hmited
confidence in pure music. In fact they concede certain defeat for their
music in particular,

The two groups share a romantic attitude, They believe in immediate
action and are not much concerned about its control by the mind, But
since musical action, unless 1t is to risk falling into trivial improvisation,
imprecision, and irrespensibility, hmperiously demands reflection, these
groups are in fact denying music and take it outside itself,

Linear Thought

T shall not say, like Aristotle, that the mean path is the best, for in
music—as in politics—the middle means compromise, Rather Iucidity and
harsliness of critical thought—in other words, action, reflection, and seli-
transformation by the sounds themselves—is the path to {oliow, Thus when
scientific and mathematical thought serve music, or any human creative
activity, it should amalgamate dialectically with intuition, Man is one,
indivisible, and total. He thinks with his belly and feels with his mind. 1
would like to propose what, to mey siind, covers the term “music’”:

I Tt is a sort of comportment necessary for whoever thinks it and
malkes it.

2. 1t1s an individual pleroma, a realization.

3. 1t s a fixing in souud of imagined virtualities (cosmological,
philosoplical, . . |, arguments).

4. Ttis normative, that i, unconsciously it is 2 modcl for being or for
doing by sympathctie drive,

5. It 1s catalytic; its mere presence permits interial psycliic or mental
transformations in the same way as the crystal ball of the hypnotist,

6. It is the gratuitous play of a ¢hild,

7. Itis a mystical {but atheistie} asceticlsm. Consequently expressions
of sadness, joy, love, and dramatic situations are only very limited particular
instances,
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Musical syntax has undergone considerable upheaval and today it
seerss that innumerable possibilities cocxist in a state of chaos. We have an
abundance of theoties, of (sometimes) individual styles, of more or less
ancient “schools.”” But how does one make music? What can be communi.
cated by oral teaching? {A burning question, if one is to reform musical
education-—a reform that is nccessary n the entire world.)

It cannot be said that the informationists or the cyberneticians—rmiuch
tess the intuitionists—Dave posed the question of an ideological purge of the
dross accumulated over the centuries as well as by present-day develop-
ments. In general they all remain ignorant of the substratem on which they
found this theory or that action. Yet this substratum exists, and it will allow
us to establish for the first thre an axiomatic system, and to bring forth 3
formalization which will mify the ancient past, the prescht, and the future,
moreover it will do so on a planctary scale, comprising the still separaie
umiverses of sound In Ask, Africa, ote.

In 19342 I denounced finear thought {polyphony), and demonstrated the
contradictions of serial music. In s place 1 proposed 2 world of sound-
masses, vast groups of sound-events, clouds, and galanics governcd by new
churacteristics such as density, degree of order, and rate of change, which
required definitions and realizations using probability theory, Thus stochas-
tic music was born. In fact this new, mass-coneeption with large numbers
was more gencral than Iincar pelyphony, for it could embrace it us a partiqu-
lar instance (by reducing the density of the clouds). General harmony ?
No, not yet.

Today these ideas and the realzations which accompuny them have
been around the world, and the exploration seems to be closed for «ll
intents and purposes. However the tempered diatonic system—our musical
terra firma on whicl: all our music is founded-—seems not te have been
breached either by reflection or by music itself.® This is where the next stage
wili come. The exploration and transformations of this system will heraid
anew and immensely promising era. In order to understand its determing-
tive imporlance we must look at its pre-Christian origins and at its subse-
quent development. Thus 1 shall point out the structure of the music of
ancient Greece; and then thut of Byxantine music, which has best preserved
it while developing it, and bas done so with greater fidelity than 1ts sister,
the occidental plainchant. After demonstrating their abstract logical con-
struction i a modern way, I shall try to express in a simple but universal
mathematical and Jogical langnage what was and what might be vahid in
tune {transverse musicelogy) and in space {comparative musicology).
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In order to do this I propose to make a distinction in musi?al arf:hi-
tecturesorcategories between outside-time,* in-time, and temporal, A given pitch
scale, for example, is an outside-time architecture, for no 1%01‘1?;0{“211 or
vertical combination of i1s clements can alter it. The event in itself, that s,
its actual occurrence, belongs to the temporal category. Finai.ly, a melody
or a chord on a given scale is produced by relating the outs'zdc-t.}me category
to the temporal category. Both are realizations in-time of outside-time con-
structions. I biave dealt with this distinction already, but here Z.sha.}l show
how ancient and Byzantine music can be analyced w%th.the ai of thesf: cate-
gories. This approach s very general since it permits both a umvc.rsal
axiomatization and a formalization of many of the aspects of the various
kinds of music of our planet.

Structure of Ancient Music

Originally the Gregorian chant was founded on the structure of ancient
music, pace Combaricu and the others who accused szcba.ldﬂ of beng bekind
the times, The rapid cvelution of the music of Western Europe after the
ninth century simpBfied and smoothed out the plamchant, and.tiaecry was
left bebind by practice. But shreds of the ancient theory can szﬁfibc found
in the secular music of the Gficenth and sicteenth centuries, watne.ss t.hc
Terminorum Musicae diffinitorium of Johannis Tinctoris.,® To ?ook at anhqm‘ty
scholars huve been looking through the lens of the Gregoran cha:?t a.nd its
modes, which have long ceased to be understood. We arc only begmning to
ghmpse other directons in which the modes of the plainchant can .be: (.8
plained. Nowadays the specialists are saying that the modes are not In fact
proto-scales, but that they are rather characterized hy H%eiodzc formulae.
To the best of my knowledge only Jacques Chailley® has introduced ollier
concepts complementary to that of the scale, and he .wouid seem to be
correct. 1 believe we can go further and affirm (liat ancient music, at least
up to the first centuries of Cliristianity, was not based at all on scales and
modes related to the octave, but on totrachords avxd systems. .

Experts on ancient music {with the ubove exception] have ignored ths
fundamental reafity, clouded as their minds have been by thc" tonal con-
struction of post-medicval music. However, this is what the Greeks used
in their music: a hierarchic structure whose complexity ;?mcceded lyy sucecs-
sive “nesting,” and by inclusions and interscctions from the pz.rr.txcnlar
to the general; we can trace its main outline if we follow the writings of
Aristoxenos:”

A. The primary order consists of the tone and its subdivisions, The whole
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tone is defined us the amount by which the interval of a fifth {the penta-
chord, or dia pente} exceeds the interval of 2 fourth {the tetrachord, or dia
tessaron), The tone is divided iuto hulves, called semifores; thirds, called
chromatic dieseis; and quarters, the extremcly small enharmonic dieseis. No
interval smaller than the quarter-tone was used.

B. The secondary order consists of the tetrachord. Tt i bounded by the
interval of the dia fessaron, which is cqual to two and a half tones, or thirty
twellth-tones, which we shall call Aristoxencan segments, The two outer
notes always maintain the same interval, the fourth, while the two inner notes
are mobile. The positions of the inner notes determine the three genera of
the tetrachord (the intervals of the fifth and the octave play no part in it).
The position of the notes in the tetrachord are always counted from the
lowest note up:

1. The enharmonic genus contains two enharmonic dieseis, or
3+ 35 + 24 = 30 segments. If X equals the value of a tone, we can express
the ertharmonic as X4 XV YR . Y812

2. The chromatic genus cousists of threc types: a. soft, contalning two
chromatic diesels, 4 + 4 + 22 = 30, or XV3. XU2, FUB+50 o Y62, 3
hemiolon {sesquialterus}, containing two hemioloi dieses, 4.5 + 4.5 + 21
= 30 segments, op XHPEIR, yMOUG. Y14 = ¥52. 4nd ¢ “tomaion,” cone
sisting of two semitones and a trihemitone, 6 + 6 + I8 = 30 segments,
or XIFR. Xll’? .X’&’!Z - Xﬁiﬂ‘

3. The diatonie consists of: a. soft, containing a semitone, then three
enharmonic dieseis, then five enharmonic dieseis, 8 + 9 + 15 = 30 seg-
ments, or A2 e YO — FUR h eyntonon, containing a seritone, a
whole tone, and another whole tonc, € 4 12 + 12 = 30 segments, or
le‘a X X s XS}R‘

C. The tertiary order, or the system, is essentially a eombination of the
elements of the first two—tones und tetrachords either conjuncted or
separated by a tone. Thus we get the pentachord {outer interval the perfect
fifth) and the octochord (outer interval the octave, sometimes perfect), The
subdivisions of the system follow exactly those of the tetrachord, They are
also 1 function of connexity angd of consenance.

D. The guaiernary order consists of the tropes, the keys, or the modes,
which were probably just particularizations of the systems, derived by
means of cadential, melodic, dominant, registral, and other formulae, as in
Byzantine music, ragas, etc.

These orders account for the outside-time structure of Hellenic music,
After Aristoxenos all the ancicnt texts one can consult on this matter give
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this same hierarchical procedure. Scemingly Aristoxenos was used as a
model. But later, truditions puralle! to Aristoxenos, defective intcrpreta!'lcm?,
and sediments distorted this hierarchy, even in ancient fimes. Morveover, 1t
secms that theoreticians like Aristides Quintilianos and Claudios Ptolemaeos
had but listle acquaintance with music.

This hierarchical “tree” ‘was completed by transition algorithms—
the metabolae—from one genus to another, frorm one system to another, or
from one mode to another. This is a far ery from the simple modniations or
transpositions of post-medieval tonal music.

Pentachords are subdivided into the same genera as the tetrachord they
contain, They are derived from tetrachords, but nonctheless are usedw as
primary concepts, on the same footing as the tetrachord, in order to define
the interval of a tone. This vicious circle is accounted for by Aristoxenos’
determination to remain faithful to musical experience {on which he insists},
which alone defines the structure of tetrachords and of the entire harmonic
edifice which results combinatorially from them. His whole axiomatics
procceds from there and his text is an example of a method to be followed.
Yet the absolute (physical) value of the interval dia tessaron is le{lt nndefined,
whercas the Pythagoreans defined it by the ratio 3/4 of the lengths of the
strings, T believe this to be a sign of Aristoxenos’ wisdom; the ratio 3/4
could in fact be a mean value,

Two Languages

Attention must be drawn to the fact that he makes use of the additive
operation for the intervals, thus foreshudowing logarithms before their
time; this contrasts with the practice of the Pythagoreans, who used the
geometrical {exponentiul) language, which Is multiplicative. Here, the
method of Aristoxenos is fundamental since: 1. 1t canstitutes onc of the two
ways in which musical theory has been expressed over the millennia; 2, by
nsing addition it institutes a means of “calculation” that is more cconomi-
cal, simpler, and better suited to music; and 3. 1t lays the foundation of the
tempered seale nearly twenty centuries before it was applied in Western
Furope,

Over the centurics the two languages--arithmetic {(operating by
addition) and geometric {derived lrom the ratios of string lengths, and
operating by mudtiplication)—have always intermingled and interpenc-
trated s0 as to create much useless confusion in the reckoning of intervals
and consonances, and consequently in theories. In fact they are both ex-
pressions of group structnre, having two non-identical operations; thus they
have a formual equivalence.®
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There is a hare-brained notion that has bean sanctimoniousty repeated
by musicelogists In recent times. “The Grecks,” they say, “had descending
scales instead of the ascending ones we have today.” Yet there is no trace
of this in either Aristoxenos or his suceessors, including Quintilianos? and
Alypios, whe give a new and faller version of the steps of many of the tropes.
Qn the contrary, the ancient writers always begin their theoretical explana.
tions and nomenclature of the steps from the bottom. Another bit of foolish.
:tfss is z:i::}: supposed Aristoxcriean scale, of which no trace is to be found in

15 text,

Structure of Byzantine Music

Now we shall lock at the struclure of Byzamtine music, $tean contribute
to an infinitely better understanding of ancient music, occidental plain.
chant, non-Enropcan musical traditions, and the dialectics of recent Eurg-
pean music, with its wrong turns and dead-cnds. It can also serve to foresce
and construct the future from a view commanding the remote landscapes
of the past as well as the electronic futnre. Thus new dircetions of research
would acquire their fisll value, By contrast the deficiencies of serial musie in
f:crtain domaing and the damage it has done to musical evolution by its
ignorant dogmatism will be indircetly exposed,

Byzantine music amalgamates the twoe means of calculation, the
Pythagorean and the Aristoxencan, the muitiplicative and the additive 11
The fourth is expressed by the ratio 3/4 of the monochord, or by the 30
tempered segments (72 to the octave).t? It contains three kinds of tones:
major {8/8 or 12 segments), minor (10/9 or 10 segments), and minimal
{16/15 or 8 segments}, But smalicr and larger intervals are constructed and
the elementary units of the primary order are more complex than in
A.risl'oxcnos, Byzantine music gives a preponderant role to the naturgl
rffzalwzicrsmie (the supposed Aristoxencan scale) whose steps are in the follow.
mg ratios to the first noter 1, 9/8, 5/4, 48, 27/18, 15{8, 2 {in segments 0
12, 22, 30, 42, 54, 64, 72; or 0, 12, 23, 30, 42, 54, 65, 72). The degrees of
this scale bear the alphabetical names 4, B, P A E Z and H. A is the
lowest note and corresponds roughly to G, This scale was propounded ag
least as far back ag the first century by Didymos, and in the second Century
by Ptolemy, who permuted one term and recorded the shift of the tetra.
chord (tone~tone-semitone), which has remained mnchanged cver singe 18
.8}:1 apart from this dia pason {octave) attraction, the musical architecture i
hierarchical and “nested” as in Aristoxenos, as lollows:

A. "Lhe primary order is based on the three tones 9/8, 10/9, 16/15, a
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supermajor tone /{6, the trihemitone §{5, another major tone 13/14, the
semitone or leima 256/243, the apotome of the minor tone 135/128, and
finally the comma B1/80, This complexity rosnlts from the mixture of the
two means of calculation.

B. The secondary order consists of the tetrachords, as defined in Aristox-
enos, and similarly the pentachords and the octochords. The tetrachords
arc divided into three genera:

I. Diatonic, subdivided into: first scheme, 12 + 11 + 7 = 30 seg-
ments, or (9/83(10/9}(16/15} = 4/3, starting on A, H, cte; second scheme,
11 + 7 4 12 = 30 segments, or {10/9}(16/15}{9/8) = 4/3, starting on L,
A, cte; third scheme, 7 + 12 + 11 = 30 segments, or (16/153{9/8){10/9) =
43, starting on Z, etc. Here we notice a developed combinatorial method
that is not evident in Aristoxenos; only three of the six possible permutations
of the three notes are used,

2. Chromatic, subdivided Into:'? a. soft chromatic, derived from the
dialonic tetrachords of the Arst scheme, 7 + 16 4+ 7 = 30 segmenis, or
{38/15)(7/6}{15/14) = 4/3, starting on A, H, ctc.; b. syntonon, or hard
chromatic, derived from the diatonie teirachords of the sccond scheme,
5 4 19 + 6 = 30 segments, or (256/243)(6/5)(135/128) = 4/, starting on
E, 4, etc,

3. Enharmonic, derived from the diatonic by alteration of the mobile
notes and subdivided into: first scheme, 12 + 12 + 8 = 30 segments, or
(9/8)(9/8)(256/243) = 4/3, starting on Z, H, 1", etc.; second scheme,

A, H, A, etc.; third scheme, 6 + 12 + 12 = 30 segments, or (256/243)(9/8)
(G/8) = 473, starting on E, A4, B, cic.

PARENTHESS

We can sec a phenomenon of ahsorption of the angent enharmaonie
by the diatonic. This must liave taken place during the first centuries of
Christianity, as part of the Chureh fathers’ struggle agalnst paganism and
certain of s manifestations in the arts. The diatonic had always becn con-
stdered sober, severe, and noble, unilike the other types. In fact the chromatic
genns, and especially the enharmonie, demanded a more advanced musical
culture, as Aristoxenos and the other theoreticians had already pointed out,
and sucl a culture was cven scarcer among the masses of the Roman period.
Consequently combinatorial speenlations on the one hand and practical
nsage on the other must have caused the specific characteristics of the en-
harmonic to disappear in favor of the chromatie, a subdivision of which fell
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away in Byzanting music, and of the syntonon diatonic. This phenomenon
of absorption is comparable to that of the scales (or modes) of the Renais-
sance by the major diatonic scale, which perpetuates the aneient syntonon
diatonic,

However, this simplifieation is curious and it would be interesting to
study the exact eircumstances and causes. Apart [rom differences, or rather
variants of ancient intervals, Byzantiue typology is built strictly on the
ancient, It builds up the next stage with tetrachords, vsing definitions which
smgularly shed light on the (heory of the Aristoxenean systems; this was
expounded in some detall by Plolemy. 28

THE SCALES

C. The tertiary order consists of the scales constructed with the help of
systerns having the same ancient rules of consonance, dissonance, and asso-
nance {paraphoniz), In Byzantine music the principle of iteration and
juxtaposition of the system Icads very clearly to scales, @ development which
is stili fairly obscure in Aristoxenos and his successors, except for Ptolemy,
Aristoxenos scoms to have seen the system as a category and end in itself]
and the concept of the scale did not emerge independently from the method
which gave rise to it. In Byzantine music, on the other hand, the systern was
called u method of constructing scales, Itis a sort of iterative operator, which
starts from the lower category of tetrachords and their derivatives, the
pentachord and the octochord, and builds up a chain of more complex
arganisms, In the sume manner as chromosomes based on genes. From: thig
point of view, sysiem-scale coupling reached a stage of fuifillment that had
been unknown in ancieut times, The Byzantines defined the system as the
simple or multiple repetition of two, several, or all the notes of a scale,
“Scale’™ here means a snccession of notes that s ulready organized, such

as the tetrachord or its derivatives, Three systems are used in Byzantine
music:

the cctachord or dia pason
the pentachord or wheel {trochos)
the tetrachord or tripheny.

The systern ¢an unite clements by conjunct {synimenon) or disiunct
(diazeugmenon) juxtapesition, The diglunct justaposition of two tetra-
chords one tone apart form the dia puson scale spanning a perfect octave,
"The conjunct juxtaposition of several of these perlect octave dia pason leads
te the scales and modes with which we arc familiar. The conjuncet juxta-
position of several tetrachords (triphony) produces a scale in which the
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octave i5 no longer a fixed sound in the tetrachord but one of its mobile
sounds. The same applies to the eonjunct justaposition of several pentachords
{trochas).

The system can be applied to the three genera of tetrachords and to
cach of their subdivisions, thus creating a very rich collection of scales,
Finally one may even mix the genera of tetrachords in the same scale {as in
the selidia of Ptolemy), which wil result in a vast varicty, Thus the scale
order is the product of a combinatorial method—indecd, of a gigantic
monlage {harmony)—by iterative juxtapositions of organisms tlat are
already strongly differentiated, the tetrachords and their derivatives. The
scale as it is defined here is w richer and more universal conception than all
the impoverished coneeptions of medieval and modern times. From this
point of view, it is not the tempered scale so much as the absorption by the
diatonic tetruehord (and itscarresponding scale) of all the othercombinations
or montages {harmonies) of the other tetrachords that represents a vast loss
of potential. (The diatonie scale is derived from a disjunct system of two
diatonic tetrachords separated by a whole tone, and is represented by the
white keys on the piano.) It is this potential, as mnch sensorinl as abstract,
that we are secking here to reinstate, athbelt in » modern way, as will be
sees,

The following are examples of scales in segments of Byzantine tem-
pering {or Aristoxenean, since the perfeat fourth is equal to 30 segments).

Didtonic scales. Diatonic totrachords: system by disjunct tetrachords,
12, 11, 7, 12; 11, 7, 12, starting on the lower A, 12, 11, 7; 125 12, 11, 7,
starting on the lower f or 4 system by tetrachord and pentachord, 7, 12,
1, 7,09, 182,11, st'arting on the lower Z; wheel system {troches), 11,7, 12,
12, 81, 7,12, 12, 11, 7, 12, 12; ete.

Chromatic scales. Soft chromatic tetrachords: wheel system starting on
7,016,712, 7,16, 7,12, 7,16, 7, 12; ete.

Enkarmonic scates. Enharmonic tetrachords, second scheme: systern by
digjunict tetrachords, starting on &, 12, 6, 12; 12; 12, 6, 12, corresponding
1o the made produced by all the white keys starting with £, The enbharmonic
scales produced by the disiunct system form all the ceclesiastical scales or
modes of the West, and others,for example: <hromatic tetrachord, first
scheme, by the triphonic system, starting on low A1 12, 12, 6; 12, 12, 6; 12,
12,6; 12, 12, 4,

Mixed scales. Thatonic tetrachords, first scheme 4+ soft chromatic
disiunct system, starting on low H, 12, 11, 7; 12; 7, 16, 7. Hard chromatic
tetrachord + soft chromatic; disjunct system, starting on low #, 5, 19, 6;
12, 7, 16, 7; etc. Al the montages arc not used, and onc can observe the
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phenomenon of the ahsorption of imperfect octaves by the perfect octave

by virtue of the basie riles of consonance. This s a Himiting condition,
1. The guaternary order consists of the tro
is defined by:
the genera of tetrachords {or derivatives) constituting it
the system of jnxeapaosition
the attractions
the bases or fundamental notes
the dominant notes
the termini or cadences (katalixis)
the apichima or melodies introducing the mode
the ethos, which follows ancient defimitions.

We shall not concern ourselves with the details “of this guaternary
order,

Thus we have suecinetly expounded our amalysis of the ontside-time
structure of Byzantine music.

THE METABOLAE

But tlis outside-time strncture could not be satisfied with a compart-
mentalized hierarchy. It was necessary to have free circulation between the
notes and their subdivisions, between the kinds of tetruchords, between the
genera, between the systems, and between the echoi—hence the need for a
sketch of the in-time structire, which we will now look at briefly. There
€xist operative signs which allow alterations, transpositions, modulations,
and other transformations {metabolac). These signs are the phthoral and
ihe chroal of notes, tetrachords, sysierns {or scales}, and echol.

Note metabolas

The metathesis: transition from 2 tetrachord

of 30 segments {perfect
fonrth} to another tetrachord of 30 segmuents, :

The parachordi: distortion of the interval corresponding to the 30
segments of a tetrachord it w larger interval and vice versa, or again,
tratsition from one distorted tetrachord 16 another distorted tetrachord,

Genus Metabolae

Phthora characteristic of the genus, not changing note names
Changing note names

Using the purachordi

Using the chroat,

System melaboloe

Transition from one system to another using tlie above metabolac.

pes or echoi (ichi}, The echos
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i {leai i or altera-
Echos metabolae using special signs, the martyrikal phthorai &
tions of the mode inltinhization. . i
Because of the complexity of the metabolag, pedul na.tes (;sz ” i{seﬂ}
cannot be “trustad to the ignorant.” Isokratima coustitutes an ! gg{t}}é
: . . i > j1-id 0N
for its funetion is to emphasize and pick out all the in-time fuctua
ontside-time structure that marks the musie,

First Comments

It can eusily be seen that the consnmmat:ion of this 0;;55:—21:;1‘?&
ture is the most complex and most reﬁne.d thing that {:0.11 bﬁn bronght 10
monedy, What conld not be developed i .]{OZS’PE}ORY bas ."CS nlaany: years
such lixnariant fruition that to become familiar with rt.?CQU1§instmm{zma_
of practical stuelies, sich as those followed by the voralists an o the special
lists of the high cultures of Asia. It seems, however, that nﬁﬂﬁ.mr{a .Zt ouid
ists in Byzantine munsic recognize the importance of EEHS S;]::";L{;}ai:nc.d o
appear that interpreting ancient systems of netaizoF i watition ol the
attention to sueh an extent that they have 1gnor{:d. the w’mg. e s
Byzantine Church and have put their names to m{:{}r;i,ct a;it;c (J;cg i
it was only a few years ago that one ?{themm t?O%ifhe iu’}e:;"m those of the
specialists in atiributing to the echel cliaracteristics otaer ¥ ;demis. They
eriental scales which had been taught them .zn the con.forf};is it mel.
have finally discovered that the echoi contained ccrtz.im f};la‘?rdn-m b able
odic formulae, though of 2 sedimentary nature. 3.3ut they a;‘:; o amscrints
or willing to go further and abandon their s{.th refuge amon.g o énd Greg-
" Lack of understandin g of ancient music,)7 of both ?Y‘ ?‘mmcﬁlc il
orian origin, Is doubtless caused by the bi'infilmss respiting m?uncul%'watﬂfi
of polyphony, a highly original invention of the barij.nrofls rm; cem-uriﬁ-s "
Occident following the schism of the churches. The ]szs.qandg <; O and
the disappearanee of the Byzantiie state have 5}.111,{’:,&.101"10 . t nsﬂﬂ.{g;s L
this severance, Thus the effort to leel a “harmonic jangRAgc ‘d ts seales
more refined and complex than that of thc. syntonon distonic a:‘:: siegia‘l is;b
in octaves is perhaps beyond the usnal ability of » WCS&(.H;; n:zzaﬁbc}g:atc hin-i
even though the music of our own day may ha\’f 1)86.11 ‘L-I} 'c k?n The only
partly from the overwhelming dc:mina.ncc. ol dzgtoz}m tlzm imiaw oaye
exeeptions are the specialists in the music of t%u? Fur Las{,n ;_N O e
remained in close contact with musical practice and, dea m!:,ti zm.ﬁ}:i vors]
with living nusic, ave been able to look ff}r a harmony _0{]“3;?’}0” ;';d.in the
larmony with twelve scnitones. The i;c:.ight mfrcrmr 15 tc:. ﬁ;m wing. the
transcriptions of Byzantine m{:lodic.ﬂ;fﬁ into .‘v\ est c:rr; (1;9 d. T completely
termpered systens, Tlius, thousands of transcribed 1nciodies ar
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wrong! But the real criticism one must lovel at the Byzantinists is that in
remaining aloof from the great musical tradition of the eastern church, they
have ignored the existence of this abstract and sensual architecture, both
complex and remarkably interfocking {harmonious), thisdeveloped remnant
and genuine achievement of the Helienic tradition. In this way they have
retarded the progress of musicological rescarch in the arcas of

antiquity

plainchant

folk music of European landy, notably in the East20

mugical cultures of the civilizations of other continents

better understanding of the musical evolution of Western Europe from
the middle ages up 1o the modem period

the syntactical prospects for tomorrow’s music, its enrichment, and its
survival,

Second Comments

I am motivated to present this architecture, which is inked to antiquity
and doubtless to other cultures, because it is an elegant and lively witness
to what I have tried to define as an outside-time category, algebra, or struc-
ture ol music, as opposed 10 its other two categories, in-time and temporal,
It has often been said (by Stravinsky, Messiaen, and others) that in music
time is everything. Those who express this view forget the basic structures on
which personal languages, snch as “pre. or post-Webernian® serial music,
rest, however simplified they may be, In order t0 undersiand the universal
past and present, as well as prepare the future, it is necessary to distinguish
structures, architectures, and sound organisms from their temporal manifes.
fations, 1t is therefore necessary to take “snapshots,” to make a series of
veritable tomographies over time, to comparc them and bring to Hght their
relations and architectures, and vice versa. In addition, thanks to the
metrical nature of time, one ¢an furnish it too with an outside-time structure,
leaving its true, unadorned nature, that of immediate reality, of instan-
tancous becoming, in the final analysis, to the temporal category alonc,

1n this way, time could be considered as a blank blackboard, on which
symbols and relationships, architectures and abstract organisms are in-
scribed. The clash between organisms and architectures and instantan.
cous immediate reality gives rise to the primordial gquality of the living
CONSCIGHKIILES,

The architectures of Greece and Byzantium are concerned with the
pitches (the dominant character of the simple sound} of sound entities.
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Here rhythins are also subjected to an organization, but a much simpler
one, Thercfore we shall not refer to it, Certainly these ancient and Byzantine
models cannot serve as examples to be imitated or copied, but rather to
exhibit a fundamental outside-time architecture which has been thwarted
by the temporal architectures of modern {post-medieval) peolyplionic music.
‘Fhese systems, including those of serial music, are still a somewhat confused
magmma of ternporal and outside-time structures, for no one has yet thought
of unravelling them. However we cannot do this here,

Progressive Degradation of Qutside-Time Structures

The tonal organization that has resulted from venturing into polyphony
and neglecting the ancients has leancd strongly, by virture of its very nature,
on the temporal category, and defined the hierarchies of its harmonic
functions as the in-time category, Quiside-time is appreciably poorer, it
“harmonics” being reduced to a single octave scale (C major on the twe
bases (" and 4}, corresponding to the syntonon diatonic of the Pythagorean
tradition or to the Byzantine enharmouic scales based on two digjunct
tetrachiords of the first scheme (for €} and on two digjunct tetrachords of the
second and third scheme (for 4), Two metabolae have been preserved ! that
of transposition {shifting of the scale} and that of modulation, which consists
of transferring the base onto steps of the same scale. Another loss occurred
with the adoption of the ¢crude tempering of the semitone, the twelfth root
of two. The consonances have been enriched by the interval of the third,
which, until Debussy, had nearly vusted the traditional perfect fourths and
fifths. The final stage of the evolution, atonalism, prepared by the theory
and music of the romantics at the end of the nincteenth and the beginning
of the twentieth centuries, practically abandoned all outside-time structure.
"This was endorsed by the dogmatic suppression of the Viennese schoel, who
accepied only the ultinate total time ordering of the tempered chromatic
scale. Of the four forms of the scries, only the inversion of the intervals is
related Lo an outsidetime structure. Naturally the Joss was felt, consciously
or not, and symmetric relations between Intervals were grafted onto the
chromatic total in the choice of the notes of the serics, but these always
remained in the in-time category, Since then the situation has barely
changed in the music of the post-Webernians, This degradation of the
outside~time structures of music gince late medieval times is perhaps the
most characteristic fact about the evolntion of Western European music, and
it has Ied to an unparalleled excrescence of temporal and in-time structures.
In this lies its originality and its contribution to the universal culture, But
herein alse Jes its impoverishment, its loss of vitality, and also an apparent
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risk of reaching an impasse. For as it has thus far developed, Furopean music
is ill-suited to providing the world with » field of expression on a planetary
scale, as & universality, and risks isolating and severing itself from historical
necessities. We must open our eyes and try to bunild bridges towards other
cultures, a5 well as towards the immediate fsture ol musical thought, before
we perish suffocating from electronic technology, cither at the instrnmental
level or at the level of composition by computers.

Reintroduetion of the Qutside-Time Structure by Stochastics

By the introduction of the calculation of probability {stochastic music)
the present small horizon of outside-time structures and asymmetries was
completely explored and enclosed. But by the very fagt of its introduction,
stochastics gave an impetus to musical thought that carried it over this
enclosure towards the clouds of sound events and towards the plasticity of
large numbers articnlated statistically, There was no longer any distinction
between the vertical and the horizontal, and the indeterminism of in-time
structures made a dignified entry into the musical edifice. And, o crown the
Heraldeitean dialectic, indeterminism, by means of particular stochastic
functions, took on color and structure, giving risc to generous possibilities
of organization. It was able to intlude in its scope determinism and, stili
somewhat vaguely, the outside-time structures of the past. The categories
outside-time, in-time, and temporal, unequally amalgamated in the history
of music, have suddenly taken on all their fundamental significance and for
the first time can build a coherent and universal synthesis in the past,
present, and future. This 15, I insist, not only a possibility, but even a direc-
tion having priority, But as yet we have not managed to proceed beyond
this stage. To do so we must add to our arsenal sharper tools, trenchant
axiomatics and formalization.

SIEVE THEQRY

It is necessary to give an axiomatization for the totally ordered struc-
ture {additive group structure = additive Aristoxenean structure} of the
tempered chromatic scale ®* The axiomatics of the tempered chromatic
scale is based on Peano’s axiomatics of numbers:

Preliminary terms. O = the stop at the origin; # = a stop; #’ = a stop
resulting from elementary displacement of a; [ = the set of values ol the
particular sound characteristic (pitch, density, intensity, instant, speed,
disorder. . .}. The values are identical with the stops of the displacements,
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First propositions {axioms).

1. Stop O is an element of D,

2. Ifstop nis an clement of D then the new stop #' is an elewent of D,

3. I stops n and m are clements of D then the new stops ' and m' are
wdentical if] and only if], stops 7 and m are identical,

4. Il stop = is an element of D, it will be different from stop O at the
origin.

3. If elements belonging to B have a special property P, such tlat
stop O also has it, and i, for every clement 7 of D having this property the
element #” has it also, all the elements of D will bave the property P.

We have just defined axiomatically a tempered chromatic scale not
only of piteh, but also of all the sound properties or characteristics veferred
to above in D (density, intensity . ..). Moreover, this abstract scale, as
Bertrand Russell has rightly obscrved, & propos the axiomatics of numbers
of Peano, has no unitary displacement that s cither predetermined or related
to an absolute size. Thus it may be constructed with tempered semitones,
with Aristoxenean segments (twelfth-tones), with the commas of Didymos
(81/80), with quarter-tones, with whole tones, thirds, fourths, filths, octaves,
ete. or with any other unit that is not a factor of a perfect octave,

Now let us define another equivalent scale based on this one but having
a unitary displaccment which is a multiple of the first, It can be expressed
by the concept of congruence modulo m.

Defunition. Two integers x and 7 are said to be congruent moduly m when
m s a factor of ¥ — n. Tt may be expressed as follows: x = # (mod m). Thus,
two integers arc congruent module m when and only when they differ by
an exact {positive or negative} multiple of m; e.g,, 4 = 19 (mod 3}, 3 = 13
(mod 8}, 14 = 0 {mod 7).

Consequently, every integer s congruent modulo m with one and with
only one value of p:

ne= (01,2, ., m—2 m— 1)

Of each of these numbers it Is sald that it forms a residual class moduly
m; they are, in fact, the smallest non-negative residues modulo m oy =
n{mod mj is thus equivalent 1o ¥ = n + km, where £ is an integer.

ked=1{0, %1, £2 43,.. %

For a given » and for any k € Z, the numbers » will belong by definition
to the residual class # moduio m. This class can be denoted m,,
In order to grasp these ideas in terms of music, let us take the temperad
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semitone of our present-day scale as the unit of displacement. To this we
shall again apply the above axiomatics, with say a value of 4 scmitones
(major third} as the clementary displacement.22 We shall define a new
chromatic scale, If the stop at the origin of the first seale 18 a DE, the second
scale will give us all the multiples of 4 semitones, in other words a “scale™
of major thirds: DY, G, B, D'§, ', B'; thesc are the notes of the first seale
whose order numbers are congruent with O modulo 4. They all belong to the
residoal class 0 modulo 4. The residual classes 1, 2, and 3 modulo 4 will use
up all the notes of this chromatic total. These classes may be represented in
the following manner;

residisal class 0 medulo 414,
residual class 1 modulo 4:4,
residual class 2 modulo 414,
residual class 3 module 414,
residual class 4 module 414y, etc.

Since we are dealing with 2 sieving of the basic scale {elementary elis.
placement by one semitone), each residual class forms a sicve allowing
certain elements of the chromatic continuity to pass through. By extension
the chromatic total will be represented as sieve 1,. The scale of fourths will
be given by sieve 5,, in which # = 0, 1, 2, §, 4. Every change of the index #
will entail & transposition of this gamut. Thus the Debussian whole-tone
scale, 2, with 2 = 0, 1, has two transpositions:

2,->CE, DR, F, G A, B, CE .

Starting from these elementary sieves we can build more complex
scales-—all the scales we can imagine~-with the help of the three operations
of the Logic of Classes: union {disjunction) expressed as v, intersection
{conjunction) expressed as A, and complementation {negation) expressed
as a bar inscribed over the modulo of the sieve, Thus

26 v 2; = chromatic total (also expressible as 1,)
2y A 27 = no notes, or emply sieve, expressed as &
29 = Z; and 2y = 2,

"The major scale can be written as follows:

Bondy v Gird)vBnsyy (35 A 4y).
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By definition, this notation does not distinguish between all the modes
ot the white keys of the piano, for whut we ure defining here is the scale;
modes are the architectures {ounded on these scales. Thus the white-key
mode D, starting on D, will have thic samc notation as the € mode. But in
order to distinguish the modes it would be possible to introduce non-
commutativity in the logical expressions. On the other hand each of the
12 transpositions of this scalc will be u combination of the cyclic permuta-
tions of the indices of sieves modulo 3 und 4. Thus the maior seale transposed
a semitone higher (shift to the right) will be written

(3}, Ady) v {§2 hded v (3o A 4s) v (gz A o),

and n general

(g”-ﬂﬁ A 4’n} ¥ (§n+1 f ‘;n-%-}) v (3n+2 A ‘}m-z} v (gn A 4!:-»:5)9

where 2 can assume any value from 0 to 11, but reduced after the addition
of the constant index of each of the sieves {moduli}, module the correspond-
mg sieve. The scale of D transposed onto C is written

Musicology

Now let us change the basic unit (elementary displacement ELD) of
the sieves and use the quarter-tone. The major scale will be written

with n = 0, 1, 2,., ., 23 {(modulo 3 or §). The same scale with still finer
sieving {one octave = 72 Aristoxenean segments) will be written

{Sn A (gn v 9»-&-6}) v {8n+2 A {grm-a v 9?:-%6)) v (S!H-é A 9"#"”3)
V (Baes A {9V Shigl)s

withn = 0, 1,2,,. ., 71 {modulo 8 or 9).

One of the mixed Byzantine scales, a digjunct system consisting of u
chromatic tetrachord and a diatonic tetrachord, second scheme, separated
by a muior tone, is notated in Aristoxenean segrments as 3, 16, 6; 12, 11, 7,
12, ard will be transcribed logically us

(8?& A ("}ﬂ v §n+6)} v (934-8 A {8ﬂ+2 v 8::»{»4}}
v {83+5 A {gﬂ-PS ¥ 9rx+£\)} v (87;4-6 v 9«-@-3)1

withn = 0, 1,2,.. ., 71 {rmodulo 8 or 9).
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The Raga Bhairavi of the Andara-Sampurna type (pentatonic as.
cending, heptatonic descending),® cxpressed in terms of an Aristoxenean
basic sieve {comprising an octave, periodicity 72), will be written as:
Pentatonic scale:

BoA {9av Fuug)) v (Brace A (9 v Bua)) v (Baus A N

Heptatonic scale:

(831 A {gn v 9n+3}) v (8n+2 A (911 v 9»-%6)} M {3:11-4 A (glﬁ"i v 9"‘*'5))
v (8n+6 A (9n+3 v 9:‘»«1—6)}
withn = 0, 1, 2,.. , 71 {modulo 8 or 9).
"These two scales expressed in terms of a sieve having as its elementary

power 35,8 = 2), thus having an octave periodicity of 56, will be written as:
Pentatonic scale:

(Tun B v 80a)) V (Tasa A Bais V Based) v (Tyus A 8aus)
Heptatonic scale:

(T A (Bu v Brag)) v (Tnee A Baus v Bayald v (Taas A Bsy)
V {Tyes A (Buug v Boea)) ¥ {Tuas A Byuyl

fora=0,1,2...,55 (modulo 7 or 8y,

We have just seen how the steve theory allows us to express.any scale
in terms of logical (hence mechanizable) fimctions, and thus unify our study
of the structures of superior range with that of the total order, It can be
uselul in entirely new constructions, To this end let s imagine complex,
non-octave-forming sieves,*® Let us take as our sieve unit a tempered
quarter-tone, An octave contains 24 quarter-tones, Thus we have to con-
struct a compound sieve with a periodicity other than 24 or a multipic of
24, thus a periodicity non-congruent with £ 2¢ modulo 24 {for & = 0, 1,
2. ..} An example would be any logical function of the sieve of moduti
11 and 7 {periodicity 11 x 7 = 77 # £-24), (11, v 11,51} A 7nyg This
establishes an asymmetric distribution of the steps of the chromatic qisarter-
tone scale, One can even use a compound sieve which throws periodicity
outside the limits of the audible area; for example, any logical function of

Suprastructures

One can apply a stricter structure to a compound sieve or simply leave
the choice of clements to a stochastic function, We shall obtain a statistical
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coloration of the chromatic total which has a higlher level of complexity.

Using metabolae. We know that at cvery eyclic combination of the sieve
indices {transpositions) and at every change in tise module or moduli of the
steve {rmodulation) we obtain a metabola, As examples of metabolic trans-
formations let us take the smallest residoes that are prime to a positive
number v. They will form an Abclian {commutative) group when the
composition law for these residucs is defined as multiplication with redue-
tion to the least positive residue with regard to 7. For a numerical example
let r = 18; theresiducs 1,5, 7, 11, 13, 17 arc primes to it, and their products
after reduction modulo I8 will remain within this group (closure}. The
finite commutative group they form can be exemplificd by the foliowing
fragment:

5% 7 = 33,45 - 18 = 17,

Modules 1, 7, 13 form a cyclic sub-group of order 3, The following is a
logical expression ol the two sitves having modules 5 and 13:

I’{Sg 23) == (33“4_4 Y }.Bﬂ#g W 13?}47 \Y 1311.!.9)
A Dy V (5:::; V Suaa) A 13540 V 13ase

One can imagine a transformation of modules in pairs, starting from the
Abelian gronp defined above. Thus the cinematic diagram {in-time} will be

L5, 13} — LU, 17) — L{7, 1) = L3, 1) > L{3, 3} — - — L{5, 18]

o as to retarn to the initial term (closure), 38

This sieve theory can be put inte many kinds of architecture, so as to
create incladed or successively intersecting classes, thus stages of increasing
complexity; in other words, orientations towards increased delerminisms
in selection, and in topological textures of neighborhood,

Subscquently we can put into in-time practice this veritable histology
of outside-time music by means of temporal functions, for instance by giving
fimctions of change-—of indices, modul, or unitary displacement-—in other
words, encased logical functions parametric with time.

Sieve theory is very general and consequently is applicable to any other
sound characteristics that may be provided with a totally ordered structare,
such as intensity, instants, density, degrees of order, speed, cte. I bave al-
ready said this elsewhere, as in the axiomatics of sieves, But this method can
be applied equally to visual scales and to the optical arts of the future,

Morcover, in the immediate futurc we shall witness zi}eégmm‘@m.?i

Bitiwe n highaboms

A
o (Jﬁﬁ

13
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this theory and its widespread nse with the help of compaters, for it s
entirely mochanizabie. Then, in a subsequent stage, there will be a study
of partially ordered structures, snch as are to be fonnd in the classification
of timbres, for example, by means of lattice or graph techniques,

Conclusion

1 believe that music today could surpass itself by research into the out-
side-time category, which has been atrophied and dominated by the
temporal category, Morcover this method can unify the eapression of
fundamental structrires of all Asian, African, and European music. It has a
considerable advantage: its mechanization—licnee tests and models of
all sorts can be fed into computers, which will effect greal progress in the
musical sciences,

In fact, what we are witnessing is an iidustrinlization of music which
has already started, whetlier we Hke it or not. It already floods our ears in
many public places, shops, radio, TV, and airlines, the world over. It
permits a consurnption o music on a fantasticscale, never before approached.
But this music is of the lowest kind, made from a collection of outdated
chichés from the dregs of the musical mind. Now it is not a matter of stopping
this invasion, whicl, after all, increases participation 11 music, cven if only
passively, It is rather a question of cffecting a qualitative conversion of this
masic by excrcising a radical but constructive eritique of our ways of think-
ng and of making music. Only in this way, as I have tried to show in the
present study, will the musician succeed in dominating and transforming
this poison that is discharged into our ears, and only if he sets about it
without further ado. But one must alse envisage, and In the same way, a
radical conversion of musical education, from primary studies onwards,
throughont the entire world (all national councils {for music take note).
Nou-decimal systems and the logic of clusses are alrcady taught in certain
conntries, so why not their application to a new musical theory, such as is
sketched out here?

Chapter Vill

Towards a Philosophy of Music

PRELIMINARIES

Wc are going o attempt briefiy: 1. an *unveiling of the historical
tradition” of music,? and 2. to construct u music.

*“Reasoning” about phenomena and their explanation was the greatest
step accomplished by man in the course of his liberation and growth. This
15 why the Ionian pioneers—Thules, Anasimander, Anaximenes—must be

considered as the starting point of our truest cultnre, that of “reason”

When Isay “reason,” it s not in the sense of a logical sequence of arguments,
syllogisms, or logico-tcchnical mcchanisms, but that very extraordinary
quality of feeling un uncasiness, a curlosity, then of applying the question,
dAeyyos. It is, in facy, impossible to imagine this advance, which, in Ionia,
created cosmology from nothing, in spite of religions und power{ul mystiques,
which were early forms of “reasoning.” For example, Orplism, which so
influenced Pythagorism, taught that the human soul is a fallen god, that
only eh-stasiz, the departure [rom self] can reveal s true nature, and that
with the uid of purifications (xaffeppol) and sacraments (Spyeo} it can regain
its lost position and escape the Wheel of Birth {rpoyds yasdoews, bhavachukra)
that is to say, the fate of rehncarnations as an animal or vegetable, T am citing
this mystique because 1t seems to be a very old and widespread form of
thouglit, which existed independently about the same time in the Hinduism
of India?

Above all, we must note that the opening taken by the lonians has
finally surpassed all mystiques and all religions, Including Christianity,

English transhution of Chapter VI by Johr and Amber Challifour
261
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Never has the spirit of this philosophy been as universal u¢ today: The
U5, China, USSR, and Europs, the preseat principal protagonists,
restate it with a homogencity and a uniformity that I woald even dare to
qualify as disturbing,

Haviug been established, the question {ZAeyyos) embodied 2 Wheel of
Birth sud gemeris, and the various pre-Socratic schools flourished by con-
ditioning all further development of philosoply until cur time. Two are in
my opinion the high points of this period: the Pythagorcan concept of
numbers and the Parmenidean dialectics—both unique expressions of ihe
same preoccupation,

As it went throngh its phases of adaptation, up to the fourth century
B.C., the Pythagorean concept of numbers affirmed that things are numbers,
or that all things are furnished with numbers, or that things are similar to
numbers, This thesis developed (and tliis in particular interests the mu sician)
from the study of musical intervals in order to obtain the orphic catharsis,
for according to Aristoxenos, the Pythagoreans used music to cleanse the
soul as they used medicine to cleanse the body. This method s found in
other orgia, like that of Koryhantes, as confirmed by Flato in the Laws. In
every way, Pythagorism has permeated all occidental thought, first of all,
Greek, then Byzantine, which transmitted it to Western Europe and to the
Arabs.

All musical theorists, from Aristoxenos to Hucbald, Zarlino, and
Rameau, have returned to the same theses colored by expressions of the
moment. But the most incredible is that all intellectual activity, inciuding
z.hc arts, is actually immersed in the world of numbers (I am omitting the
few backward-looking or obscurantist movements). We are not far from the
day when genetics, thanks o the geometric and combinatorial structure of
EDNA, will be able to metamorphise the Wheel of Birth at will, as we wish
zt,‘and as preconeeived by Pythagoras, It will not be the ek-slasis (Orphie,
}:]fzndu, or Taoist) that will have arrived at one of the supreme goals of all
time, that of controlling the quality of reincarnations (hereditary rebirths
madyyevsela} but the very force of the “theory,” of the question, which is
zhf: essence of human action, and whose most striking expression is Pythag-
orism. We are all Pythagoreans.® :

. On the other hand, Parmenides was able to go to the heart of the OTN
tion of change by denying it, in contrast to Herakleitos, He discovered the
principle of the excluded middie and logical tautology, and this created
such & dazelement that he used them as a means of cutting oug, in the
evanescent change of senses, the notion of Being, of that whicl: is, one,
motionless, filling the universe, without birth and indestructible; the
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not-Being, vot existing, circumsceribed, and spherical {which Melissos had
not understood).

fFlor it will be forever impossible to prove that things that are not
are; but restrain your thouglit from this route of inquiry. . .. Only one
way remaing for us to speak ofl namely, #hat if is; on this route there
arc many signs indicating thas it #s uncreated and indesiructible, for
it is complete, undisturbed, and without end; it never was, nor will
it be, for now it i all at ouce complete, one, continuows; for what
kind of birth are you seeking for it? How and from where could it
grow? | will neither let you say nor think that it came from what is
not; for ¢t is unutterable and unthinkable that a thing 5 not.
And what need would have led it to be created sooner ar later {f
it camne from nothing? Therefore it must be, absolutely, or not at
all,
wwFragraents 7 and & of Peem, by Parmenidest

Besides tlie abrupt and eompact style of the thought, the method of tlie
question is absalute, It leads to denial of the sensible world, which is only
made of contradictory appearances that “two-faced” mortals accept as
valid without turning a hair, and to stating that the only truth is the notion
of reality itself. But this notion, substantiated with the help of abstract
jogical rules, needs no other concept than that of its opposite, the not
Being, the nothing that is immediately rendered impossible to formulate and
to conceive,

This concision and this axiomatics, which surpasses the eities and
cosmogonies fundamental 1o the first elements,® had a tremendous influence
on Parmenides’ contemporaries, This was the first absolute and complete
materialism. Immediate repercussions were, in the main, the continuity of
Anaxagoras and the atomic discontinuity of Leukippos. Thus, all intellectual
action unsi} our time has been profoundly imbued with this strict axiomatics.
The principle of the couservation of energy in physicy is remarkable, En.
ergy is that which 6lls the sniverse in electromagnetic, kinetic, or material
form by virtue of the eguivalence matter—energy. It has become that which
iy “par excelience.” Conservation implies that it does not vary by a single
photon in the entire universe and that it has been thus throughout eternity.
On the other hand, by the same reasoning, the logical truth is tautological ©
All that which is affirmed ¢ 2 truth to which no alternative 15 conceivable
{Wittgenstein). Modern knowledge accepts the void, but Is it truly a non-
Being ? Or simply the designation of an unclarified complement?

After the fhilures of the nineteenth century, scientific thought became
rather skeptical and pragmatic, Tt is this fact that has allowed it 1o adapt
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and develop to the wtmost, “All happens as if . . .7 implies this doubt, which
is positive aud optimistic, We place a provisional confidence in new theories,
but we abandon them readily for more cfficacious oues provided that the
procedures of action have a suitable explunation which agrees with the
whole. In fact, this attitude represents a retreat, » sort of fatalism, This s
why today’s Pythagorism is rclative {exactly Lke the Purmenidean axio-
matics) in all arcas, including the arts,

Throughout the centurics, the arts have undergone translormations
that paralleled twe essential creations of human thought: the hierarchical
principle and the principle of mimbers. In fact, these principles have domi-
nated music, partienlarly since the Renuissance, down fo present-day pro-
cedures of composition. In school we emphasize unify and recommend the
unity of themes and of their development; but the serial systern imposes
another hierarchy, with its own tautological unity embodied in the tone row
and in the principle of perpetual variation, which is founded on this
tautology .. .~—in short, all these axiomatic principles that mark our lives
agree perfectly with the inquiry of Being introduced twenty-five centuries
ago by Parmenides,

It is not my inlention to show that everything has already heen dise
covered and that we are only plagiarists. This woulkd be obvious nonsense.
There is never repetition, but a sort of tautological identity throughout the
vicissitndes of Being that might have monnted the Wheel of Birth, It would
seem that some areas are less mutable than others, and that some regions of
the world cliange very slowly indeed.

The Poem of Parmenides implicitly admits that necessity, need, cansality,
and justice identify with logic; sinec Being is born from this logic, pure
chance is as impossible as not-Being. This is particularly clear in the phrase,
*And what need would have led it to be horn sconer or later, if it came from
nothing?” This contradiction has dominated thought throughout the
millennia, Here we approach another aspect of the dialectics, perhaps the
most important in the practical plan ol action-determinism, If logic indeed
implies the absence of chance, then one can know all and even construct
everything with logic, The problem of choice, of decision, and of the futare,
is resolved.

We know, inoreover, that if an element of chance enters a deterministic
comstruction all is nndone. This is why religions und philosophies every-
where have always driven chance buck to the Hmits of the universe. And
what they utilized of ehunce in divination practices was absolitely not con-
sidered as such but as a mysterious web of signs, sent by the divinities (who
were often contradictory but who knew well what they wanted}, and whicl
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could be reud by elect soothsayers. This web of signs can take many forms—
the Ghinese system of I-Ching, auguries predicting the future from the flight
of birds and the entrails of sacrificed aninials, even telling fortunes from tea
leaves. This inability 1o admit pure chance has even perssted in modern
mathematical probability theory, which has suceeeded in incorporating it
into some deterministic logical laws, so that pure chance and pure delerminism
arc only two facets of one entity, as I shall soondemonstrate with an example,

‘T'o my knowledge, there is only one “anveiling” of purce chance in ali
of the history of thought, and it was Epicurus who dared to de it. Epicurus
struggled against the deterministic networks of the atomists, Platonists,
Aristoteleans, and Stoics, who finally arrived at the negation of free will and
believed thal man is subject to nature’s will. For if all is logically ordered in
the universe as well as in our bodies, which are products of it, then our will
is subject to this logic and our freedom is nil. The Stoics admitred, for cx-
ample, that no matter how small, every aclion on earth had a repercassion
on the niost distant star in the universe; today we would say that the network
of connections is compact, scusitive, and without foss of information.

This period is nnjustly slighted, for it was in this time that all kinds of
sophisms were debated, beginning with the logical caleulus of the Megarians,
and it was the time in which the Stoics created the logic called modal, which
was distinct from the Aristotelian logic of classes. Moreover, Stoicism, by its
moral thesis, 1ts fullness, and its scope, is withont doubt basic to the forma-~
tion of Christianity, to which it has yielded its place, thanks to the substitu-
tion of punishment in the person of Christ and to the myth of eternal reward
at the Last Judgment—regal solace for mortals,

In order to give an axiomatic and cosmogonical foundation to the
proposition of man’s free will, Epicurus started with the atomic hypothesis
and adnitted that “in the straight five fall that transports the atoms acress
the void, . . . at an undetermined momeut the atoms deviate ever so Httle
from the vertical . . . but the deviation is so slight, the Ieast possibie, thut we
could not conceive of even seemingly obligue movernents,”® This is the
theovy of ekklisis (Lat. clinamen) set forth by Lucretius. A senseless principle
Is introduced into the grand deterministic atomic structure. Epicurus thugs
based the structure of the universe on determinism (the inexorable und paral-
lel 121l of atome) and, at the same time, on indeterminism (ekhfisis), Tt is
striking to compare his theory with the kinetic theory of gases first proposed
by Daniel Bernoulll. It is founded on the corpuscular nature of matter
and, at the same time, on determinism and indeterminism, No onc but
Epicurus had ever thought of utilizing chance as a principle or as a type of
behavior,
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it was not until 1654 that a doctrine on the use and understanding of
chance appeared. Pascal, and especially Fermat, formulated it by studying
“games of chance”-~dice, cards, ete, Fermat stated the two primary rules
of probabilities using multiplication and addition. In 1713 Ars Conjectandi
by Jacques Bernoulli was published.” In this fundamental work Bernoull
enunciated a universal law, that of Large Numbers, Flere it is as stated by
E. Borel: “Let p be the probabifity of the favorable outcome and g the
probability of the unfavorable outcome, and let = be a small positive nuym-
ber, The probability that the difference between the observed ratio of
favorable events to unfavorable events and the theoretical ratio pfy is farger
in absolute value than ¢ will approach zero when the namber of trials »
becomes iufinitely large.””® Consider the example of the game of heads and
tails, If the coin is perfectly symmetric, that is to say, absolutely true, we
know that the probability # of heads (Favorable outcome) and the probability
¢ of tails (unfavorable cutcome) arc cach equal to 1/2, and the ratio plato 1,
If we toss the coin # times, we will get heads P times and tails @ times, and
the ratio P/ will generally be different from 1. The Law of Large Numbers
states that the more we play, that is to say the larger the number 2 becomes,
the closer the ratio £/Q will approach 1.

Fls, Epicurus, whe admils the necessity of birth al an undetermined moment,
in exact contradiction to all thought, even modern, remains an isolated case *
for the aleatory, and truly stochastic event, is the result of an accepted
ignorance, as H. Poincaré has perfectly defined it If probability theory ad-
mits an uncertainty about the outconie of each toss, it encompasses this
uncertainty in two ways. The first &5 hypothetical: ignorance of the tra-
Jectory prodnces the uncertainty; the other is deterministic: the Law of
Large Nurabers removes the uncertainty with the help of time {or of space},
However, by examining the coin tossing closely, we will see how the sym.
metry is strictly bound to the unpredictability, I the coin i perfectly
symmetrical, that is, perfectly hemogencous and with its mass uniformly
distributed, then the uncertainty® at cach toss will be a maximum and the
probability for cach side will be 1/2. If we now alter the coin by redistribi.
ting the matter ursymmetrically, or by replacing a fittle aluminum with
platinum, which has a specific weight elght times that of aluminum, the
cols will tend to land with the heavier side downs, The uncertainty will
decrease and the probabilities for the two faces will be uncqual, When the
substitution of material is pushed to the limit, for example, if the aluminum
is replaced with a slip of paper and the other side is eutirely of platinum,
then the uncertainty will approach zero, that is, towards the certainty that

* Except perhaps for Heisenberg,
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the coin will land with the lighter side up. Here we have shown the inverse
refation between uncertainty and symmetry. This remark seemns to be a
tautology, but it is nothing more than the mathematical definition of prob-
ability: probability is the ratio of the number of favorable outcomes to the
number of possible outcomes when all outcomes are regarded as equally
likely. Voday, the axiomatic definition of probability does not remove this
difficulty, it circmvents i,

MUSICAL STRUCTURES £X NIHILO

Thus we are, at this point in the exposition, still immersed in the lines
of force introduced twenty-five centuries ago and which continue to regulate
the basis of human activity with the greatest efficacy, or so it seems, It is the
source of those problems about which we, in the darkness of our ignorance,
conceri ourselves: determinism or chance,'® unity of style or eclecticism,
calenilated or not, intuition or construetivisn, a priori or not, a metaphysics
of music or music simply as a means of entertainmient.

Actually, these are the questions that we should ask ourselves: 1. What
consequence does the awareuess of the Pythagoreav-Parmenidean feld have
for musical composition? 2. In what ways? T'c which the answers are:
1. Reflection on that whick is leads us directly to the reconstruction, as much
as possible ex nifilo, of the ideas basic to musical comyposition, and above all
te the rejection of every idea that does not undergo the inquiry {(Fheyyos,
Silnws). 2. This reconstruction will be prompted by modern asiomatic
methods,

Starting from certain premises we should be able to construct the
most general musical edifice in which the utterances of Bach, Beethoven,
or Schénberg, for example, would be unique realizations of a gigantic
virtuality, rendered possible by this axiomatic removal and reconstruce
tiot,

It is necessary to divide musical construction into two parts (see
Chapters VIand VII: 1, that which pertains to time, a mapping of entities
or siructures onto the ordered stracture of time; and 2. that whiclt is inde-
pendent of temporal becomingness. There are, therefore, two categories:
in-time and oulside-time. Included in the category outside-time are the dura~
tions and constructions {refations and operations) that refer to elements
{points, distances, functions) that belong to und that can be expressed
on the time axis, The tomporal is then reserved fo the instantaneous
ereation,

I Chapter VI1 I made a survey of the structure of monophonic muste,
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with 1ts rich outside-time combinatory capubility, bused on the original
texts of Aristoxenos of Tarentum and the manuals of actual Byzantine mus
sic. Phis structure illustrates in a remarkable way that which 1 understand
by the category outside~time.

Polyphony has driven this category buck into the subeonscious of
rausicians of the European occident, but has not completely removed it}
that would have been impossible. For about three centuries after Monte-
verdi, in-time architectures, expressed chiclly by the tonal {or modal)
functions, dominated everywhere in central and occidental Burope. How-
ever, it15in France that the rebirth of outside-time preoccupations ocenrred,
with Debussy and his invention of the whole-tone scale, Contact with three
of the more conservative traditions of the Orientals was the cause of it the
plainchant, which had vanished, but which had béen rediscovered by the
abbots at Solesmes; one of the Byzantine traditions, experienced through
Moussorgsky; and the Far East.

This rebirth continues magnificently through Messiacu, with his
“modes of limited transpositions” and “noneretrogradable rhythms,” but
It never imposes itself as a general necessity and never goes beyond the
framework of the scales. However Messiaen himsell abandoned this vein,
yielding to the pressure of serial music,

In order to put things in their proper historical perspective, it is
necessary to prevail upon more powerful tools such as mathematics and
logic and go to the bottom of things, to the stracture of musical thought ancl
compesition. This is what I have tried 10 do in Chapters VI and VII
and what 1 am going to develop In the analysis of Nomos alpha.

Here, however, I wish to emphasize the fact that it was Debussy and
Messiaen!? in France who reintroduced the category outside-time in the
face of the gencral evolution that resulted in its own atrophy, to the advan-
tage of structures n-time.? In effect, atonalily does away with scales and
accepts the outside-time neutrality of the halfvtonc scale.™¥ (This situation,
furthermore, has scarcely changed for fifty years.) Fhe introduction of
in-time order by Schinberg made up for this impoverishment, Later, with
the stochastic processes that I introduced into musical composition, the
hypertrophy of the category in-time became overwlielming and arrived at
a dead end. Tt is in this cul-desac that music, abusively called aleatory,
improvised, or graphie, is stifl stirring today,

Questions of choice in the category outside-time are disvegarded by
musicians as though they were unable to hear, and especially unable to
think, In fact, they drift along unconscious, carried away by the agitations
of superficial musical fashions which they undergo heedlessly. In depth,
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however, the outside-time structures do exist and 1t is the privilege of man
ot only to sustain them, but to construct them and to go beyond them.

Sustain them ? Certainly; there are basic evidences of this order which
will permit us to inseribe our names in the Pythagorean-Parmenidean field
and to lay the platform from whicl our idess will build bridges of under-
standing and insight into the past {we are after all products of miilions of
years of the past), into the future (we are equally products of the future),
and into other sonic civilizations, so badly cxplained by the present-day
musicologies, for want of the original tools that we so graciously set up for
thermn.

‘Tweo axiomatics will open new doors, as we shall see in the znalysis of
Nomos elpha. We shall start from a naive position concerning the perception
of sounds, naive in Europe as well as in Africa, Asia, or America. The
inhabitants of all these countries learned tens or hundreds of thousands of
years ago to distinguish {if the sounds were neither toe long nor teo short}
such characteristics as pitch, instants, loudness, roughness, rate of change,
color, timbre. They are even able to speak of the first three characteristics
i terms of intervals,

The first axiomatics leads us to the construction of all possible scales.
We will speak of pitch since it is more familiar, but the following arguments
will relate to all characteristics which wre of the same nature {nstants,
louduess, roughness, density, degree of disorder, rate of change).

We will start from the obvious assumption that within certain Hmits
nien are able to recognize whether two medifications or displacements of
pitch are identical, For example, going from € to [} is the samc as going
from F 10 G. We will call this modification elementary displacement, BELD.
{1t can be a comma, a half tone, an octave, etc.} It permits us to define any
Fgually Tempered Chromatic Gamut as an ETCHG sieve.'* By modifying the
displacement step ELD, we engender a new ETCHG sieve with the same
axiomatics. With this material we can go no farther. Here we introduce the
three Jogical operations {Aristotelean logic as seen by Boole) of conjunction
{"and,” intersection, notated A ), disfunction (“or,” union, notated v ), and
regaiion (" 10,” complement, notated —), and use them to create classes of
pitch {various BTCHG sieves).

The following is the logical expression with the conventions as indicated
in Chapter VI,

The major scele (ELD = I toue):

(8?: i E!H—l} v {83+2 A 3::—9—2} v {Bn+4 ) 37:-6—1) v {B:M-ﬁ I “.3'““)

wheren = 0, 1, 2,..,, 23, modulo 3 or §.
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(It is possible to modify the step ELD by a “rational metabola.” Thus the
logical funetion of the major scale with an ELD equal to a quarter-tone can
be based on an BELD = 1/3 tone or on any other portion of a tone, These
two sieves, in turn, could be combined with the three logical operations to
provide more complex scales, Finally, “irrational metabolac® of ELD may
be intreduced, which can only be applied in nonsinstrumental music,
Accordingly, the ELD can be taken from the field of real numbers).
The scale of limited transposition n® 4 of Olivier Messieen® (ELD =
1/2 tonc):

gn A {4'n+1 v 4’n+3) v §n+1 A {41: Y 4'1'1-{»2)
éné.-l v ‘;n+3 v §a+l A {4‘R v 4'!:4'2)

wheren = 0, 1, .. ., modulo 3 or 4,

The second axiommatics leads us to vector spaces and graphic and
nunserical representations.t®

Two conjunct intervalks a and b can be combined by a musical operation
to produce a new interval ¢ This operation is called addition. To cither an
ascending or a deseending interval we may add a second conjunct interval
such that the result will be a unison; this second interval Is the symmetric
interval of the first. Unison is a neutral interval; that is, when it is added o
any other interval, it does not modify it. We may alse create intervals by
association without changing the result. Finally, in composing intervals we
can invert the orders of the intervals without changing the result. We have
Just shown that the naive expcrienee of musicians since antiguity (ef.
Aristoxenos) all over the carth attributes the structure of a commutative
group to intenvals,

Now we are able to combine this group with « field structure. At least
two ficlds are possible: the set of real numbers, &, and the isomorphic set of
points on a straight line. It is morcover possible to combine the Abelian
group of intervals with the field C of complex numbers or with a field of
eharacteristic . By definition the combination of the group of intervals
with a field formsg a vector space in the following mauner: As we have just
said, interval group & possesses an iuternal law of composition, addition.
Let e and & be two elements of the group. Thus we have!

Laedtb=¢cel

2a4bte={at+ bl re=a+{b+) associativity
L ato=0+aq with ¢ & & the neutral element {unison)
4 a4+ 4 =g with ¢’ = —g = the syivmetric interval of g
5. a4b=b+a comrmutativity
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We notate the external composition of elements in G with those in the
field Cbyadot .. ' A, e (where C = the field of real numbers) then we
have the foliowing properties:

6. ?1-(3, peao &

Praw el =a (] s the neutral element in © with respect to
maltiplication)

A (ua) = (1u)-a
A+pla=a+pa
Ada 4+ b)) = A + R-b}

=i

=

associativity of A, u

e

distributivity

MUSICAL NOTATIONS AND ENCODINGS

e veetor space structure of intervals of certain sound characteristies
permits us to treat their elements mathematically and to cxpress them by
the set of numbers, which ig indispensable for dialogue with computers, or
by the set of points on a straight live, graphic expression often being very
convenient,

The two preceding axiomatics may be applied to all sound charac-
teristics that possess the same structure. For cxample, at the moment it
wonld not make sense 1o speak of a scale of timbre which might be univer-
sally accepted as the scales of piteh, instants, and intensity are. On the other
hand, time, intensity, density (number of events per unit of thme}, the
quantity of order or disorder {measured by entropy), ete., could be put into
one-to-ope correspondence with the set of read numbers R and the set of
points on a straight live. (See Fig. VIII-1.)

i { i | i

< © e c &
Fig. Viil-1 Pitches instants {ntensities Densities Disordet

Moreover, the phenomenon of sound is a correspondence of sound
characteristics and therefore a correspondence of these axes. The simplest
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correspondence may be shown by GCartesian coordinates; for example, the
two axes in Fig. VIII-2, The unique point (H, T} corresponds to the sound
that has & pitch H at the instant 7.

3

(A WORORRSIDN (. % 7/

Fig. Vili-2 *

I must insist here on some facts that trouble many people and that are
used by others as false guides. We are all acquainted with the traditional
notation, perfected by thousands of years of effort, and which goes back to
Ancient Greece, Here we have just represensed sounds by two new methods:
algebraically by u collection of numbers, and geometrically {or graphically
by sketches).

These three types of notation are nothing more than three codes, and
mdeed there is no mote reason to be dismayed by a page of figures than bya
full musical score, just as there is no reason 1o be totemically amazed by a
nicely elaborated graph. Fach code has its advantages and disadvantages,
and the code of classical musical notation is very refined and precise, a
synthesis of the other two, It is absurd to think of giving an instramentalist
who knows only notes 2 diagram fo decipher (I am neglecting here certain
forms of regression-—psendoniystics and mystifiers) or pages covered with
numerical notation delivered directly by a computer (unless a special coder
is added o it, which would translate the binary results inte musical nota-
tion}. But theoretically ail music can be transcribed into these three codes
at the same time. The graph and table in Fig. VIII-8 are an example of
this corraspondence: We must not lose sight of the fact that these three codes
are only visual symbols of an auditory reality, itself considered as a symbol.

Giraphical Encoding for Macrostructures

At this point of this exposition, the unveiling of history as well as the
axiomatic reconstruction have been realized in part, and it would be useless
to continue. However, before concluding, T would like to give an example
of the advantage of a diagram in studying cases of great complexity,
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3 200 6 +175 080 6

4 280 13 o 0 6

H == plitch in half tones with -+ 10 2 4 4. 440 Hx
Y = siope of glissando (if it exists} in semitones/seq,
positive if ascending, negative #f descending

# = number corresponding to a bist of intensity
forms

Let us imagine some forms constructed with straight lines, using string
ghissands, for exumple. 17 Is it possible to distinguish some elementary forms?
Several of these elementary ruled fields are shown in Fig. VIII-4. In fact,
they can constitute elements incorporated into larger configurations.
Moreover it would be interesting to define and usc In scquence the inter-
mediary steps (continuous or discontinuous) from one element to another,
especially to pass from the first to the kst element in a more or less violent
way. If one observes these sonic fields well, one can distinguish the following

general qualities, variations of which can combine with these basic general
forms:

Registers (medium, shrill, etc.)
Overall density {large orchestra, small ensemble, ete.)
Overall intensity
Variation of timbre {arco, sul ponticelis, tremols, erc.)
Fluctuations (focal variations of 1., 2., 3., 4. above)
. General progress of the form {transformation into other clementary
forms)}

7. Degree of order. (Total disorder can only make sense if itis calculated
according to the Rinetic theory of gases. Graphie representation s the most
convenient for this study. )

R
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Fig, VIilii-4

Let us now suppose the inverse, forms constructed by means of dis-
conginuity, by sound-points; for examply, string pizzicati. Our previons
remurks about continuity can be transferred to this case {see Fig. VIiII-5},
Foiats 1 .~7. are identical, so very broad is the abstraction, Besides, a mixture
of discontinuity and continuity gives us a new dimension,

Fig. VHI-5
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GENERAL CASE
Organization Qutside-Time

Consider a set U and a comparison of U by U (a product U x U)
denoted $(U, 1) Then (U, f} © U x Uand forall pairs (i, w,} e U x U
such thatu, v, € U, either (i, u) e (U, £, or {u, u,) (U, £}, Tt is reflexive
and (u~u) = (4 ~u); u~u, and u, ~ ) = uwu for u o, w6
#(U,J)-

Thus ${U, f) 1s an equivalence class. In particular if U 15 isomorphic
to the set @ of rational numbers, then u ~ %, if ju — u/] < Au; for arbitrary
Auy

Now we define $({IU, f) as the set of weak values of U, ¢(U, m) as the set
of average values, and (L, ) as the strong values. We then have

b= U NHUHU myupU, e Ux U

where ¢ is the quotient set of If by . The subsets of 4 may intersect or be
disjoint, and may or may not form a partition of U x U, Here

UL S} =3 (U, m) 3 $(U, p)

are ordercd by the relation -2 in such a way that the elements of ¢{I7, £ are
smalier than those of ${I/, m) and those of Yi{ [/, m} are smaller than those of
${(U, p). Then

U, f) (U, m) = @, U, my (U, p) = 2.

In each of these subsets we define four new equivalence relations and
therefore four sub-classes:

U, f) with v~ (uf)’
if and only if
[y — ()] = Auh with o, ()’ € 9(U, f)

for i=1, 2, 3, 4 with $/{U, f) < ¢{U, £} and MU, £) 34U, f} 3
(U, f) -3 44U, f) ordered by the same relation -3, The same equivalence
relations and sub-classes are defined for 4{U, m} and (U, p).

For simplification we write

uf = fu we (U, f)},

and the same for &7 and uf.
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In the same way, cquivalence sub-classes are created in two other sets,
G and D. Here U represents the set of time values, & the set of intensity
values, and [ the sct of density values with

U= {uf, o}, uf}
G = {g, & gl
D = {df, 7, i)
ford, j k= 1,2,8 4
Take part of the triple product ¥ x G = I} composed of the points
(uh, g8, df). Consider the paths V11 {uf, gP, df}, V2 {uf, g7, dP}, ..., VS
(s uh, 8, ), (gl & gl ), (41 4, 5, P fori = 1,2, 3,4 VS will be
asubset of the triple prodnct I x & x Dsplitinio 47 = 64 different points.
T each of these subsets choose # new subscel X} dehned by the # points
Kr{i= 52, ,nand A = ¥1, V2, ., V31 These # points arc considerad
as the # vertices of a regular polyhedron, Consider the transformations which
leave the polyhedron unchianged, that is, its corresponding group.
To sum up, we have the following chain of ingiusions:

@ e 8§ o K < A sge Ux G x D,
elemernt vertex of  serof path A
of the poly-  vertices  (subset of
UxGxD hedron K; ofthe UxGx D
polyhedron

Consider the two other sets £/ (pitch) and X (sonic material, way of
playing, ete.}. Form the product #f « X x € in which € is the sct of n
forms or complexes or sound types €; (i = 1, 2,.. ., #); for example, a
cloud of sound-points or 1 cloud of ghssandi. Map the product H x X > €
onto the vertices of the polyhedron K}

1. The complexes 7 traverse the fixed vertices and thus produce group
transformations; we call this operation 6,

2. The complexes €, are attached to corresponding vertices which
remain fixed, but the & x X traverse the vertices, also producing group
transforinations; this eperation is called 4.,

8. The product # x X x { traverses the vertices thus producing the
group transformations of the polyhedron; we call this operation §, because
the product can change definition at cach transformution of the polvhedrosn,

Qrganization In-Time

The tast mapping wili be lnscribed in time i two possible ways in order
to manilest the pecnlianities of this pelyhedral group or the symmetric group
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to which it is isomorphic: operation f—the vertices of the polyhedron are
expressed snccessively {model of the symmetric group); operation §;-—the
vertices are expressed simuitancously {z simultancons voices).

Praduct £, % 8,

The vertices K} are expressed successively with:

1. only one sonic complex (), always the same one, for example, a
eloud of sound-poinis only,

2. several sonic complexes, at most 2, In onc-to-one attachment with
indices of vertices KJ,

3. several sonic compiexes whose successive appearances express the
operations of the polyliedral group, the vertices 4 {defined by U x & x D}
always appearing n the same order,

4, several sonic complexes always in the same order while the order of
the vertices { reproduces the group transformations,

5. several sonic complexes transforming independently from the
vertices of the polyhedron

Product t; x 92

The list which this prodnat generates may be obtained from the pre-
ceding one by substituting & x X in place of ¢,

Product ty x &

This hst may be readily established,

Case ¢, and 8; is obtained from the preceding enes by analogy-

To these in-time operational products one onght to be able to add
in-space operations when, for example, the sonic sources are distributed in
space in significant manner, as in Ferrflekiork or Nomes gamma.
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Organization Qutside-Time

The three sets, [7 {densities;, G {intensities), U {durations), are mapped
onto three vector spaces or onto a single three-dimensional vector space,
The following sclection (subset) of equivalence classes, called path V1, is
made: D (densitics) strong, G (intensities) strong, U (durations} weak.
Precise and ordered values have been given to these classes

Bex i a b ¢ Bet & Set U sec
(Elements/sec)
d, 1.0 05 H £y mf iy 2
ds 1.5 LG8 2 - F iy, 3
dy 26 232 3 g3 i . 7 4
d, 25 500 4 I i fy 5

A scocond selection (subset), called path 72, is formed in the following
manner: [} strong, 7 average, U strong, with ordered und precise values;

Set I} Elementsfsec SeL ¥ Set U/ see
dy 0.5 N ¢ t; HY)
dy 1 &2 mp s 17
dy 2 Za mf i 21
d, 3 &5 S i, 30

Eight “points” of the triple produet D x & x & arc selected..
¥or path V1:

K =digy; Ky dygauy; Ki m dygaag; K o= dagyty }
K5 o= dogonsy K = dogattn; Kj = dyguy; Kj = dygons.

r is the column (sub-class) of the table of sct D, (r = g, 8, ¢.)
For path ¥2:

Ky = dygauy; Ky = dypaty; Ky = dagatts; Ky = dygotty;
Ky == dogiy; Ky = dagatty; Ky = dogati,; Ky = 184k

L These cight points are regarded as solidly connecled to each other
so as to form a cube (2 mapping of these eight points onto the vertices of a
cube}. The gronp formed by substitutions among these cight points, iso-
morphic te the symmetric group Py, is taken as the organizer principle. (See
Fig, VIiI-6.)
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ANALYSIS OF NOMOS ALPHA

Organization In-Time

I, The symumetry transformations of a cube given by the clements K7
form the hexahedral group isomorphic to the symmetric gronp Py, The
rules for in-time setting ace: I, The vertices of the cube are sounded suc-
cessively at each transformation thanks to a onc-lo-one correspondence, 2.
The travsformations are themselves successive (for a larger ensemble of
instruments one conld choose one of the possible simultancities as in Nomos
gammea}, They follow various graphs (kinematic diagrams) inherent in the
internal structure of this particular group. {See Figs. VIII-6, 7, 8)
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[

Fig. VIII-6. Symmetric Group Pg: {1, 2, 3, 4)

Fig., Vili-6, Hexzhedral {Octahedral) Group

F 12345678
A 21436587
& 34127856
C 43N 8765
D 23446758
O 31247568
£% 24316875
£ A1328876

G2 32417685
G 42136657
L2 13425786
{ 14235867
£, FHEEE3421
Oy 7EEG3M4
Qs 86754231
Q41 67852341

0, 68572413
0. 65782134
G, 87564312
0, 75863142
0, 58761432
Q,, 57681324
G, 85674123
0,5 56671243

The numbers in roman type
glsu correspond 1o Group £y = 41
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Organization Outside-Time Organization in-Time

1I. Eight elements from the macroscopic sound eomplexes are mapped 11, The mapping of the cight forms onto the letters € change eyclically
onto the letters €y in three ways, «, B, y! in the order o, 8, v, o, ... after each three substitutions of the eube,
a f v

¢, €, G = ataxic cloud ol sound-polnts

¢, €, Cs = relatively ordered ascending or descending cloud of sound-

points

refatively ordered cloud of sound-peints, neither ascending

nor descending

Cy € €, = ataxic field of sliding sounds

Cy Cs €4 = relatively ordered ascending or descending Gicld of sliding
sounds

¢, C; €= rclatively ordered field of sliding sounds, neither ascending
nor descending

Cy Cp 4 = atora represented on z cello by interferences of a quask
unison

¢, C, C; = ionized atom represented on a cello by interferences,
accompanied by pizzicat

Cg Cg Cﬁ #

#

IH. These letters are mapped one-to-one onto the eight vertices of a {11, The same is true for the cube of the | c
second cube. Thus a second hexahedral group is taken as the organizer ' € 15 trug for the cude of the letters Gy
principle.

M e Bty we
Wbt Ve W Yo ilr W
VilVa ¥y ¥ Yo ¥ ¥y
Bal¥rw Vo Ve Ve fy
W VDV W Bl
Ve ivs V‘l; V‘(. Vi ¥5 1

Ak V; s 4 B
Vow D+ FEF G 6 LR

Yy = F & gl

] Yy @ F Pl +
[: Vom Qut Gy v P30 Ga
Ye =y By F @y QJ;,

#

e

e o {2
T AL

Ly

®

1

Av Q

L0 ¥ ¥y,
vz v Ly vt ) v ¥u ¥ ¥
i e
Yy 5 Vi Wy LN v Wy Ve vr Yie
. Vs ¥y ¥i
i
\‘;O ¥
Vi
L 0 s

Fig. VIii-8
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QOrganization Qutside-Time

IV. Take the products X7 x C; and X, x €. Then take the product
set f x X. Set H is the vector space of piteh, while set X s the set of ways
of playing the C,. "This product is given by a table of double entries:

Extremely
High
Medium
High
Medium
Low
Extremely
Low
. , B .
et - 4] G
, 5 ¢ & 5%
8 3 2 3 o F 5 L g & g B
Fhe Lt u j=h b o] A0 £ o o b od
i I I
(;2: C:!a CB \43 Cé’ Cfi C'b CB
pizz. = pizzicati hr trem. = harmonic sound with
fek, e struck with the wood of the tremolo
bow asp == arco sul ponticelio
an = normal arco asp trem. = arco sul ponticello
pizs. gl = pizzicato-glissando tremolo

a trem. == normal arce with tremelo  a lnterf) = arco with interferences
harm, = harmonic sound

Various metheds of playing are attributed to the forms Cy, . . ., €y, as
indicated in the table. The first and fourth rows, extremely high and
extremely low pitches, are reserved for path V2, A sub-space of H' is
attributed to path V1. Tt consists of the second and third rows of the pre-
ecding table, each divided into two, These four parts are defined in terms
of the playing range of the corresponding colump,

V. The mapping of C; onto the product set A x X is refatively in-
dependent and will be determined by a kinematic diagram of operations
at the moment of the in-time setting,
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Organization In-Time

IV, The products KT » €, and K, x (, are the result of the product
of two graphs of dosed transformations of the cube in itself. The mapping
of the graphs iz one~to-one and sounded successively; for example:

C, N lgraph (D:m?.?m}
l T lgaph (D Q)

K
{See Figs. VIII-S, 10.)

k3

¥

%

¥3

Fig. VIH-3

V. Each C; is mapped onto one of the cells of H x X according o
two principles: naximum expansion {minimum repetition), and maximum
contrast or maximum resembiance, {See Fig, VIII-11.}
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Organization Dutside-Time

VI The products Kj = € x H' x A und K; x € s FOO0 o0 X7
are formed,

VII, The set of logical functions {a) s used in this piece. Its moduli
are taken from the sabset formed by the prime residual classes module
18, with muitiplication, and reduction medulo 18.

Lim,n} = (n, v WV o Vo)A M,V {my v om) AV {m v or, Vo) {a)

1ts clements are developed:

1. From u departure functiom

A b3y v (33, v 13 v 1)

2. From 1 *“‘metabols ** of modul which is identical here to the gruph
coppling the eluments of the preceding subset. This metabola gives the
following funedons: L{11, 133, L{17,5), L{13,11), L{17,7}, L{11,5),
L3, 5), L{5, Ty, L(YT, Ly, L(7,5), L{17, 18Y, L(5, 11}, L{1, 11). (See Fig.

8. From three substitution rules for indices (residual classes):

Rule a: mg > ny,,

Rule bi I all indices within a set of parentheses are equal, the next
function L{m, n) puts them in urithmetic progression modulo the cor-
respending sicve.

Rule e1 Conversion of indices as a consequence of moduli metabolae
{sce Rule ¢, Tabie):

Ty e, X = Jnfm), for example, 7y~ 11, x = 4{11/7} ~ 6

4. From a metabolz of ELD) (clomentary displacarnent: one quarter-
tonc for path ¥1, threc-guarters of a tone for path V2).

The two types of metabolac which generate the elements of sct Lim, )
can be used outside-time or fuseribed in-time. In the first case, they give us
the totality of the clements; in the second case, thesc elements appear in a
temporal order, Nevertheless a structure of temporal order is subjacent even
in the first case,

5. From u special metabola that would sirnultancously attribute differ-
ent noles to the origing of the sieves constituting the function L{m, n}.
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Organization In-Time

V1. The elements of the product KT x €, x H' x X of the path V1
arg sounded successively, except for interpolation of elements of the product
K, x Gy » Hommes o X from path V2, which are sounded intermittently,

VIH. Bach of the three snbstitutions of the two cubes K, and (), the
logical function L{m, n) {see Fig. VIII-11}, changes folowing its kinematic
diagram, developed from the group: multiplication by pairs of residual
classes and reduction module 18, {See Fig, VIH-143

Table of the Steve Functions and Their Metabolae

LT, 18) = (T8, 715, 718, F 18011, + (11, ¥ 11415
+ 18, 4+ 13, + 134
L{17,5) = (51 & By & By + 5017 + (177 F 171a)5a + 55 + 55 ++ By
L3, 11w (T1, 10T, & 10, + 11018, + (155 + 3.0 1
4+ 11y + 11, + 11,
LT 7Y = (T F g + 75 4 760175 + (176 + 1yg)Te + Ty + Ty + Ty
L B) = (B % B, % B o By lig 4+ (11, 4 1158, + 59 + 5, + 5y
L{LS) = {5y 4 5y 4 By 4+ 51 + {1y + 11)5g + 5y 4 52 + 5y
L5, 7Y m= {7y + 75 + 75 + T5)56 + (Ba & 53)7g + 7y + Ty + T
LOT, 18y = (g & g + g + g1l 4 (17; = 17511,
4 1y + g + 1,
L{7, 5} = {5y + By + By + 8)Ts + {75 + 74J34 + 53¢ + 9z Sy
L(17,13) = (13, + 135 + 134 + 18310)17; + (17, + 175134,
4 13, 4+ 135 + 134 -
L5, 11) e (T1, & Lig + g + 1ig8g + (5g + 901l + 115 4 11, + 115
LAY m (11, 4 T & 11, F 1004y + {1, & Tollg 4 1+ 11, + 11,

Rule ¢. Table

%mm f%xz

1;_;*2.2 %%wl:"}? }{i—xl

55:‘?7...2.6 l?vl.sﬁ %ml.? %:1
%::3.4 L X Ef:i’.mz.s@ }g%* 1.3
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Group and sub-group of residual classes obtained by ordinary multiplication
followed by reduction relative to the modulus 18

I 8 7 it 13 1 : 1 7 i3
111 5 7 1 13 17 I 1 7 13
595 7 17 1 11 13 717 18 1
717 17 13 5 1 1 3113 1 7

H:iil 1 5 13 17 7
13183 18 1 47 7 5
i 1311 7 5 i

DETAILED ANALYSIS OF THE BEGINNING OF THE scORE {L{1],13}}'®

Thanks to the metabola in 5. of the outsidetime organization, the
origins of the partial sieves (13, v 135 v 13, v 135) A L, v (11, v 11} A
13, and 13, v i3, v 13 correspond to Ag# and 4y, respectively, for
Ay = 440 Mz Hence the sieve L{11, 13} will produce the following pitches:
e Caf: Cz#: Dﬁ: DQZVFZsF‘&?ﬁ-é: (_;23 Gz#}%ﬁm 321; Ca; Caﬁ; DS#: Daﬁ: F&l;
FS#& Ga#: Asﬁ ‘43#: B&r (:4 }!}“Dif E&a Eﬁ?‘; Gﬁ) A4: Aé. #} Aiﬁ L R

The order applied to the sonic complexes (8,) and to the density,
intensity, and duration combinations (K,) are for transformation §:

Si= Lo K= nf
Ke =295  fff
Ky =925  fff
Ke=10  mf
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5 - K-8 f
Se ;% Ko =392 ff

Sy =i K= 798 ff

Sg e e I{B = 6.08 f
{In this text G, & replaced by 8.}

First sequence {see Fig. VIII-13):

i 2 3 4 5 6 7 8

'S T TR TR T S T
DISY =8 S & S S S &% 5
DIKy=K, K; X, K, Ky Ky Ky Ky

225 225 1 10 372 798 283 6.08

PIA T B AN Y F A A |

"Fhis part begins with a piwicato glide on the note O, fff (the
siiding starts pgg}. The slope of the glide is zero at first and then very

weak {1/4 tone per 2.5 seconds).
S; consists of O C#& D struck eol legno, fff {with p in the
middke). In 85 there is an introduction of beats obtained by raising

(}# towards A.

Second sequence, beginning at §,2/Q5:

i 2 3 4 5 6 7 8
¥ ¥ i i 4 4 ¥ 4

Qm(Sn) = Ss Sa Ss S'z Sl S:z Sq Ss

K=Ky Ko K, K Ky Ky K K
508 372 Fu8g 283 10 225 225 WO
IO f wf ff S

Note, as in the preceding part, the previeusly caleulated con.

traction of the values of duration.
& is ataxie, lasting more than a second,

Third sequence, beginuing at Q,/Qy:
I 2 3 4 5 & 7 8

L T T T
Q.;(S,,} = Se S‘r Se Ss Sz Ss Sf. Sl

Q’f{Kn} = Ks Ky K5 Ky Ky Ky K, K,
608 758 283 372 10 225 1.0 225
AR 7 R A/ S - A/ A N i 4
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In §, the slopes of the glissandi in opposite dircctions cancet each
other, The enlargement in S5, Is produced by displacement of the
lower line and the inducement of beats. The cloud is introduced bv a
pizzicato on the C string; the index finger of the left hand is placed
on the string at the place where one would plav the note in square
brackets; then by plucking that part of the string Detween the nut
and the index finger with the left dhumb, the sound that results will
be the note in parentheses.

NOMOS GAMMA—A GENERALIZATION OF NOMOUS ALPHA

The finite combinatorial construction expressed by finite groups and
performed on one cello in Asmes alpha is transposed to full orchestra in
Nomos gamma (1967/68). The ninety-eight musicians are scattered in the
audience; this scattering allows the amplification of Nemos alpha’s structure,
Terrétekiorh {1965i66), which preceded Nomos gamma, innovated the
scattering of the orchestra und proposed two fundamental changes:

Towards a Philosophy of Music

Territektorh 15 thus a *'Sonotron™: an accelerator of sonorous
particles, a disiiegrator of sonorous masses, a2 synihesizer. It puts the
sormnd and the music all around the listener and close np to him, It
tears down the psyehologicul and anditive curtain that separates him
from the players when positioned far off on a pedestal, iself freguently
enongh placed inside a bos. The orchestral musician rediscovers his
responsibility as an artist, as an individual,

& The orchestral colour is moved towards the spectram of dry
sounds, full of noise, in order to hroaden the sound-paleute of the
orchestra and to give maximum cflect to the scattering mentioned
above, For this cffect, cach of the 90 musicians has, besides his
normal siring or wind instrwnent, three percussion instraments, viz.
Wooil-block, Maracas, and Whip as well as small Siren-whistles,
which are of three registers and give sounds resembling flames, So if
necessary, a shower of hail or even a murmuring of pinedorests can
encompuss sach listener, or in fact any other atmosphere or linear
concept cither statie or in moton. Finally the listoner, cach one
imdividually, will find bimself cither perched on top of » mountain in
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a. The quasi-stochastic sprinkling of the orchestral musicians
arnong the audience, The orchestra B in the avdience and the audience
is in the orchestra, The public should be free to move or to sit on

camp-stools giverr our ut the entrance to the hall, Fack musician of

the orchestra should be seated our an Individual, but unresonant, dafs
with his desk and instriments. The hall where the piece is to be per-
formed should be deared of every movable object that might cause
aural or visual obstruction (scats, stage, ete.) A barge ball-room having
(i1t were cireular) a mininnim diameter of 45 yards would serve in
defanlt of 2 new kind of architecture which will have to be devised for
all types of present-day music, for neither amphitheatres, and stil] loss
normal theatres or concert-halls, are suitable.

The scattering of the musicians brings in a radically new kit
congeption of music which no modern clectro-acoustical measns could
match . ** For if itis not possible 1o Imagine 90 magaetic 1ape tracks re-
faying to 90 loud speakers disseminated all over the auditerium, on
the contrary it isquite possible to nchieve this with a classical erchiesira
of 90 musicians, The rnsical composition will therchy be entircly
enriched throughout the hall both in spatial dimension 2ud i moves
ment. The speeds and acewlerations of the movement of the sonnds
will be realived, and new and powerful Tunctiors will be able to be
maide use of, such ag logarithmic or Archimedean spirals, n-lime and
geometrically. Ordered or disordered sonorons miuasses, rolling one
against the other like waves . . | ete,, will be possible.

the middle of a storm which attacks him from all sides, or in a frail
barque tossing on the open sea, or again in a universe dotted about
with Htle stars of sound, moving in compact nebulae or olated ¥®

Now the crux or thesis of Nomos gamma is a combinatorial organization
of correspondences, finite and outside the time of the sets of sound
characteristics. Vurious groups are exploited; their inner structure and
their interdependency are put in reliel musically: cyclic group of order 6,
groups of the rectangle (Klein), the triangle, the square, the pentagon, the
hexugon, the tetrahedron, and the hexahedron,

The isomorphisms are established in many ways, that is, each one of
the preceding groups is expressed by different sets and correspondences,
thus obtaining structures set up on scveral interrelated levels. Various
groups arc nterlocked, intermingicd, and interwoven. Thus a vast sonic
tapestry of non-temporal essence is formed {which incidentally includes the
organization of time and durations). The space also contributes, and is
organically treated, in the same manner as the more abstract sets of sound
clements,

A powerful determimisiic and finite machinery is thus promulgated. Is it
symmetrical 1o the prebebilistic and stochastic mackineries already proposed?
The two poles, one of pure chance, the other of pure determinacy, are
dialectically blended in man’s mind {and perhups in nature as well, as
Epicurus or Heisenberg wished it). The mind of man should be able to
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travel back and forth constantly, with ease and elegance, through the
fantastic wall, of disarray caused by irrationality, that separates determinacy
from indeterminacy,

We will now consider some examples. It goes without saying that
Nomos gamma 3s not entirely defined by gronp transformations. Arbitrary
ranges of decisions are disseminated into the piece, as in all my works
except for those originated by the stochastic program fn Chap. V. However
Nomos gamma represents a stage in the method of mechanization by com.-
puters for this category of problem.

Measures 1-18 (three oboes, then three clarinsts)
OUTSIDE-TIME STRUCGTURE
Set of pitches: H = {Hy, H,, Hy, H,, Hy}. Origins: Dy, G4, Dy, Gf,,

D, rospectively, with rangc + 8 semitones. .P'
Set of durations: U w {U/,, Uy, Uy, U}, Origins: é ‘., 0,0 ‘
G o #, respectivedy, with range + one sixteenth-note zu;d a ha}f' m)te
~1 sec.

‘Set of iutmsit'ws\ *‘{thm Ga: G.;} G- {ﬁ!fﬂ pﬁﬁ Pﬁ,ﬁﬁ,ﬁﬁ,ﬁ}

ffﬁﬁ% if{ﬁ éfﬁr |3 Ongzns b, mp, j j}_")‘“, it'spt'uwciy

Product sets: K = H x U x 6. Eacli one of the points of the product
set s defined by a sieve miodulo n considered ag an element of an additive
group {e.g, n =3, .., 8,3, >3 >3, >33, > 5,3, .. 3
and by its unii, that is, the elementary displacement ELD:

Rim Ho x Gy x Uy Ky =Hy x Gy x Uy Ky=Hy x 6, x U,

Modali: 2 2 2 22 2 2 2 2
ELD: ftone ksec o tone 4+se¢ ) tone 1 sce
Kywm Hy x Gy w Uyp Ky = Hy x Gy x U, Kg e Hy x Gy x U
Meduli: 2 2 3 3 2 3 3 2 3
ELD: } tone dscc  }ione ¥sec ) tone i sec

In addition, &, and K; are deformed by translations and homothetic traig.
formations of the & values,

Let us now consider the three points K, K, K, of the preduet H x
G x U/, and map them one-to-one onto three successive moments of time.
We thus define the triangle group with the following clements:

{1, 4, 4% B, BA, BA% «» {123, 312, 231, 182, 213, 321}

b
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IN-TIME STRULOTURE

For cach transformation of the triangle the vertices are stated by X,
Ky, Xy wiich are played successively by the oboes and the clarinets,

according to the above permutation group and to the following cirenit:
BA, BA®, 4, B, BA®, 4%

Measures 16-22 {three cboes and three clarinets)
OUTSIDE-TIME STRUGTURE

Form thc pmduci K x Cp Ky x G, Ky = C'g, K3 p C3, in which the

tongbm,, {"a = gquilisma {1rr€:gal‘1r oscillations of pitch).

Consider now two triangles whose respective vertices are the three
oboes and the three clarinets, The K, x €, values are the names of the
vertices. All the one-to-one mappings of the K, » €, names onto tlie three
space positions of the threc oboes or of the three clarinets form one triangle
group.

IN-TIME STRUGTURE

To each group transformation the names K, »x C; are stated simul-
tancously by the three oboes, which alternate with the three clarinets. The
cirenits are chosen to be 7, B4, B4, 1, A% B, BA, A, BA%and [, B, B.

Measures 404-42—A Sound Tapestry

The string orchestra {sixteen first violins, fourteen secoud violins,
twelve violas, ten cellos, and eight double basses) is divided into two times
three teams of eight instruments each: ¢y, é,, da, ¥, Yor ¥ The remaining
twelve strings duplicate the oues sitting nearest thenr. In the text that
follows the ¢, and 4, are consudered squivalent in pairs {; ~ i}, Therefore
we shall only deal with the ¢,.

LEVEL 1 —OUTSIDE-TIME STRUCTURE

The eight positions of the instruments of each ¢; are purposely taken
nto consideration. Onto these positions {(instrnments) we map one-to-oni¢
eight ways of playing drawn from set X = {on the bridge tremolo, ou the
bridge tremolo and trill, snl ponticello smooth, sul ponticello tremolo,
smooth natural harmonic notes, irregular dense strokes with the wood of
the bow, normal arco with tremolo, pizzicato-glissande ascending or
descending). We have thus formed a cube: KVBOS |

Onto these same cight positions {instruments) of ¢; we map one-to-one
eight dynamic forms of lutensily taken from the following sets: g, =
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{ppp crescendo, pj;p diminuendo, pp crese, f}f) thm, p cresc, ;3 dim, mp cresc,
mp dim}, g, = {mf cresc, mf dim, [ crese, fdzm Jf cresc f,‘ dim, ffferesc,
jjffcizm}, & = {p dim, p £rese, mp dim, @ cresc, mf dim, mf crese, S dim,
j’cresc}. We have thus defined 2 second enbe: KVBOS 2,

LEVEL l——iN-TIME STRUCTURE

Each one of these cubes is transformed into Hsell following the kinematic
disgrams of the hoxahedral group {cf Nomos alphe, p. 225); for example,
KVBOS | following DG, . .. and KVBOS 2 following ¢1,¢5 . . .

LEVEL 2o QUISIBE~FIME STRUGQTURE

The three partitions ¢,, ¢g, ¢y are now considerdd as a triplet of polnts
inn space. We map onto them, one-to-one, three distinct pitch ranges I,
Hy, H, in which the instramentalists o the preceding cubes will play., Wc
have thus formed a triangle TRIA 1.

Onito these same three points we map cne-to-one three elements drawn
from the product (durations x intensities), U x = {2.5sec g, 0.5 sec g,
1.5 sce g}, We have thns defined a sceond triangle TRIA 2,

LEVEL Z--IN-TIME §$TRUCTURE

When the two cubes play a Level 1 translormation, the two triangles
simultancously perform a transformation of the triangle group, If 1, 4,
A% B, B4, BA® are the group elements, then TRIA 1 proceeds according
to the kinematic diagram A, B, BAZ, 4%, B4, B4?, and TRIA 2 proceeds
simultancously zccording to 4, B4?, B, 4%, B, AB.

LEVEL 3-—QUTSIDB-FIMA STRUCTURE

Form the product Cp x M, with three macroscopic types: ) =
clouds of weby of piteh glissandl, €, = clouds of sound-peints, and Cy =
clouds of sounds with quilisma, Three sieves with modulus M = 3 are taken:
e ‘31, 3. fmm this pmduct we scicct five eican‘CS' C x 3{, s I, O %

to the t,ychc gronp af ordcr 6.

LEVEEL J-—IN-FIME STRUCTURE

The nested transformation of Levels | and 2 are plunged into the
product Oy x A, which traverses successively € x 3, €y % 3y, € x 3,
Cy % 3, O % B A3, 4%, A, A5, 1, during the corresponding arbitrary
durations of 20 seg, 7.5 see, 12.5 see, 12,5 see, 7.5 sec.
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LEVEL 4——0UTSIDE-TIME $TRUCTURE
The partition of the string orchestra into teams ¢y, ¥, Is done in two

modes: compuct and dispersed. The compact mode 1 itsell divided into two
cases: Clompatt { and Compact I, For example,

in Gompact I, ¢, = {VI,,, \/IZ VI, VI, Ay, VG, VG, CB
in Compaet I, ¢y = {VII, Vi, VIS, Vg, Vi, 4o, 1("1, CBy}

(V1 = fth first woim VI, = ith second vichn, 4, = ith vieola, I*(q e ith
cello, OB, = ith doubln bass.} These partitions cannot eceur simultaneously,

LEVEL 4wIN-TIME STRUCTURE

All the mechanisms thal sprang from Levels 1, 2, 3 are In turn phmged
into the various above definitions of the ¢ and ¢, teams, and suceessively
into Compact I during the 27.5 sce duration, into the dispersed mede during
the 17.3 sec duration, into Compact II during 5 sec, into the dispersed mode
during J see, and into Compact I during 3 sec

DESTINY’'S INDICATORS

Fhus the inguiry applicd to music leads us to the innermost parts of our
mind. Modern axiomatics disentungle once more, in a more precise manuer
now, the sigrificant grooves that the past has etched on the rock of our
being. These mental premises confirm and Justify the billions of years of
accumulation and destruction of signs. But awareness of their imitation,
their closure, forees us to destroy them.

All of u sudden it is urthinkable that the human mind forges Hs con-
ception of time and space i childbood and never alters 107 Thus the
bottom of the cave would not rellect the beings who are behind ns, hut
would be a filtering glass that would allow us to gucss at what is at the very
heart of the nniverse. Tt is this botiom that must be broken up.
Consequences: 1, It would be necessary to change the ordered structures of
tme and space, those of logie, . .. 2. ArL, und sciences annexed to i, should
realize this mutation.

Let us resolve thie duality merial-eternael: the fiutnre is in the past and
vice-versa; the evancseence of the present is abolished, it is everywhere at
tlie same time; the Aere is also two billion light-years away. . ..

The space ships that ambitious technology have produced may not
carry us as {ar as liberation from our mental shackles conld. This is the
fantastic perspective that arlseience opens to us in the Pythagorean-
Parmenidean field.



Chapter IX

New Proposals in Microsound
Structure

FOURIER SERIES-BASIC IMPORTANCE AND INAOEQUACY

The physico-mathematical apparatns of acoustics [2, 23] is planged into the
theories of cnergy propagation in an clastic medium, in which harmonic
analysis is the cornerstone,

The same apparatus linds in the units of electronic circuit design the
practical medium where it is realized and ehecked

The prodigious devclopment of radio and TV transmissions has expanded
the Yourier harmonic analysis to very brond and keterogencous domuins,
Other theories, quite fir apart, e.g., servonechanisms snd probability, find
necessary backing in Fourier scries,

In music ancient traditions of scales, as well us those of string and pipe
resonancas, also lead to eirenlar functions and their Hinear combinations [241.

In consequence, any attempt to prodice a sound artificially could not be
conceived emtside the [ramework of the above physico-muthematical and
clectronic apparatis, which relies on Fonrier series.

Indced the loug route traversed by the acsusmatizs of the Pythagorecans
seemned fo bave found its natural bed. Musical theoreticians did base their
theories on Fourier, more or less directly, in order to support the argument
about the matural harmony of tonality, Morcover, in dehning tonality, the
20th-century deprecators of the new musical languages based their argu-
ments on the theory of vibration of elastic bodics and media, that is, in the
cnd, on Fourler analysis. But they were thus creating » parados, for al-
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though they wanted to keep music in the intuitive and instingtive domain,
in order to legitimatize the tonal universe they made use of physico-
mathematical arguments!

The impasse of Harmonic Analysis and Some Reasons
Two major difficulties compel us 1o think in another way:

1. The defeat by the thrust of the new languagces of the theory accord-
mg to which harmony, counterpoint, etc., must stem, just from the basis
formed by cirenlar functions. Eg., how can we justily such harmonic con-
figurations of recent hiustrumental or clectro-aconstic music as a clond of
ghding sounds? Thus, harmonic analysis has been short-cirgnited in
spitc of tenching attempts like Hindemith’s explanation of Schonbery’s
system [25]. Life end sound adventures jostle the traditional theses, whicl
are nevertheless still being taught in the conservatories {rudimentally, of
course}. It is therefore natnral to think that the disruplions fu mimsic in the
Last 60 yeurs tend to prove once again that music and its “rules” arc socio-
cultural and historical conditionings, and hence modifiable. These conditions
seem 10 he bused ronghly on a. the absolute limits of our senses and their
dcforming power (c.g., Flotcher contours); b our canvass of mental strice
tures, some of which were treated i the preceding chupters {ordering,
gronps, ete); o the means of sound production (orchestral instruments,
electro-acoustic sound synthesis, storage and transformation analogne
systemns, digital sound synthesis with computers end digital to ansloguc
converters). 1f we modify any one of these three points, our socio-cnltural
conditioning will also tend to change in spite of an obvious incriia inherent
in a sort of “entropy” of the social facts.

2. The obvious Tailure, since the birth of oscillating circuits in clees
tromics, to reconstitute any sonnd, even the shnple sounds of some orclestral
instruments! a. The Trautoniums, Theremins, and Martenots, a1l pre-
World War II attemnpis, prove it. b, Since the war, all “eleatronic” music
lras also failed, in spite of the big hopes of the Bities, to pull clectro-aconstic
music out of its cradle of the so-called clectronic pure sounds produced by
frequency generators, Any clectronic music based on such sounds only, is
marked by their simplistic sonority, which resembles radio atmospherics or
heterodyning. The serial system, which has been used so much by clectronic
music composers, could ot by apy means improve the resull, since it iself
is much toe clementary. Only when the “pure” clectronic sounds were
framed by other “conurete” sounds, which were much richer and wuch
more intercsting {thanks to . Varése, Picrre Schacifer, und Pierre Henry),
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could electronic music beeome really powerfisl, ¢ The most recent attempts
to use the flower of modern technology, computers coupled to converters,
Jiave shown that in spute of some relative successes | 26], the sonorous results
are cven less interesting than those made ten years ago in the classic
electro-acoustic studios by means of frequency gencrators, filters, modula-
tors, and reverberation units,

In fine with these critiques, what are the causes of these failures? In
mty opinion the following are some of them:

1. Meyer-Eppler’s studies [1] have shown that the spectral amalysis
of even the simplest orchestral sounds {they will form a reference system for
a long time to come) presents variations of spectral lines in frequency as
well as in amplitude. But these tiny (second order) variations are among
those that make the differenee between a Hfeless sound made up of a sum of
harmonics produced by u frequency generator and a sound of the same sum
of harmonics played on an orchestral instrument. These tiny variations,
which take place in the permunent, stationary part of a sound, would
certainly require new theories of approach, using another functional basis
and a harmonic analysis on a higher level, a.g., stochastic processes, Markov
chaing, eorrelated or autocorrclated relations, or theses of pattern and form
recognilion. Even so, unalysis theories of orehestral sounds [27] would
result in very long and complex caleulations, so that if we had to simulate
s.uch an orchestral sound from a computer and from harmonic analysis on a
?lrst level, we would need a tremendous amount of computer time, which is
impossible for the moment,

2. It seemns that the transient part of the sound is far more important
than the permanent part in timbre recognition and in music in general [28],
Now, the more the music moves toward complex sonorities close to “noise,”
the morc numerous und complieated the transients become, and the more
ihCi.F synthesis from trigonomeiric finctions hecomes 2 mountain of difi-
cu}tiﬁs, cven more unaceeptable to a computer than the permanent states,
Ttis as though we wanted (o express a sinuous mountain sithouette by using
portions of eircles. In fact, it 1s thousands of times more complicatad. The
i_ntcﬁigent car is infinitely demanding, and its voraeity for information is
far from having been satisfied. This problem of a considerable amount of
calculation is comparable to the 18th-century classical mechanics problem
that led 10 the kinctic gas theory.

3. There is no pattern and form recognition theory, dependent on
.armorzic analysis or not, that would enable us to translate curves synithe--
sizet by means of trigonometrie functions in the perception of forms or

h
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counfignrations. For instance, it is Impossible for s to define equivalence
classes of vovy diversified oscilloscope curves, which the car throws into the
same bag. Furthermore, the car makes no distinetion between things that
actual ucoustic theories differentinte {e.g., phuse dificronees, differential
sensitivity ability, and vice versa,

The Wrong Concept of Juxtaposing Finite Elements

Perhaps the nhimute reason for snch difficultios lies in the improvised
entunglement of notions of finity and infmity, For example, in sinusoidal
oscillution there is w it element, the variation me¢luded 1 2r Fhen tiis
Jinite variation s vepeated endlessly, Seen us an ceonomy of mcuns, this
procedure can he one of the possible optimizations. We labor doring a
Himited span of time {oue period!, then repeat the product mdelfinitely with
almost no addiional Iabor. Busieally, therefore, we have a mechanism
{e.g., the sine function] engendering u Guite temnporal object, which is
repeated for as long as we wish. Tlhis long object Is now considered as a new
element, to which we juxtapose siniilar ones. The odds are that one ean
draw any variation of onc variable {e.g., atmospheric pressure) us 2 funetion
of ime by means of a finite snperposition {snm) of the preceding clements.
In doiag this we expect to obtain an irregular cutve, with increasing Irregu-
larity us we approunch “noises.” On the oscilloscope such a curve would
look quite complex. If we ask the eye to recognize particubur forms or
symmetries on this eurve it would alvmost certainly be unable to make any
judmment from sumples lasting say 10 mieroseconds becanse it would have to
follow them too fust or too slowly: (oo fhst for the cveryduy Himits of visual
altention, mid oo slow for the TV limits, which plunge the instantaneous
judgment into the level of global perception of forms and colors, On the
other hand, for the same sample duration, the car s made to recognize
forms and putterns, and therefore senses the correlations hetween fragments
of the pressure curve at various levels of understanding, We ignore the
laws and rules of this ability of the ear in (he more eomplex and general
cases that we ure interested in. However, in the case in which we superpose
sine curves, we know that below a certain degree of complexity the ear
disentangles the constitucats, and that above it the sensation is transformed
inte timbre, coloy, power, movemend, rongliness, and degree of disordor;
and this brings us into a el of ignorunce. To summarize, we expeet that
by judictously piling up simple elements (pure sounds, sine functions} we
will ereute any desired sounds (pressure curve), oven those that come close
to vory sirong irreguluritics—almost stochustie ones. This sume statemoent
holdds cven when the nnit element of the teration is taken from a {unetion
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other thuu the sine, In general, and regardless of the specific function of the
unit element, this procedure can be called synthests by finite juxtaposed elements.
In my opinton it is from here that the deep contradictions stem that should
prevent us from using ¥

NEW PROPOSAL IN MICROCOMPOSITION BASED ON
PROBABILITY DISTRIBUTIONS

We shall raise the contradiction, and by doing so we hope 10 open a

new path in microsound synthesis research-—one that without pretending

o be able © simulate already known sounds, will nevertheless launch
music, its psychophysiology, and acoustics in a direction that is gquite Inter-
esting and nnexpected.

Instead of starting from the unit element concept and its tireless iteration
and from the increasing irregular superposition of such iterated unit ele
ments, we can start from a disorder concept and then introduce means that
would increase or reduce it This is Iike saying that we take the inverse road:
We do not wish to constriret 2 complex sound edifice by using discontinuous
unit eloments (bricks = sine or other functions); we wish to construct
sounds with continuous variations that are not made ont of unit elements,
This method would nse stochastic variations of the sound pressure directly,
We can imagine the pressure variatinns produced by a particle capriciously
moving around equilibrium positions along the pressure ordinate i a non.
deterministic way, Therefore we can imagine the use of any “random
walk’ or multiple combinations of them.

. Method 1. Every probability function is a particular stochastic varia-
tion, which has its own personality (personal behavior of the particle). We
s.iiati then use any one of them. They can be discontinuous or continuous; e.g.,
?oisspn, exponential {ce” ), normal, uniform, Cauchy (ff';r(tzvi--x?')}“i),
arcsim (7 x(T - 53]~ 1), logistic [{ae™ s~ #) (] 4emo =5}~ '} distnbutions,

Method 2. Combinations of a random variable X with itself can be
established. Example: If (2} is the probability function of X we can form
Spo= Xy b Xy o+ X, (by meuns of the nfold convolution of Fix)
with dsell} or Py = X, X, X, or any linear, polynomial, .. ., function
of the variable X,

* I spite of this criticism T would Bke to draw attention to the magnificent manipu-
Intory language Music V of Max V. Mathews, which achieves the Gnal step in this
procedure and automates it {203, This language certainly represenss the realizavion of
sthe dream of an electronic music composes in the filies,
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Methed 3. The random variables {pressure, time) can be functions of
other variables (elastic forees), even of random variables. Exampler The
pressure variable x is under the influence of a centrifugal or centripetal
force ix, 1}, For instance, if the particle {pressure) is influenced by a force
wx {w being a constant) and also obeys 2 Wiener-Lévy process, then its
density will be

Bl y) = (¥e{l — e M) 1) exp [ ~wly — e 7] - 7M]
where # and y are the values of the vartable at the instants O and {
respectively, (This is also known as the Ornstein-Uhlenbeck process.)

Method 4. The random variable moves between two reflecting (slastic)
barriers. Example: If we again have a Wiener-Lévy process with two
reflecting barriers at @ » 0 and zerp, then the density of this random
walk will be

. s .
lxy) = e 12 Y (exp [~ (y — x + 2ha)?[2t]
#<%
+oexp i —(y + x + 2ka)?f2]),

where x and y are the values of the variables at the fustants 0 and 4,
respectively, and £ = 0, + 1, +2, ...

Method 5. The parameters of & probubility function can be considered
as variables of other probability functions {randomization, mixtures) [30].
Examples:

@ tis the parameter of a Poisson distribution f{&} = {af}*(&!) "Temo,
and the random variable of the exponential density gi#) = fe~ ™. The
combination s

" (o) k) <1 e B e Bl ) M [l B) 1T,

FRY = glt) =rwlk) gf

which is a geometric distribution,

b p and ¢ arc the probabilitics of a random walk with jumps +1
{Bernoulll distribution). The time intervals between successive jurnps are
random variables with common density ¢ 7! {Poigson distribution}. Then the
probability of the position r at instant £ will be f.{t) = L{20 B pl)™3,
where

Liny = 2 [KMUG + 0 4 D) Yxj2)% e

Rwd

is the modified Bessel function of the first hind of order ».
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Method 6. Linear, polynomial, ..., combinations of probability
functions f; are comsidered as well us composite functions (mixtures of a
family of distributions, transformations in Banach space, subordination,
ek},

@ 3 4 and B are any pair of intervals on the line, and @A, B) =
prob{X e d, ¥e B} with glx, B) = prob{V = x, Y& ) { g, under appro-
priate regnlarity conditions being a probability distribution in B for a
given x and a continuous function in & for 2 fixed #; that s, a conditional

distribution of 26 4, then Qld, B} = iﬁ glx, Bipldy] represents 2 mixtire
of the family of distribitions ¢{X, B), which depends on the parameter x,
with g serving as the distribution of the randomizcd paramcter [30].

&, Intertocking probuability distributions {modulation). I £, i, . .
Ju ave the probability distributions of the rundom variables X1, A2, . |
X" respeetively, then we can form

A

A

]

e = AT X+ 4 X and .S‘”(ES,E!) = S 4+ 82 4. 4+ S

ean
i=1

OF

Loy
P = X{ &5 Xfy und P“(}HP#-) w Pl PP
v R
or any combination {functional or stochastic) of these sums and products.
Furthermore, the of and y4 could be gencrated by cither independent
determined functions, independent stochastie processes, or interrelated
determined or indetermined processes. In some of these cases we wonld
have the theory of renewal processes, if, for ingtance, the of were considered
waiting times 7% From another point of view, some of these cases would
also eorrespond to the time sories analysis of statistics, In reahity, the ear
seems to realize such an analysis when in a given sound it recognizes the
fundumental tone pitch together with timbre, fuctuation, or casual
irregularities of that sound! In fact, time series analysis should have been
invented by composers, if they had—,
¢ Subordination {301, Suppose {X(1}}, a Markovian process with
continuous transition probabilitics

Qeix, T) = prob {(X(T(t + s}) & TIX(T1s)) = «)

(stochustie kernel independent of &), and {7'(1)}, a process with none
negative mdependent increments. Then {X(7())} is a Markov process
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with transition probabilities

P 1) = f 0 4z, Ty ULds),

where s the infinitely divisible distributionof T(#), This P, issaid to bhe
subordinated to {X {£}}, using the operational time 7 (#) as the directing process.

Method 7. The prebability functions can be filed into c%asse:q, that is,
inte parent curve configurations. These classes are then considered as
eclements of higher order sets. The classification is obtained through at
least threc kinds of criterin, which can be interrelated: ¢, analytical sourec
of derived probability distribution; gamma, beta, .. ., and rclated densi-
ties, such as the density of ¥* with # degrees of [reedom {Pearson}; Student’s
¢ density; MaxwelPs density; 5. other mathematical criterss, such as
stability, infinite divisibility; and ¢ characteristic features of the curve
designs: at level 0, where the valnes of the random variable are accepted
as szich; at level 1, where their values are accumulated, ete.

Macrocomposition

Method & Further manipulations with classes of distributions envisaged
by Method 7 introdnce us to the domain of macroeomposition. But we
will not continue these speculations since many things that have been ox-
posed in the preceding ehapters could be used fruitfully in ohvious ways.
For example, sound molecules produced by the above methods could be
mjected imo the $T{ochastic) program of Chap. V, the program forming
the macrostructure, The same could be said about Chaps. 11 and i}
{Markovian processes at a macrolevel). As for Chaps. VI and VIII {sym-
holic music and group organization) establishing a complex mieroprogram
is not as casy, but it is full of rich and unexpected possibilities,

All of the above new proposals are being investigated at the Centers
for Mathematical and Automated Music (CNAM) at both the School of
Music of Indiana University, Bloomington, Indiama, and the Nuclear
Research Center of the Colitge de France, in Paris. Digital to analogue
converters with 16 bits resolution at a rate of 0.5, 10% sanples per second
are avallable in both places.

Figs. 1X, 1-8 were cakeulated and plotted at the Research Gomputing
Center of Indiaua University under the supervision of Cornelia Colyer,
These graphs could corresporud o a sound duration of 8 milliscconds, the
ordinates being the sound pressures,
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Fig. IX—2. Exponential x Cauchy Densities with Barriers and Randomized
Time



Fig. IX-3. Exponential x Cauchy Densities with Barrers and Randomized o 6. Hyperelic Cosine x Exponentiel Densities with Borriers and
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Fig, {X-7. Hyperbolic Cosi . . e st .
and Detarmined Time ine » Exponential x Cauchy Densities with Bartors

Fig. 1X-8, Lo

nr gistic » Exponential Densities with Barriers and Randomized

Chapter X

Concerning Time, Space and Music*

WHAT IS A COMPOSER?

A thinker and plastic artist who eXpresscs himself shrough sound beings.
These two realms probably cover his entire being.

A few points of convergence in relation 1o time and space between the
sciences and music:

First point:

In 1954, I introduced probability theory and calcolus in mmusical
composition in order to control sound MAsses both in their invention and in
their evolution, This inaugurated an entirely new path in music, more global
than polyphony, serialism or, in general, “discrete” music. From hence camne
stochastic music. 1 will come back to that, Bt the notion of entropy, 5
formulated by Boltzmann oy Shannon,’ became fundamental, Indeed, much
like a god, a composer wmay cveate the reversibility of the phenomena of
masses, and apparently, invert Eddington’s “arrow of ime."* ‘Foday, 1 use
probubility distributions either in computer generated sound synthesis 053 3
micro or macroscopic scale, Of in instrunental compositions. But the laws of
probability that T use are often nested and vary with time which creawes a

*Excerpts of Chapter X originally appesred in Tuglish i Perspectives of New Music,
Vol 27, N® 1. Those excepts appeared originally in French in Reddeonvriv le Temps,
Fuditions o UUniversité de Braxelles, 1988, Vol. 1-2.
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stachastic dynamics which is aesthetically interesting. This procedure is akin
to the mathematical analysis of Liouvilles equation on non-unitary
transformations proposed cssentially by I Prigogine;® namely, if the
microscopic entropy M exists, then M = AZ, where A acts on the distribution
function or the density matrix. A I non-upitary which means that it does not
maintain the size of probabilities of the states considered during the evolution
of the dynamic system, although it does mzintain the average values of thase
which ¢an be observed. “This implies the irreversibility of the system to the
equilibrium state; that js, it. implies the irreversibility of ime.

Second point:

This point has no obvicus reladonship o music, except that we conid
make uvse of lorentz-Fhrzgerald and Einstein transformations in the
macroscopic composition of music.® 1 would nevertheless like to make some
comments Telated to these transformations.

We all know of the special theory of relativity und the equations of
Lorentz Fitzgerald and Einstein, which link spacc and time because of the
finlee velocity of light From this it follows that time I8 not absolute. Yet thne
is always there. It “takes ime” to go from one point t another in space, even
If that time depends on moving reference frames relative to the observer,
There is no instantaneous jump from one point to another in space, much
less “spatial ubiquity™that is, simultancous presence of an event or an
object In two sites in space. On the contrary, one posits the notion of
displacement. Within a local reference frame, what then does displacement
signify? If the notion of displacement were more fundamental than that of
time, one could undoubtedly reduce all muacro and microcosmic
transformations to extremely short chains of displacement. Consequentdy
(and this is an hypothesis that I freely advance), If we were w adhere 1o
quantum mechanics and its implications accepted now for decades, we would
perhaps be forced to admit the notion of quantified space and its corollary,
quantified dme. But then, what could a quantified tme and space signify, a
time and space in which contiguity would be abolished? What would the
pavement of the universe be if there were gaps between the paving stones,
inaceessible and filied with nothing? Time has already been proposed as
having a quantic structure by T. D, Lee of Columbia University.

Let us return o the notion of tine considered as duration. Bven after
the experimental demonstration of Yang and Lee which bas abolished the
parity symmetry P,% it seems thut the CPT theorem still holds for the
symmeitrics of the electron (€} and of time (T), symmetries that have not yet
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been completely annulled. This remains so even if the “arrow of tme”
appears to be nonreversible in certain weak interacsons of particles, We
might also consider the poctic interpretation of Feynman,® who holds that
when a positron (a positively charged particle created simultancously with an
clectron} collides with an clectron, there is, in reality, only one clectron
rather than three elementary particles, the positron being nothing but the
temporal retrogression of the first electron. Let us also not forget the theory
of retrograde tine found in Plato’s Politicos—or 1n the futare contraction of
the universe. Extraordinary visions!

Quantum physics will have difficulty discovering the vevemibility of
time, a theory not to be confused with the reversibility of Boltzinann's “arrow
of entropy.” This difficulty is reflected in the explanations that certain
physicists are attempting to give even today for the phenomenon called the
“delayed choice” of the two states—corpuscular or wave —of a photon. 1t has
been proven omn many occasions that the states depend enmtirely on
obscervation, ia comphiance with the theses of quantum mechanics. These
explanations hint st the idea of un “intervention of the present into the past,”
contrary to the fact that casuality in quantum mechanics canrot be inverted.
For, if the conditions of ohservation are established to detect the particie,
then one obtains the corpuscular state and never the wave state, and vice
versa. A similar discussion on ron-temporality and the irreversibility of the
notion of causality was undertaken some time ago by Hans Reichenbach?

Another fundamental experiment has to do with the correlation of the
movement of two photons emitted in oppesite directions by a single atom.
How can one explain that both either pass through two polarizing {ilms, or
that both are blocked? Ttis as if each photon “knew” what the other was doing
and instantaneonsly so, which is contrary to the special theory of relativity.

Now, this experiment conld be a stareing point for the hyvestigation of
more deeply scated properties of space, freed from the tutelage of me. In
this case, could the “nonlocality” of quantum mechanics perlaps be explained
not by the hypothesis of “hidden variables” in which tdme still intervenes, but
rather by the unsuspected and extravagent properiies of nontemporal space,
siich as “spatial ubiguity,” for example?

Let 15 take yet one more step. As spuace & perceptibie only across the
infinity of chains of encrgy transformations, it could very weil be nothing but
an appearance of these chains. In fact, let us consider the movement of a
photon. Movement means displacement. Now, could this displacement be
considered an autogenesis of the photon by itself at each step of its tmjectory
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(continuous or quantized)? This continuous aute- creation of the photon,
could it not, in fact, be space?

Third point: Case of creating something from nothing

In musieal eomposidon, construction must stem from originality which
can be defined in extreme {perhaps inhuman) cases as the creation of new
rules or laws, as far as that is possible; as far as possible meaning original, not
yet known or even forseeable. Construct laws therefore from nothing, since
without any causality.

But a construction from nothing, thercfore totally engendered, tomlly
original, would necessarily call upon an infinite mass of rules duly entangled,
Such 2 mass wounkd have to cover the laws of a universe different from ouny
own. For example: rules for a tonal composition have been constructed. Such
a composition therefore incudes, a priori, the “tonal functions” It also
includes a combinatory coneeption since it acts on entities, sounds, as defined
by the instruments. In order to go beyond this slight degree of originality,
other functions would have to be invented, or no functions should exist at all,
One is therefore obliged to conceive of forms from thoughts bearing no
relation to the preceeding ones, thoughts without limits of shapes and
withont end. Here, we are obliged 1o progressively weave aa unlimited web
of catangled rules—and that alone in the combinatory realmn which itseif
exchdes, by definition, any possible continuums of sound. However, the
insertion of continnity will consequently augment the spread of this web and
its compacity. Furthermore, if one cared to engender the unengenderable in
the realm of sound, then it would be necessary to provide rules other than
those for sound machines such as pipes, strings, skins, etc. which is possible
today thanks to computers and corresponding technologies. But technology is
both but a semblance of thought and its materialisation, It is therefore but an
epiphenomenon in this discussion, Actually, rules of sound synthesis such as
those stemning from Fourier series should not be used any more as the basis
of construction. Others, different ones, must be formulated.

Arother perspective;. We have seen how construction stems from an
originality which is defined by the creation of rules and laws outside of an
individual's or even the buman species’ memory. However, we have lch aside
the notion of rules or Jaws. Now the time bas come to discuss this notion, A
rule or law signifies a finite or infinite procedure, always the same, apphied to
continuons or “discrete” elements, This definition implies the notion of
repetition, of recurrence in time, or symmetry in realms outside time (hors
temps). Therefore, in order for a rule to exist, it must be applicable several
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times in eternity’s space and time. Ifa rule were to exist but once, it would be
swallowed up in this immensity and reduced to a single point, therefore
unobservable. In order for it to be observable, it must be repeatable an
infinite number of times.

Subsidiary guestion: Can one repeat a phenomenon? (¢f. Herakleitos: “T¢
1s impossible to step twice into the same river,” and Kratylos: “not even
once.”)

But the fact remains that the universe:

a) seems, for the time being, to be mude 1p of rules-procedures,
b) that these rules-procedures are recurrent.

It 1s as though the Being (in disagreement with Parmenides), in order to con-
tinue existing, is obliged to die; and once dead, s cbliged to start his ¢ycle
again, Existence, therefore, 1s a dotted line,

Can one, at lasy, imagine an infinitesmal microscopic rule that is
engendered from nothing? Fven if physics has yet to discover anything
resembling this, despite *Lamb’s shift” (which sees cach poing in space in our
universe as seething in virtaal pairs of particles and anti-particles), we can
immagine such an eventualicy which would, by the way, be of the same natuve
as the fact of pure chance, detached from any causality.

It is necessary to depend on such a conclusion of a Universe open to the
unprecedented which relentlessly would be formed or would disappear in a
truly creative whirlwind, beginning from nothingness and disappearing into
nothing. The same goes for the basis of art as well as for man’s destiny,

Here, below, is the thesis of a few astrophysicians such as Fdward
‘Tryon, Alexander Vilenkin, Alan Guth, Paul Steinhardt, adherents to the Big
Bang theory:

If grand wnified theories are correct in their prediction that baryon
number is not conserved, there s no known conservation law that
prevents the: ohserved universe from evalving out of nething. The infla-
tionary model of the universe provides a possible mechanism by which
the olserved universe could have evolved from an infinitesimal region,
It is then tempring 1o go one step further and speculate that the entire

universe cvolved from lLiuerally nothing. {cf. Sciemtific American, May,
1984}

The multiplicity of such universes uccording to Linde® from Moscow is
ulso quite inTiguing.
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Here, below, is an alternative to the Big Bang scenario. These studies
have been followed by the physicists of the University of Bruxelles; namely R,
Brou, £. Ginzg, F. Englert and P. Spindel:

Rather than the Universe being born of an espiosion, they propose that
it appeared ex-nihilo following an instebifiy of the minkonskian ¢uan-
tum void, meaning that space-time was devoid of any matter, thercfore
flat or vyeewithout any curvature” {efl Coveney, Peter 'V,
*Llirreversibilité du tesaps,” La Recherche, Paris, February, 19893.%

‘What s extraordinary is that both propesitions, Big Bang or not, admit
a beginning, an origin from nothing, or nearly nothing with, however, cycles
of re-creation! With a mest extreme modesty, | would like o compare,
especially the last hypothesis, with a scientific musical vision T had made in
1958, At that time, | wanted to do away with all of the inherited rules of
compositdon in order to create new ones. But the question that came o my
mind at that time was whether 2 music could still have meaning even 1f it was
not buile on ruies of occurence. In other words, void of rules. Below are the
steps in this thought process:

“For 1t is the same thing to think and to be”
{The Pozm, Parmenides)

and my paraphrase
“Por it 15 the sume thing ot lo be and 1o be”
Ontology:

In a Universe of Void. A brief train of waves whose beginning and end coin-
tide {nil Time}, perpetually triggering off.
Nothingness resorbs, creates.

Itis the generator of Being.
Time, Causality,

This text was first published in Grovesaner Blitier, N° 11/12, 1858, the
revue published by the great conductor, Hermann Scherchen. At that time, I
had temporarily resolved this problem in creating music uniguely through the
heip of probability distributions. 1 say “temporarily” since each probability
functon has its own finality and therefore is not a nething.

*CE also page 24 for a slightly different rendition of the same materiat {8.K.)
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Another question

The actual state of knowledge seems to be the manifestation of the
evolution of the universe since, let us say, some fiftecn billion vears.1° By that,
I mean that knowledge is a sceretion of the history of humanity, produced by
this great lapse of time, Assuming this hypothesis, all that which our
individual or collective hrain hatches as ideas, theories or know-how, s but
the output of its mental structures, formed by the history of the innumerable
movements of its cultures, in its anthropomorphic trapsformations, in the
evolntion of the earth, in that of the solar system, in that of the universe, i
this is so, then we face a frightening, fundamental doubt as to the “true
objectivity” of our knowledge and know-how. For if, with bio-technologies
alrendy developing, one were to transform these mental structures {our own)
and their hereditythercfore the rules for the fanctioning of the brain based
on certain premises today, on fogic or systems of logic, and so on ., if one
were to succeed in modifying them, one would gain, as if by sort of a miracle,
another vision of our universe, a vision which would be built upon theories
and knowledge which are beyond the reabm of our present thought.

Let us pursue this thought. Humanity is, I believe, already on this path,
Today, humanity, it seems to me, has already taken the first step 1n 2 new
phase of its evolution, in which not only the mutations of the brain, but also
the creation of a universe very different from that which presently surrounds
us, has begun. Humanity, or generalizing, the species which may follow it
will accomplish this process.

Music i bit a path among others for man, for his species, first o
imagine and then, after many, many generations, to entall this existing
universe into another one, one fully created by man. Indeed, if man, his
species, is the image of his universe, then man, by virtue of the principle of
creation from nothingness and disappearance into nothingness (which we are
forced to set), could redefine his universe in harmony with his creative
essence, such as an environment he could bestow upon himself.

IN MUSIC

In the following comments, the points of view on time are taken from
music in gestation or under observation. This is not to say that my preceding
comments do not concern the musician. On the contrary, if it is incumbent on
musk to serve as a medinm for the confrontation of philosophic or scientific
ileas on the being, its evolution, and their appearances, it is essential that the
composer at least give some serjous thought to these types of inquiry.
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Furthermore, I have deliberately not approached the psychological
apprehension of time from higher levels, for example, the effects of the
temporal dynarmic cxperiehce while lstening to a symphony or to electronic
MUSC,

What is time for a musician? What is the fhwx of dme which passes
invisibly and impalpable? In eruth, we scize it only with the help of perceptive
reference-cvents, thix indirealy, and mader the condition that these
reference-events be inscribed somewhere and do not disappear without
leaving a trace. Jt would suffice that they exist in our brain, our memory. Itis
fundamental that the phenomena-references leave a trace in my memory, for
if not, they would not exist. Indeed, the underlying postulate is that time, in
the sense of an impalpable, Heraclitian fiux, has signification only In relation
o the person who observes, to me. Otherwise, it would be meaningless. Even
assuming the hypothesis of an objective flux of tme, independant from me,
its apprehension by a hunan subject, thus by me, must be subject to the
phenomena-reference of the flux, first perceived, then inscribed in my
memory. Moreover, this inscription must satisfy the condition that it be in a
manner which 1s well circumscribed, well detached, individualized, without
possible confusion. But that does not suffice to transform a phenomenon that
has left traces in 1ne into a referential phenomenon. In order that this
trace-image of the phenomenon becomne a reference mark, the notion of
anteriority is necessary. Bt £his notion seems to be circular and as
impenetrable as the immediate notion of flux. It is u synonym. Let us alier
our point of view, if only slightly. When events or phenomena are
synchronic, or rather, ¥ all imaginable events were synchronic, universat
time would be abolished, for anteriority would disappear. By the same token,
if events were absolutely smooth, without beginning or end, and even
without modifications or “perceptible” internul roughness, time would
fikewise find itsell abolished. It seems that the notion of separation, of
bypaﬁsing, of difference, of discontinuiity, whick are stongly interrelated, arce
prerequisite to the notion of anterlority. Tn order for anteriority Lo exist, it Is
aecessary to be abke o distinguish entities, which would then make it possible
0 "go™ from one to the other. A sincoth continuum abolishes time, or rather
time, in a smooth contingum, is illegible, inapproachable, Continunm is thus
% unique whole filling both space and time, We are once again coming back
to Parmenides. Why is space included among those things that are illegible?
Well, because of its non-roughness. Without separubility, there s no
extension, no distance. The space of the universe would find itself condensed
into 4 mathematical point without dimensions. Indeed, Parmenides’ Being,
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which fills all space and eternity, would be nothing but an ahselutcly smooth
"mathematical point.”

Let us get back to the notior of separability, first in ime. At the least,
separability means nor-synchronisation. We discover once again the noton
of anteriority. It merges with the notion of temporal ordering. The ordering
anterioity udmits no holes, ne empty spaces. It i necessary for onc scparable
entity to be contiguous with the next, otherwise, one is subject to a confusion
of ime. Two chains of contiguous events without a commmon link can be
indifferently synchronous or anlerior in relation to each other; Bime is once
again abolished in the temporal relation of each of the universes represented
by the two chains. On the contrary, local docks serve as chains without gaps,
but only locally. Qur biological beings have alse developed local clocks but
they are not always effective. And memory s a spatial translation of the
temporal {cansal} chains. We will comne back to this,

I have spoken of chains without gaps. At the moment and w0 my
knowledge, local gaps have not yet been discovered in sub-atomic pliysics or
i astrophysics. And in his theory of the relativity of time, Einstein tacitly
accepts this postulate of time without gaps in local chains, but his theory also
constructs special chains without gaps between sputially separable localitdes.
Here, we are definitely not concerned with the reversibility of ime which was
partaily examined above in light of recent discoveries i sub-atomic physics,
for reversibiiity would not abolish time.

Let us examine the notion of separability, of discontinuity in space. Our
immediate consciousness (a mental category?) allows us 0 imagine separased
entitics which, in turn, necessitate contiguity, A void 1s a unity in this sense,
contrarily to time, in which our inherited or acquired mental notions bar us
from conceiving the absence of time, its abolition, as an entity sharing time,
the primordial flux. Flux cither is, or is not. We exist, therefore it s, For the
moment, one cannot conceive of the halting of time. All this is not a
paraphrasc of Descartes or better yet, of Parmenides: it is a presently
impassable frontier. (But certainly, by using Parmenides once more, passable:
“TO TAP AYTO NOEIN ELTIN TE KAl EINAI™).

To get back w space, the void can be imagined as a dwindling of the
entity (phenomenon) down to un infinitesimal tenuousness, having no
density whatsoever. On the other hand, w travel from one entity to another is
a resnlt of scale. I a person who voyaged were small, the person would not
encompass the totality of entities, the universe at once. But if this person’s
scale were colossal, then yes, The unwerse would offer itself in one stroke,
with hardly s scan, as when one examinces the sun from afar,
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The entitics would appear, as in & snapshor, reunited in a dense
network of nontemporal contignities, uninterrupted, extending through the
entire universe. I said, in a snapshot. This is to say that in the snapshot, the
spatial relations of the entdes, the forms that their contiguities assume, the
seructures, are essentially outside time (hors-teiups), The flux of time does
not intervene in any way. That is exactly what happens with the traces that
the phenomenal entities have left in our memory. Their geographical map is
ocutside time,

Music participates both in space outside time and in the temporal flux,
Thas, the scales of pitch; the scales of the church modes; the moyphologies of
higher levels, structures, fugal architectures, mathematical formulae
engendering sounds or pieces of music, these are outside time, whether on
paper or in our memory. The necessity to cling against the current of the
river of time is so strong that certain aspects of fime are even hauled out of'it,
such as the durations which becore commutable. One could say that every
temporal schema, pre-conceived or post-conceived, Is a representation

ontside time of the temporal flux in which the phenomena, the entities, are
inscribed.

Due to the principle of anteriority, the flux of tine is locally equipped
with a structure of total order in 4 mathematical sense. That is to say that its
image in our brain, an image constituted by the chain of successive events,
can be placed in a one-to-one correspondance with the integers and even,
with the aid of a useful gencralization, with real numbers (rational and
irrational). Thus, it can be counted. This is what the sciences in general do,
and music ag well, by using its own clock, the metronome, By virtue of thig
Same struacture of total order, time can be placed i 2 onc-o-ons
correspondence with the points of a line. Tt can thus be drawn,

This is done in the sciences, but also in music. One can now design
temporal architectures—rhythms—in a modern sense. Here is a tentative
adaomatization of the temaporal structures placed outside of time:

1. We perceive temporal events.

2. Thanks to separability, these events can be assimilated to lendmark
pornts n the flux of thme, points which are instantaneously
hauled up ontside of time because of their trace in our memory,

3. The comparison of the lendmark points allows us to assign o them
distances, intervals, durations. A distance, translated spatially,
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can be considered as the displacement, the step, the jump from
one point to another, a nontemporal jurnp, a spatial distance.
4. 1t is possible to repeat, to link together these steps in a chain,
5. There are two possible orientations, one by an accumulation of
steps, the other by a de-accumulation,
From here, we can construct an object which can be represented by points on
a line, evenly spaced and symbolized by the numeral 1 with index zero: 1, =
fon -B8,-2,-1,0,1,2.8,.) This is the regular thythm, corresponding to the whole
numbers. As the size of the step is not defined in the preceding propositions
{recalling Bertrand Russell's observation concerning Peano’s axiomatic of
natural numbers'), we can affix to the preceding object the following objects
which I call “sieves,” by using solely proposition 4:
2o = {..»4,2,0,24,6,.} or 2, = {.-8,-1,1,3,5,. .} or
8y= {..-3,0369,.}or3, = {..-5:2147,. }or
8, = {..,4,-1,258, Yew.

From these objects and their modular nature, and with the help of these three
iogical operations:

I

U union, dispunctionex. 2, U 2, = 1,

N intersection, conjunction ex. 2, N 2, = 0
" complementarity, negation ex. ?0 = 2,

we can construct Jogical functions L—that is o say, very complex rhythmic
architectures which can even go as far as a random-fike distribution of points
on a line—if the period is sufficiently long. The interplay between complexity
and simplicity is, on a higher level, another way of defining the landmark
points, which certuinly plays 2 fundamental role in aesthetics, for this play is
Juxtaposed with the pair release/tension.

Example of 2 logical function 1

The upper-case letters designate moduli and the subscripts designate shifts in
relation 0w 7er0 point of reference.

Up w this point, we have examined time perceived by means of onr
facnities of attention and conscious thought—time on the level of forms and
structures of an order ranging from tens of minules to approximately one
twenty-fifth of a second. A stroke of the bow is a referrential event that can
define durations of a fraction of a second. Now, there are some sublininal
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events found on several even fower levels. Such an example is that of the
temporal segmentation produced by a very choppy amplitude envelope on
the sound of an unvarying sinuscidal wave form. H the duration of the note is
long (about one minute), we perceive the rhythms of the beats as pleasant,
moving vibratos. If the duration is relatively short {three seconds), the ear
and the brain interpret it us a fimbre. That is to say that the result of
subliminal, unconscious counting is different in nature and is recognized as
timbre,

Let us take a brief moment 10 consider the mechanism of the internal
¢ar conpled with the brain which recognizes the wave form-—that is to say,
the timbre—and the frequency of a sound. On the one hand, it seems that the
points of deforsmation of the basilar membrane play a fundamental role in
the recognition; but, on the other hand, a sort of temporal Morse code of
clectzical discharges of neurons is taken statistically into account for the
detection of toue. A remarkably complex subliminal counting of time is
taking place. But knowledge of scoustics in this domain is still very limited.

On this sublimsinal level, here is another disconcerting phenomenon. It
i¢ the result of a new theory on the synthesis of computer sounds which
circumnvents the harronic synthesis of Fourier, practiced everywhere today, a
theory which § introduced now more than fificen years ago.® Itis a question
of beginning with any form whatsoever of an clementary wave, and with each
repetition, of having it underge small deformations according o certain
densities of probabilities (Gauss, Cauchy, logistic,..) appropriately chosen and
implemented in the foun of an abstract black box. The result of these
deformations is perceptible on all levels, microstracoure (= timbre),
ministructure (= note), mesostructure (= polyrhythm, melodic scales of
infensities), macrostructure (= giohal evolution on the order of some tens of
minutes),

1{ the rate of sampling had been 1,600,000 or 2,000,000 samyples per
second instead of approximately 44,100 (commercial standard), one would
have had an effect of sounding frmctals, with a sonorous effecs which is
impossible o predict.

We see to what extent music is everywhere steeped in time: () fime in
the form of an irmpaipable flux or {8} time in its [rozen form, outside time,
made possible by memory, Time is the blackboard on which are inscribed
phenomena and their relations outside the time of the universe in which we
live. Relations imply architectural structures, rules. And, can one imagine a
rule without repetition? Certainly not. I have already treated this subject.
Besides, a single event in an absolute eternity of time and space would make
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no sense. And yet, each event, like cach individual on earth, is unigue. But
this uniqueness is the equivalent of death which lies in walt at every step, at
every moment. Now, the repetition of an event, its reproduction as faithiully
as possible, corresponds to this struggle against disappearance, against
nothingness. As if the entire universe fought desperately to hang on to
existence, to bcing, by its own tireless renewal at every instant, at every
death. The union of Parmenides and of Heraclitus, Living species are an
example of this struggle of life or death, in an inert Universe launched
perhaps by the Big Bang (s it really iners, that is, without any changes in its
laws?). This same principle of dialectical combat s present everywhere,
verifiable everywhere. Change—for there 15 no resf—the couple death and
birth lead the Universe, by duplication, the copy being more or less exact.
The "nore or less” makes the difference between a pendular, cyclic Universe,
siyictly determined {even a deterministic chaos), and a nondetermined
Universe, absolutely unpredictable and chaotic. Unpredicrability n thought
obviously has no limits. On a [irst approach it would correspond to birth from
nothingness, but also to disappearance, death into nothingness. At the
maoment, the Universe seems to be midway between these twe chasms,
something whicl could be the subject of another smdy. This study would deal
with the profound necessity for musical composidon to be perpetually
orginak-philosophiocally, technically, acstheticaliy

I what follows and as a consequence of the preceeding axioms, we will
study in greater detadl the practical questions of how (o create a sieve (=
serics of points on a line), beginning from a logieal function of moduli
{periads), or inversely, from a series of points on a line, how W create a
logical function of moduli which should be able to engender the given series.
This time, we shali usc series of “pitches” taken from musical space,



Chapter Xl

Sieves®

In music, the question of symmetries (spatial idenuties) or of periodicities
(identities in time) plays a fundamental role at all levels: from a sample in
sound synthesis by computers, to the architecture of a piece. It i3 thus neces-
sary to formulate a theory permitting the construction of symmetries which
are as complex as one might want, and inversely, to retrieve from a given
series of events or objects in space or time the symmetries that constitute the
series. We shall call these series “sieves.”!

Everything that will be said here could he applied to any set of
characeeristics of sound or of well-ordered sound structures, and especially, to
any group which entails an additive operation and whose clements are
muitiples of a unity; that is to say that they belong to the set N of natural
numbers. For example: pitches, time-points, loudnesses, densities, degrees of
order, local timbres, ete. Tn the case of pitches, there must be a distinction
bepween sieve (scale) and made. Indeed, the white keys on a piano constitute
a unique sieve {(scale} upon which are formed the “modes” of G major, D, E,
G, A (natural minos), etc. Just like Indian ragas oy Olivier Messizen’s modes
“of fimited transpositions,” modes are defined by cadential, harmonic, etc.
formulas.

But every well-ordered set can be represented as points on a line, as
long as a reference point is given for the origin and a length u for the unit
distance, and this i3 a sieve, Historically, the invention of the well-tempered

*This chapter is scheduled to appezr in a Buture Issue of Perspectives of New Music,
Johs Rahn's personal contribution to the following material is mosl appreciated
1X)
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chromatic scale, attributed to the Renaissance, is of upmost importance since
it provided a universal standarization of the realm of pitches, as fertile as that
which already existed for rhythm. However, it should be remembered that
the Brst theoretical attempt towards such an approach which opened the path
to aumber theory in music dates back to Aristoxenas of Tarent, during the
IVih century B.C,, in his “Harmonics, ™

CONSTRUCTION OF A SIEVE

Starting from symmetries (repetitions), let us construct a sieve (scale)
As a melodic example, we shall construct the diatonic seale formed by the
white keys of the piano,

With & = one semilone = one millimeter and a zero reference point
taken arbitrarily on a note, for example €3, we can notate the diatonic sieve
(scale} on graph paper scaled to the millimeter, by means of points to the left
and to the right of this zevo reference poinr with successive intervals counted
fromlefttoright 0£2,2,1,2,%,%,1,2, 2,1, 2, 2, 2, ... millimeters, or we
can write the sieve in a logical-arithmetic notadon as L = 12, U 12,0 12, U
12, U 12, U 12, U 12,, where 12 is the modulus of the symmetry {(period) of
the octave with 1 for the semitone. This notation gives all the Cs, ali the Ds, ...
all the Bs, considering that the moduli 12 repeat on both sides of the zero
reference point. The indices, €, 2, 4, B, 7, 9, 1] of the modulus 12 signify
shifts to the right of the zere of the modulus 12 They also represent the
residue classes of congruence mod. 12.

With a different unit distance u, for example, a quartertone, one would
have the same structure as the diatonic scale but the period of the series
would no longer be an octave, but an augmented fourth,

{n a simifar fashion, a periodic rhythmn, for example 3,3, &

S N 0 T A

can be notated as L. = 7, U 7, U7, In both of these examples, the sign (3is a
logical union (and/or) of the points defined by the moduli and their shiftings.
The periodicity of the diatonic sicve (scale) is external to the sieve iself
and is based on the existence of the modulus 12 (the octave). Its internal
symmetry can be stadied in the indices T shiftings, residue classes) of the
terms 12, But it would be interesting to give, when it exists, a more hidden
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symmerry derived from the decomposition of the modulus 12 into simplier
moduii symmetries, periodicities), such as 3 and 4, a decomposition: which
would have the advantage of allowing a comparison among diffarent sieves in
order to study the degree of their difference and to be able 1o define a notion
of distance in this way.

Let us take the clementary sieves 3, and 4,. In taking the points 3,
andfor the points 4, we obtain aseries H, = (.., 0,8, 4,6, 8,9, 12, 15, 16,
18, 20, 21, 24, 27, 28, ... } = 8, U 4, andd if C is the zero and 8 = one
semitone, H | becomes (... C, B#, B, F#, G#, A, C, D#, E, ..). But if we take
the points common to 3, and 4,, we obtain the series H, = { ..., 0, 12, 24, 36,
) = B, [t 4, where the sign N is the logical intersection (and) of the sets of
points defined by these moduli and their respective shiftings.

Hence, we observe that the series H, can be defined by the modulus 12
= 3 * 4 and by the logical expression L. = 12, which gives the octaves. The
number 19 is the simallest connnon m ultiple of 3 and 4, which are coprime,
meaning eheir largest common denominator is 1.4

Let ns imagine now the lementary sieves 2, and 6, Then G = 2, L = (
«:0,2, 4,6, 8,10, 12, ..} and the common points in G, = 2,11 6, = (.., 0, 6,
12, 18, .. ) Bu here, the series is no longer made into octaves as in the
preceding case,

To understand this, let us take another example with elementary
modnii M1 = 6 and M2 = 15 which have been adjusted to the original. We
then form the pairs 6, = (M1, 11) and 15, = (M2,I2) with I} = 0 and I2 = ©
as indices,

The series of the nnion (M1, 1)U (M2, 12) = Kl willbe Kt = { .., 6,
15, 18, 24, 80, 36, 42, 45, ...} and their common points {the intersection) will
form the series (M1, 11) 1 (M2, 12) = K2 where K2 = { ..., 0, 30,60, ..}. The
peried is clearly equal 1o 30 and the largest common denominator D of 6 and
151s 3 {which is, by multiplication, the part congruent to M1 and M2) and the
smallest common multple is M8, equals 80. Now, 6 divided by the largest
common denominator D is C1, equals 2; and 15 divided by the largest
comman denominator D is G2, equals 5. Generalizing, the period of the
points common 10 the two moduli M1 and M2 will be the smallest common
multiple M3 of these two moduli. So, (M1, I1) N (M2, 12) = (M3, I3) with 13
= 0, 1f 1] = ]2 = 0 and M8 = D * C1 * C2, where C1 = M1 /D and C2 = M2
FR R

it will also be noted that the operaton of logical union, notated as U, of
the two elementary moduli M1 and M2 is ammulative in that it takes into

Sieves 271

account the periodic points of both modnli simultaneously. On the other
hand, the logical operation of intersection, notated as 0, is reductive since we
take only the points common to both moduli.

‘When we mix the points of several moduli M1, M2, M8, M4, ... :

a} by union, we obtain a sieve which is dense and complex
depending on the elementary moduli;

Pl (ML, 11} U (M2, 12) UMS3,13) U ..

b} by intersection, we obtain a sieve which is more rarified than that
of the elementary moduli, and there would even be some cases
in which the sieve would be empty of points when it lacks
coincidences;

P2 = (M1, T1) 1 (M2, 12) 1 (MB,I3) ...

¢} by simultancons combluations of the two logical operarions, we

obtain sieves which can he very complex;

@ Lo [MIL DD A MIZID Ny U {21, 120 N (M2, 199)
AV IR SR F I )

ke ki)

=3 (1)

i=1 1

The intersection of each set of pans between curly brackets shonld furnish a
singte final pair, if it exists. The final pairs will be combined by their union,
which will provide the desired sieve.

Now let us examine the rigorons formuation of the calculation of the
intersection of the two modufi (M1, 11) and (M2, 12) where the periods M1
and M2 start from some T and 12 respectively. First I1 and 12 are reduced by
taking thelr modull in relation to M1 and M2, 11 = MO, M) and 12 =
MOD{I2Z, M2)2

The first coincidence will eventually appear at a distance:

{n Se=T1 4+ A *MI1 =12 + o * M2
wherc 4 and ¢ are elements of N, and  MI = D ¥ G and M2 = D * C2 with
B equad to the largest common denominator, C1 and C2 being coprime, then
the period M3 of the coincidences will ber M3 = I * 1 * C2. From (1) there
{ollows:

1812 = (g *D*CYH- A *D*ClYand

112/ D = (¢ *C2)- A * Cl).
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Now, since the expression on the right of the cqual sign is a whole
number, the expression on the left of the equal sign should also he a whole
rurnber, But, # 11 - 12 is not divisible by B (for some I1, 12}, then, there are
no coincidences and the intersection (M1, 11) (M2, 12) will be empty. 1f not:

(2 1 -1/ D=WENandW = *¥C2-4*Cl, as weli as.
YW+i*Cl=ag*C2
But following Bachet de Meziriac’s theorem (1624}, in order for x and y to be
two coprimes, 1t is necessary and sufficient that there exist two relative whole
nagnbers, Fand £, such thae;
(3) 148*x=_(%y or
i¥x=8"*y+1
where £ and { * come from the recursive equations:
(4) MODE * G2, C1) = 1 and®
6y MOD{E ' * Cl, C2)
while letting £ and { ' run through the successive values 0, 1, 2, 3, ... {except if
Cl=1andC2=1)
But since C1 and C2 are coprime, there follows from (2) and {3
Afo=¢, ojF=f L/(W={"and

(5} 18 = MODEIZ + £* (11 - 12) * C2), M3} or
18 = MODII + &' * (12- 11} * G1), MS)
with M3 = D ¥ C1 * C2,
Example 1: M = 80,11 = I8, M2 = 42,12 =48, D = §, Gl = 10, G2
=7, M8 = 6% 0% 7 = 420, with Cl and C2 coprime,

= 24, with C1 and G2 coprime.

From (1) we get: § = 1.

And from (6) we get: 18 = MOD{3 + 1 * (3. 8} * 4), 24) = B; thatis,1n
the case thar 11 = 12, then I8 = 1] = I2, and here M3 = 24 and 13 = 3,

Take the preceding example bul with }1 = I3 and I2 = 4, so 11 s not
equal to 12, Since 11 / D = 1.5, which 1s not an element of N, there are no
coincidences and M3 = 0 and 13 = 0, But, if 11 = 2 and 12 = 186, and since (11
~I2Y/D = 7 TN, we obtain from {4} £ = 1 and from (6} 13 = MOD{O + 1 * (2

Sieves

Computation of the Intersection (M1,11)n (M2,12) = (J43,13})
Are given: M1, M2, 11, 12, with Ii = MOD(h, M) =0

D Copad SErEnsES

D = the largest common denominatayr of M1 and M2

M3 = the smallest common multiple of M1 and M2
CleME/D,C2=M2/T, M3 = D*(CL* (2
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To compute several simultaneous intersections (coincidences) from an
expression between brackets in the equation (0) of I, it suffices w0 caleulate
the pairs in that expression two by two, For example:

k0=4 k@)

=3 (1)

=1
= {3, DN NN 6 I1DNE DU IS ) N3A5 18 U
{{(18,B) N{8,6) N4, 2)} U {(6,9) N (15,19}, with kO = 4.
For the first expression between brackets, we fisstdo (8, )N (4, 7) = (1%,
11), tren, afier modilar reduction of the wdices, (12, 1131 (6, 5) = (12, 11},
then (12, 11) N (8,7} = (24, 28). We go on to the following brackets, and so on.
Finally,

we f, k(Zy = 2, k(8) = §, k(4) = 2,
Throngh a convenient scanning, this logical expression will provide us with
Hie points of a sieve constructed in the following fashion:
H o= { .. 8,28 83 47, 68,70, 71, 98, 05, 119, 123, 143, 158,
167, .. 479, ..}
with a period of P = 1580, The zero of this sieve within the set of pitches
can be arbitrarily taken o be ¢ = 8.25 Hz and at ten octaves, (21 * 8.25 =
16384 Hi) with u equal to the sermitone. It will give us the notes #D,, By, Aq, By,
#Dy, #A, By, ete
For the same zero taken to be G, and for u to be equal to a quartertone,
the seties gives us the notes ## C,, +B,, +E,, +B, +Gy Be, WA, +8B),
+8a, #h G, ete.

inverse case

Let us start from a series of polmts either given or constructed
intuitively and deduce its symmenries; that is to say, the moduli and their
shiftings (Mj, Ij), and consuruct the logical expression L describing this scries
of points. "The steps to follow are:

aj each point is considered as a point of departure { = in) ofa
rmocludas.

b) to find the modalus corresponding to this point of departure, we
begin by applying a modulus of value @ = 2 unities. [feach
one of its multiples meets a point which has not already been
encountered and which belongs to the given sieve, then we
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keep the modulus and it forms the pair (Mn, In). Bocif any one
ofits multiples happens not (o correspond (o one of the points
of the series, we abandon it and puass on 0 Q + 1. We proceed
so until each one of the poings in the given series bus been
taken IO account

c) if for a given Q, we garner all its points (Q, 1k) under another pair
{M, Iy that s, if the set (€, 1k) is inclnded in (M, 1}, then, we
ignore (Q, k) and pass on to the following point i, .

dj similarty, we ignore all the (Q, 1) which, while producing some of
the not-yet-encountered points of the given series, also
produce, upstreamm of the index 1, some parasisical points other
than those of the given series.

An example: from the preceding series H, we wilk select only the points
between 3 and 167 inchusive. Then, we could construct the following union:

L = (73,70} U {20, B} U (24, 293),
with P = 8760 s its period. However, if the same series H
were limited between the points 8 and 479 inclusive, {this time
having 40 points}, it would be generated hy:
L == €30, 3) U (24, 23) U (104, 70},
the modulus %0 covering 16 points, the modulus 24 covering 20 points, and
the modulus 104 covering 4 points. The function L is identical to that given
earlier. Its perod is 1560,

I general, o find the period of a series of points derived from a logical
expression whose definitive form is the union of moduli (Mj, 13}, it is enough
10 compose the intersection of the moduli within the purentheses rwo by two,

Forexample: Ml = 12, M2 =6, M3 = B, MIMM2=D*Cl* (2 =6*2
1= 2= MMM MB=D*CI*C2=4%3%2 = 24 And the period ’ = 24,

In general, one should take into account as many polnts as possible in
order to secure a move precise logical expression L.

Melabolac of Sieves

Metabolae (oransformations) of sicves can come abont in various ways:

U3, 2)U (7, 3y of period P = 105 will give the series:

MN={.,28458,9,10,11, 14, 17, 19, 20, 23, 24, 26, 20,
31, ..} Bueifa whole number n is added to the indices, the
expression L becomes fora = 7
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L7 e (B, 13 U {3, 93 {7, 10} and afler modular reduction of
the indices:
L= (5, UG, 0 LT, 8), of the same period ' = 105,
Theseres ¥ = {..,0,1,3,6,9, 10, 11, 12, 15,36, 17, 18, 21, 24, 26, 27,
30, ...} derived from this last expression 1/, having the same intervallic structare
as the IT series and differing from it only by its inital point, which is given by the
smadlest index of the expression 1 and by a shifiing n of the intervallic soructure
of H. Indeed, if in the series H, the intervals start from 2, which is the index of
thie snallest modulus ol M, then the same intervals are to be found starting from
2 + 7 = 9 within the series 1" This case is what musicians call “ansposition”
upwards and is part of the technique of “variations.” I, on the other hand, we
add to each index any whole number n, then the intervallic structure of the sieve
changes while its period is maintained. For example: add 3, 1, and -6 respectively
10 the three indices of L, which hecomes afier their modular reductions:
L={5,2)U(, 0) U7, 4) of period P = 105, and which gives:
FM=1{.,0,22%4,6701112 15 17, 18,21, 22, 24, 25,
27, 3¢, 32, ..}
b) by transformutions of the logical operations in some manner,
using the laws of logic and mathematics, or arbitrarily.

c} by the meadification of 1t unity u. For example, sing the national
anthem, which is based on the diatonic scale {white keys), while
transforming the semitones into quartertones or into
eighthtones, etc. I this metabola is used rarely melodically or
harmounically, it does however ocour in other characteristics of
sound such as time by changes in temapo, and this, as far as
history can remeinber.

Canclusion

i provisional conclusion, it will be said that sieve theory is the study of
the Internal symmemries of a series of points gither constructed intuitively,
given by observation, or invented completely from moduli of repetition.

In what has been demonstzated zbove, the examples have been mken
from instrumental music. But it is quite conceivabie to apply this theory to
compater gencrated sound synthesis, imagining that the amplitude andfor
the sime of the sound signal can be ruled by sicves. The subde symmaetries
thus created should open a new field for exploration.

Chapter X1

Sieves: a User’s Guide

I would like to give credit and express my thanks to Gérard Marino, a
pragrammer who works with me at CEMAMu, He has adapted my own pro-
gram which ¥ eriginally wrote in “Basic” into “C.”

"The program is divided into two parts:

A. Generation of points on a straight line fromn the logical formula of
the sieve,

B. Generation of the logical formula of the sieve from u series of points
on a straight line.
A GENERATION OF POINTS ON A STRAIGHT LINE
FROM THE 1L.OGICAL FORMULA OF THE SIEVE

Example:

DEFINTTION OF A SIEVE:
L= {3v(*... %]

S Al { R R 1)
+ ..

OB OT. R0

In each parenthesis are given in order: madnins, starting point

{taken from the sct of integers)
I} + {}isa union
£} * 0 is an intersection

Given lhe formul of 2 sieve made out of unions and Interscetions off
moduli, the program reduces the number of intersections to one and
i\f-f:p&. only the given unions, The abscissa of the final pois of the
sieve are computed from these unions and displayed,

NUMBER OF UNIONS ? = 2

union I number of modules ? = 2

modulus 1?2 =3
start ? = @
modulus2? =4
start ? =7
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;zriion 2ranumber of modules P = ¢ podulus1? =6
start ¥ w G
modulus 27 = 15
start. ¥ = 18

FORMULA OF THE SIEVE:
L= [[3 D*(4 7]
+{ 16 9*(1518)]

REDUCTION OF THE INTERSECTIONS:

union }
B (@ 1=0%11
decompression into prime moduales?
{press 'y for yes, any other key for nok y

{12,11) = 4,3) * {32}
union 2
[ 6,9 % {15,18))] = {30,3)

decompression into prime modules ?
{press 'y for yes, any other key for noh y

SIMPLIFIED FORMULA QF THE SIEVE:
L = L{ 12, 11} +( 30, )

POINTS OF THE SIEVE CALCULATER WITH THIS FOPRMULA:

rank of fivst displayed poine 2 = ¢

press <enter> to got a series of 10 points

Rank

& 4 i 23 33 35 47 58

18 9% 495 197 119 128 131 143
24 174 8% 191 208 213 215 Q2%
36 263 273 275 287 254 205 31
40 347 354 363 371 383 493 365
50 431 443 453 45% 467 479 48%
60 515 587 559 543 H5% 563 573
76 603 611 523 £33 635 647 659
80 693 695 7o 71% 723 31 7453
94 TG 783 791 803 813 415 827
106 883 873 8Y3  8BT 896 603 91l
118 847 95% 983 o971 983 903 90
120 1031 1043 1033 10565 1667 1979 (083
130 11315 13187 1138 1143 1151 1183 1173

63
158
paedts
323
407
491
575
663
758
854
923

1867
1091
1175

71
155
243
333
419
503
287
671
755
343
933

HIEL
1103
1187

83
167
253
335
428
S
580

767
8n3
935
1023
1113
119g
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Line# Source Line
1 #Finclude <stdiueh »
2 #Finclude <sidlib.h>
3  #include <coniuc.h>
4
O 1 1 o T
g typedef struct M peried { congruence class ) *
2 short mod; * modulus of the peried *f
3 shorting /% surting point *f
1¢ 1 periode;
i1 typedef struct ¥ intersection of several periods i
12
13 shors elnby M number of wrms in the Intersection . %
14 periode *ck /# terms in the intersection *
15 periode crn f# resnlting period i
16 unsigned long ptval;  current point vatue *
17} mten
1B i i Bmetion PYOUIYPES = s s s s e
19 periode Reducinter{short ul; /* computation of the inlersections *
20 short Euclidefshort mlshort m2) /™ compuation of the LGP *f
2} short  Meziviacishors ¢l short ¢2); /* computation of "dzetd® *}
22 void Decompos{periode prff decompasition into prime factors *
23
DA P s s v s s+ TR FRAEIIEE wv s ssrs srmate i s s s s e e+ s s *f
2% inrer  ™Cridy * sieve formula b/
26 short unb = & * number of unions in the formula *f
7
28 short wl,ul,us=0; M eurrent. union index *f
29 short i=0; * carrent inlersection indox *f
38 unsigned long lastvalnlpinb = 0;
31 perinde GL_EMPTY = { 0,8 }/* empiy period f
ag
33 d#define NONEMPTY 1§
%4 short {lag = {3
35 short decomp =G
36
35 wvoid main{void)
39
40  printf"SEEVES: user’s guidcinin®
41 A, GENERATION OF POINTS ON A STRATGHT LINE FROMw"
42 ®OTHE LOGICAL TORMULA OF THE SIEVE W
43 "Examplenn’
44 et e+ s s s s
45 "DEFINITION OF ASIEVEN"
46 L= O* L A
a7 n O O
48 * + A"
49 TR0 . (R o
5D "It each parenthesis are given in order: modulus, starting poingin”
51

"laken from the set of inwgorshin”
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Line#t  Souree Line

&5
5%
54
hh
56
57
58
54
G
&1
62
63
Gd
65
66
67
68
69
T
71
72
78
74
75
76
T
78
7%
86
81
82
83
84
85
86
87
BH
29
40
91
92
93
G4
45
96
97
48
29
i0G
101
102
1e3

"[] + [1is 2 unmionin®

"F{) s an intesectoninin®),
S 1L (ST
*Given the formula of a sieve made out of unions andin®
"intersections of moduli, the program reduces the number ofin®
Fintersections 10 one and keeps only the given unions.n®
“Then, the abscissa of the final points of the sieve arein®
‘computed from these unions and displayed.yn™),;

mmm s e rens etk the formnla of the slove eoee s s ¥/
while (unb == 0}
{

{*
print"NUMBER OF UNIONS # =),
scanf{"%d" Zeunh),
¥

fCrib = {inter *)¥malloc (sizeofiinter) * unby)y
if{f{Crib wmam NULL)

printf{"not enough memory\n™);
ti:xit{l %

printfi®-- rtmnman \n');
for {u = 0; u unb; n+-+)

printf{"union %d: number of modules F =", u + i}
seanfid”, &fCribinlcinb);
printf{"n"y;
Lribful.cl = {periode *)(malloc (sizeof{periode) * flribful.clnb)y
H{{FCrb[i]cl == NELL)
£

printf{"not enongh memory\in™y;
exit{l}y;

fo; (i =01 Cribluleinb; i+4)

printf"n modulism Fed 2 =", 1 4+ 1)
seanf{{("%d", &fCribful.cifil mod);
priotf” start 7 o= g
seanf{*%d", &fCribul.clfilini);
}
Pt e L")
}
FH sivmmininnin - peduction of the formula - s ¥/
printfi" FORMULA OF THE SIEVEinn”
L} .1'“ P E ﬂ);

for {u = 0; 5 unb; w4}
if {ur Ju= 0
printf{" +1 "%
for i == 01 fCriblu].cinb; i++}
{

if 1= 0)
{
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Line# Source Line

104
105
106
1067
108
109
116
111
1z
113
il4
115
116
117
118
s
120
121
128
123
124
125
126
127
128
126
139
141
132
154
134
135
136
157
138
139
14¢
i1
142
142
144
145
146
147
148
148
150
151

15%
153
154

%4 ==0)
printf{"n "\

gyrimf("’“ ",
printf{"{%5d,%5d) 7, fOribulcliilmod, fCribiul.cllilini}
pgimf{"]\n“);
priitf (TR 1oL

printf{"REDUCTION OF THE INTERSECTIONS \min™;
for fu = G u unb; ud-+)

printf{’union %din {"u+ 1)
for i = 0;1 Criblulcind; i+-+)

{ . . .
printf{"{%d, %ed) ", {Cribful.cifitmod, [Criblu}.clfilini);
i (i b= {Criblul.elnk - 1)

pringf{™ "}

{Cribfis].ir = Reduclater(u); /* reduction of an intersection */
printf{"] = (¥ad, %)Y inin", fCribful.clr.mod, fCrib{uldrini);
printf{"  decomposition into prime modules Pn®

" (press 'y for yes, any other key for no): ")
if {getched) ==y}

{ 4 4 1
printf{fain (96, %dY", fCrib{n}.ciramod, Eoribjulcirind);
DecompeastCrib[ulcir)

}

cise
printf{"nn™);
}
print{” " ) .
¥ s neeemeeees display the sioiplified formula wee-es e /

pricf("STMPLIFIED FORMULA OF THE SIEVEAR\R")
printf{® L="}
for (u =0 u unb; u++)

{
iffa te G}

{

if{11% 4 == 0}
prind{Mn "%

printf{’+ ")

}
prind{"{%5d,%5Hd} ", fCriblul.elr.anod, Criblulcledni)
¥

g T ——
}?‘ --------------------- pOints 0f he SIEVE wmnmecvesrsr e s o 222 */

printf{"POINTS OF THL SYEVE CALCUTLATED WITH THHS
FORMULANGT,

printf{"rank of first displayed point P ™y

scanf("gelu" &nl);

nd = pd- b % 1Y
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Linedt  Sowrce Line

155

156

157

158

159
166
6l

162
163
164

165
166
167

168
164
170
171

172
¥
174
175
176
77
178
176
180
181
182
183
184
185
186
187
148
159
166
193

192
198
164
195
196
197
168
199
206
201
262
203
204
205
206

prinf{fnpress <enter> w goet a sorics of 10 polnsinin”
*Rank  |")
for {u = 0y u unbyu++}
{
i (foribluldrmod t= 9 | ] flnibjulclrini 1= 0)
{

fCriblul.ptval = {Cribfulelring
flag = NONEMFPTY;
}

else
foribjul.pval = OxFFFEFFFE;

if {fag = WONEMPTY)
return;
ul = ul =4
fastval = 9xFFFYFFYEY,
while {1}
{

for fu = {u0 + % unb; u l= ulju = (u 4+ I} % unb}

H {fCriblul.prval {Cribfullpival)

ul =
}
if {fCribfull.poval 1= lastval} /* new point®/
{

tastval = fCrib{uilptval;
if {ptnb = n0)
{

i {pnh % 10 == Q)
{

gotch{y; /* get a character from the keybourd %
prnUfn %7l |7, pinb);
1

pricef{"%61 ", {Cribfullpwal);
i

pob++;

¥
fCriblull.prval += fCrib[ullermod;
ul = ul;

}

periode ReducInterishort u)

{

periode clell cl2cll;
short  pged, T,
fong  «lcl;

18 = fCriblu}.cl[0);

{
cll = dd;
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Line# Source Line

207
208
209
210
211
218
213
214
215
216
217
218
219
220
221
222
293
224
225
226
227
228
220
230
231
232
233
34
kT
236
237
258
286
240
241
242
243
244
245
246
247
248
244
250
251
252
255
254
55
256
257
258

ci2 = fribful.cn};
if {¢il.mod cl2 mod)
{
ol = cll;
el = cl¥;

cl? = ol

}
{cllmod 1= 0 && clZ.maod 1= {)
{
cliint % cllomod;
¢l Yo €12 mod;
}
else
retarn G, EMPTY:
7 module resulting from the intersection of 2 modules ¥/
pged = Euclide{dll.mod, d2.mod);
el = cllmod [ pged;
€2 = ellmod/ pged;
i (pged 1= 1
&8 { {cl) ini - cl2ini} % pged 1= 0 1}
retsrn Ci, TMPTY,
fipged = 1
&k ({cllini - cl.ind) % ppoed == O}
&8 (dlmil= i@} &k {c] == )}
{

cilmed = pged;
cidint = cliang;
cortinue;
}
F = Mezirtac{{short) cI, (short) ¢<2);

cidini = (short) ({ dLini
+ T ¥ {eddani - cliami) * ¢} % ci3.mod);
while {ci3.int dlint || clf.ini cl%ini}
cidint += cif.mod;
H

roturn ol

/* of prime modules %/

void Decomnpos {(periode pr}

periode pf;
short ot

H {promod == 0}
{

printf{" = ($Bd %d) ", promod, prindh
return;
}

printfl" =");

for {1 = 0, fot = 2; promod b= 1 fot+ 4}
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Line# Source Line

254
260
261
262
263
64
265
266
267
268
260
270¢
271
272
273
274
275
276
297
278
275
280
281
282
283
284
285
286
287
288
285
290
291

g2
4as
2494
295
246
297
268
295
300
301
302
403
504
305

{
pfmod = 1;
while {pr.mod % fot == 0§ && pranod f= 1)

{
pfmod *e= fery
prasod Ju= et .

}
if {phmod 1= 1)
{

plini = pr.ini % pf.mod;
prini %= pr.mod;
1f (i t= 0}
Find(" *Y;
prind{" (%ud,%d), pf.mod, plini}
by

}
}
printfiin");

frememooooox Beclde’s algorithmes smm o s *
short Euclide {al, a2} /al =al 0%

short al;

short a2;

{

short imp;

al = ad;
a? = tmp;
1
return: a2;
} »

£ wom o = B Meziriac’s theorem e s
short Mezinace {01, ¢2} ol =8 0¥
short ¢}

short €2
{
short T =
H{c@ w1}
T = 1
else .

while {((++T * 1} % ¢2) 1= 1}

E
return T

}
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B, GENERATION OF THE LOGICAL ¥FORMULA OF
THE SIEVEFROM ASERIES OF POINTS ON A
STRAIGI'T LINE
Example:
Given a series of points, find the starting points with their moduli
{periods}.
NUMBER OF POINTS 7 = 12
abscissa of the pointy
point 1 = 5% point 2 = 43 point 3 = 47 point 4 = 3
point. 5 = 63 point § = 1} point 7 == 28 poini 8 = 33
point § = 95 poing 10 =71 point 11 = 85 point 12 = §3
POINTS OF THE SIEVE (ordered by their increasing abseissa):
Rank 0 3 11 23 33 85 47 55 63 7] 83
10 93 95
FORMULA OF THE SIEVE:
In each parenthesis are given in orden:
{modulus, starting point, number of covered points})
L=(%0, 3, 4}+{12, 11, 8
period of the sleve: P = 60
Eine# Source Line
i #include <stdioh>
2 #Fmelude <stdlibh>
% Ainchude <stingh>
4 #include <string.h>
5
[ T P PP types AefinitIOnS «w wmmmes v s s s s s s s s 8
7 wypedef struct * period { congruence class } *f
8 |
g short mod; /* modulus of the period
10 short ing; * starting point b
i1 short couv, /* nummber of covered points “f
12} periode;
B e e UINCHOTL PIOUOLYPES v v vt s i s - s s ¥
4 unsigned long Eudide{unsigned long ml,
ik unsigned loag m2); /* computation of the LCD *
16 [* s s o VATEBD1ES 2130 CONSIANES wommmr woven woes s e e o
17 perioderperCrib; * periods of the sieve *
18 short perfotNb =0, I* susmber of periods in the formula *f
19 iong *ptCrib; #* points of the crible *f
20 long  *ptReste; /¥ points ontside the periods *f
231 short ptToNb = 0; 7 number of points in the sieve i
22 short ppinb;
23 leng pwal;
24 ussigned long pererib,

25
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Line#
26
27
28
a4
A0
31
32
43
34
ak

36

a7
AR
39
40
41
42
43
44
4h
46
47
48
49
50
51
52
53
54
5B
56
57
58
59
60
[iH
62
63
64
65
66
&7
68
68
70
73
72
73
74
75

Sewree Line
periodiper;

#define NON_REDUNDANT ¢
#define REDUNDANT
#define COVERED -1L
short.  flag;

l* R X ¥ gy
verd main{void}

printf{"B. GENERATION OF THE LOGICAL FORMULA OF THE
STEVE FROM
* A SERIES OF POINTS ON A STRAIGHT LINEunwn®
"Examplels”
M ms s e e s 7
"Given a series of poins, find the siarting pointsin®
Pwith their moduhi {poriods).nin');
/% conene @nitry of the points of the sieve and their sorting «w--%
while {(ptTotNb == 0}
{

printf CNUMBER OF POINTS P = ™
scanf{"%ed" &ptTotNb);
}

ptlrib = {long *Y{matllos (prTotNb * sizeof{long )

piReste = fong *Yimalloc {(prTotNb * sizeofilong )

perlrib = {periode *Humlloc (prTotNb * sizeol{periodel});

i {ptCrib == NULL || ptReste == NULL || porCeib == NULL)
i

printf"not enough memoryin®y;
exii{l)

PEL - we e ey
*abscissa of the poinsin™,
for {p = O p ptTotND; p4++)
{

i tp % 4 w2 0)
prinef"n "),
printf{"point %2d = ", p + 1}
scani{"%ld", feptvaly
for {(pink = O;
pinb p && poval ptCribipinby;
pinb+)

if (ptnb p)
{
if (ptval ptCribfptably /* new point *
mﬁfnmove:(&ptCribfptnb + 1}, &ptCrib{ptnb],
sizecf{long) * (p - pab));
else /* point already exist ¥/

P
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Line# Source Line
76 prioiNb.«
¥iti }
78 }
7% ptOribiptnb} = ptval;
80
81 prim{{"\nm--m.m.--...._---._____‘,‘-Sn"}-, .
82 F s POINtS Of the SIEYE = mrr wmrrwmmsemss s arwwes s
83 prind"POINTS GF THE SIEVE {ordered by thelr incraasing
abscissa)nin”
B4 "Rank |
85 for (p = B p ptTotNb; p+-+)
86 {
87 Hip % 10 ==0)
88 printf(\n%7d {", p)
89 prindf("%6id 7, ptlribip])
90
S BT A m——E .
92 ¥ et ieeme compute the periods og thet Sleve - emevem s {
9% memepy{prReste, peCrib, piTatND * sizeof{iong)
94
95 for {(p = 0;p ptivtNb; p++)
96 {
97 if { ptRestelp] == COVERED )
a8 continue; ]
99 JE i compute a period starting ar current poml---e-- *
100 peramod = 0;
101 do
192
103 per.mod-+-+; ‘
104 per.ini = {short} {ptCrib{p] % {long)per.mod);
105 per.couy = 0, .
106 for {ptb = 0, prval = pering; ‘
w7 ptab ptTolNb && pwal = piCribpinb];
108 tryb )
109 F
11¢ if (ptval = ptCriprmb}}
111 {
1312 per.couv-
113 pival += peranod;
1i4
115 ¥
o ;'1 b ptTotNb)
7 while {ptny tTot 3
iiS i* -------{-}?--- ch}:'-:ck the redundancy of the period «----vww-—-- */
1149 for (ptnb = 0, ptval = per.ing, flag = REDUNDANT;
140 pinb prictNb,;
121 pub++)
122
125 if {ptval = = ptCribfptnb]}
124 i
125 if {ptval == ptRestz]ptab}}
g6 i
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Limed#t Spurce Line

127 ptReste]pinb] = COVERED,

g8 fiag = NON_REDUNDANT,

129 }

130 tval + = per.mod;

131 ?

132 ¥

143 i {flag == NON_REDUNDANT}

134 perCribiperTotNb+ +] = per;

135

136 JE e gompUte the period of thes Sheve v e s ¥/

157 pererib = parCeibiflmod,;

138 for {p = I; p perTotNb, p++}

139 {

146 if {{long) perCribiplimod = perarib) .

141 percrib *s= (long) perCrib{p). mod / Buclide{(ong)perCribiplmod,

pererib);

142 else

143 percrib *= {long) perCribipl.mod / Eaclide{pererib,
(fonglperCribiplmod);

144 }

145 DY e dsplay the formula of this SIeve e s o *

146 primf{"FORMULA OF THE SIEVE:\n"

147 "In each parenthesis wre given in order\n”

148 *modulus, starting point, sumber of covered poinslinin™);

149 prind]® L=,

150 for {(p = G p perTotNb, pt++)

151 {

153 Hipl= 0}

153 {

154 iflp%3 == 0}

153 printf("n "

H pringf(7+ ;

157 H

158 prind{"%5d,%5d,%3d) *, perCribiplmod,perCriblpl.ini,
perCribipl.eouvy,

159 }

160 printf{Mmn period of the sieve: P = %inn®, pc:rcrib};

161

162 # == ========= Fuclides algorithm cormsonsmsonse ¥/

163  wunsigned long Buclide (#1,22) Mal=a2 0 *

184 unsigned long al,

166
167
168
169
170
171
172
175
174
175 1}

165 unsigned long oF,
i

unsigned long unp;
while {{tmp = al % a2) 1= 6)
{

al = a2,
ag = tmp;
}

return ag;

Chapter Xill

Dynamic Stochastic Synthesis

What is the most cconomical way to create # plane wave in an amplitude-
time space (atmospheric pressure-time), encompassing all possible forms
from a square wave to white noise? From an informatics point of view, a
square wave is quite simple with only two amplitudes, £ a over n of fixed
samplings. White noise is also quitc simple and generated by a compound of
stochastic functions whose samplings are dovetailed, nested, or BOt,

But what about waves representing melodies, symphonies, natural
sounds .7

The foundation of their nature and therefore of ther human
intelligibility is temporal periodicity and the symmetry of the curves. The
brain can marvelously detect, with a fantastic precision, melodies, timbres,
dynamics, polyphonies, as well as their complex transformations 1n the form
of a curve, unlike the eye which has difficulty percelving a curve with such a
fast mobifity.

Axt atternpt at musial synthesis according to this orientagon is to begin
from a probabilistic wave form (random walk or Brownian movement)
constructed from varied distributions in the two dimensions, amplitude and
time (1, t), wil while injecting periodicities in ¢ and symmetries in 4. if the
symnetries and periodicities are weak or infrequent, we will obtain
something close to white neise. On the other hand, the more nunerous and
complex {rich) the symmetries and periodicities are, the closer the resuling
music will resemble a simple held note. Following these principles, the whole
gamut of music past and to come can be appmached. Furithermore, the
relationship between the macroscopic or microscopic levels of these injections
plays a fundamental role,

Below, is a first approach to constructing sich a wave,

Procedure

A1, Following the absciss ol t, we begin with x length (period) T where
T 1/ seconds 2nd fis a freely chosen frequency. At the stare, this period T
is subdivided nto n equal segiments; for example, n = 12 (this is one

289
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macroscopic level). Every time T is repeated, each segment tt, of § = 0, 1,
2. 8, ..n-1) undergoes a stochastic alteration whicls increases or reduces i
within certain mits imposed, for example, by elastie barriers.

B1. Following the azhpﬁitndcr axis, a value is ghven to cach extremity of
the 12 preceding segments. These values form a polygon inseribed or
enveloping a sine wave, or a rectangular form, or a form born of a stochastic
function such as that of Cauchy, or even a polygon Matened at the zero level.,
The ¥ ordinates of these n suminits undergo a stochastic alteration at cach
repetition which is sufficiently weak and even more, compressed between two
adequate elastic barriers.

Gl. The E ordinates of tie samplings lound berween the two
extremities of a segment T will be caleulated by a linear juterpolation of the
ordinates E; 1 and E; of these extremites.

A2. Abscissa of the polygon’s summits

O precleding) = ¢ -1, 1 8 pres{enty = t', - ¢,
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Procadures

Construction of # present from “logistic” distribution:

W oo = LB
PO Ry

and its distribution function,

1
FQy = _ f U = T pgp=sT78)

we abtain L — (f+ 1n(l;«12 ))/a withy coming from the
uniform distribution:
0sys L
@
take: § pres = { prec + §
&

Pass this { pres into local elastic barriery
#+ 100 taken from /2, 1o obtain {":
&)
Then do:

Gpres =0 prec + {™Rdet

where Rdct is a reduction factor,

5

Finally pass 8 pres into general clastic barviers Gy and @ 0
obtai ned as follows:

) the minimum {requency s, say 3 HZ Then the maximum

periad is T = g scc and cach of the 12 segments will have a mean

length of 8y = wg;lwyﬁ s8¢,

AMP
b) The maximum frequency could be %m HZ where

SAMP is the sampling rate, say 44100 HZ. Therefore each of e
12 segments could have o minimum length of the period
Tl g

1 T SAMP T Vimn,

(6)

Repeat the above procedures for cach of the n = 12 segments.
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o (B~ Bs—1) e — ti— 1)
_ _ . e
B2, Ordinates of the Polygon’s sumusits . . .
Therefore, 2 micrescopic constraciion.
£ e _
© General comment the distribution functions U(E) and W(r) can be
cither simple, for cxample, sine, Cauchy, logistic, ..; or more complex,
through nesting, et

£ £t

The data given above is naturally an arbitrary staiting point which I
used in g Légende d'Fer,

& N "This approach to sound synthesis represents a non-linear dypamic
-1 ‘ stochastic evolntion which bypasses the habitual analyses and harmonic

Figure 2. syntheses of Fourier since it is applied to the f{t) part on the left of the equal
sign of Fourier's transformation. This approach can be compared o current
research on dynamic systems, determninistic chaoses or fractals. Therclore, we
can say that it bears the seed of future exploration,

é

The ith present ordinate is obtained rom the i preceding ordinate in the
following manner:

Construction of the Ej pres:
{1) Take 1 probability diseribution Wig): then iis distribution
. T . ,
fanction (W) = 1 W (o)do. We obtain o = V{(Q, v) with
0

0 = y =1 (the uniform distribution) and W{o) any distribution.
(2) Pass o through local barriers (= 0.2)
(3) Add this o to the By E;]'ch

2! pres Ej prec T
{4} Pass E; pres through limitative barriers & 8 bits (+ 32768) and

thisis the (inal E; pres.

(5} Do this for each of the 10 summits within the two bonundary
sumimnits of the polygon.

{6} T'he last boundary summit will be taken as the first bonndary
summit of the next period.

C2. Comstruct the E; ordinate of the sampling point ¢ which can be found on

the segment 1 - tj, . between the ordinates K, and £ through a linear inter-
polation.,



Chapter XIV

More Thorough Stochastic Music

introcuction

‘This chapter deals with a generalisation of sound synthesis by using not
periodic functions, but quite rthe opposite, pon-recurring, nen-inear
functions. The sound space in question is one which will produce a likeness
of live sounds or music, unpredictable in the short or long run, but, for
example, being able to vary their timbre from pure “sine - wave” sound to
noise,

Indeed, the chalienge is w create music, starting, in so far as it is
possible, from a minimum number of premises but which would be
“Interesting” from a contemporary aesthetical sensitivity, without
borrowing or getting trapped in known paths.

The ontological ideas behind this subject have already been eaposed
in the chapters treating ACHORRIPSIS (cf chapiers 1 and V) some 32
years ago, and still form the background canvas to this new, somewhat
more thorongh scope, which should result in more radical experimental
sobutions,

If, at that time, the “waves” in the “black universe” were still produced
by musical instruments and buigan beings, today, these “waves” would be
produced mainly by probability distribudons {adorned  with some
restrictions) and by computers.

“Therefore, we find ourselves in front of an atiempt, as objective as
possible, of creating an automated art, without any human taterference
except at the start, only in order to give the initial impulse and a few
premises, like in the case of the Demiourges in Plato's Politicos, or of
Yahwel in the Old Testament, or even of Nothingness in the Big Bang
Theory.

285
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Microstructure

The fundamental ingredienss used are (almost like in the case of La
Légende d’Eer) four in number

z) A temporal ficticdous length divided into a given number of
scgments, at whose ends we draw amplitudes in order to form a stochastic
polygonal wave-form (PWF),

b) As a matter of fact, this polygone is buile continuously and endlessy
through the help of probability distributions by cumulatively varying
temporal lengths as well as the amplitudes of the vertices;

¢} In order to avoid excessive cumnlated values, elastic barriers are
imposed;

d) Alinear interpolation joins the vertices.

Under certain conditions, this procedure, although chaotic and
undeterministic, produces a relatively stable sound.

The computation of the stochastic polygonal waveforms uses one
stochastic Jaw that governs the amphitudes und another one that governs
the durations of the time-segments. The user chooses among several disc-
tinct stochastic laws (Bernouilli, Cauchy, Poisson, Exponential. . . ). The

sizes of the elastic-mirrors that are applied 1o the amplitudes and the dura-
tions can be chosen toe,

Macrostructure

A) The preceeding procedure therefore produces a sound of a certain
duration,

B} A sequence (PARAG(psi%)) resuits from a simulianeous and temporal

multiplicity of such sounds. This sequence is equally constructed through
decisions governed by probability distributions;

() An arbitrary chaiu of such sequences could produce an intcresting
musical composition.

DATA
of the sequence
PARAG({psi%)

The end-figures of the dyn-routes are given by dyaMIN% 5 dynMAX%
(here, up to 16 arbitrary routes)
For each dyn%-route are defined :

1} The number Imax% of segments for the polygonal wave-form (PWF),
2) The number of sound fields per dyn%-route,
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3}  The coefficiens of the esponential distribution which stochastically
governs the sound or silence fields of this dyn%-route,

4)  The probability (Bernoulli distribntion) by which a field becomes 2
sound field,

5) Various digital filters,

6) Two stochastic laws that govern the amplitudes (ordinates) and the
intervals (durations) of the vertices of the successive polygonal wave-forms,
{at least six distinct stochastic laws are intyoduced),

7) if needed, two numerical coefficients for each of the previous stochasuc
laws,

8) &) The sizes of Lhe first two slastic-mirrors thut arc used for the amplitudes
{ordinates), .
b} The sizes of the first two elastic-mirrors thature used for the abscissa
e
( };) The sizes of the second two elastic-mirrors that are used for the
amplitudes {ordinates), o ' - ced for the
d) The sizes of the second two elastic-mirrors that are used for ¢
abscissa {time), .
9  Proportional corrections of the mirrersizes iu order to avoid an
overfliow (> 18 bits } per sample, .
10} For all the dyn% routes of this PARAG(psi%) sequence, a s%‘,o{:'l)astic
computation (through exponential distribution) of the seu'mi or silence
fields is carried ouwt, determining namely their starting points and their
durations.
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TABLE of arbinany meceaion of PARATHpaT « soqaenes
with : yip® o gpdinal sumber of the sequience
poito m spevifie number ofasequence,

[ pei e QiypMin®i 4 j9% |

i‘w——-—w—-{m"i‘aofscqu.h&m(pxi%)i

CENSTRUGTION of 2 PARAG %) st thapie
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. T . > .
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draw D1 5 b Then from the crew b5 22 < 1. The oo the
eintrih. function dsniietion fencrios,
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amptisnde {orefinate) of the interval fhnrasiim) Hhar was
Ktinie vy b of the premding Sepasling same vertioes in the
PWF, preceding PWF,
5, "his meww valne ¥ {after i hant 5 This now valie ¥ {alier i) has
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ol wlaseic mivppos} gives the of elasiic mi rers} gives e ine
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Ne—— i P — ——— v S——
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* Y

¥ S e TR ¥ ¥

Having used all eompibmions of s dyn®-romes of this soquerns PARAG{psit and as soon xn the above coampraton for just coe
samiple isended, then

&, I the saonpler of 1his PARAL, ) -a0 4
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" PROGRAMME*
PARAG3BAS

'AUTOMATED COMPUTATION of the SOUND-PATCHES for GENDY1.BAS

4

'do RANDOMIZEn '

' with 32768 < n « 32767 '
' £X, 1t = 4000 '
! then RANDOMIZE n * Uniform distrib,

n = 4300: RANDOMIZE n
R LR RA SRl
psi% = 3 'mdex of this data

"programme-
Yo oo R o

RE = LTRIME(STRS(psi%))

pri% = 'pri® + R prd = pri$ + " DAT

'Gle for sound-patches

Q0% = "ARAGOY + R$: Q08 = Q0§ + "DAT" e for general data

'
'
13
'
'

'data file for the 13th dynf-field:

MOS = "ARAGIS0" + R§: MOS = MO + "DAT™
MI§ = "ARAGIEI" + RS- M1$ = MI$ + “DAT"
MEF = "ARAGIZZ" + HE: M2S = M2% 4+ " DAT

HEAARERSSHRR AR B RSV BRR RGP BR BRI RLBRA AR EEH##

dyn% = dynMin%e: horizf = 1z 6% = 2: eorvrt% = 8: convyri% = 4: mhkr = 1.2

DIM DEBmax&(0TO 20} 'last sound-patch of this dyn%-field
DIM D{OTO 20y "coefficient for the exponantial disuibution

DIM p{0TO 20% ‘probability for the Bernoulli distribution= 0 sp g 1
BIM ralon%(l TO 20 ‘extenition of the dme-interval (abscissal '
EIM U2&{0 TG 26y 'size of the upper second-elasticanirror

*Thfs programne has been technieally vealized with the help of
Marie-Héléne Serva (1.3.).
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'size of the lower second-elastie-mirror

DIM V240 TO 29}
"there are ten possible filters per dyn%-field

DIM flex®{0 TC 20, 6 TO 10}

OPEN Q0§ FOR QUTPUT AS #1 'general dawa for the sequence

vertec% = Iivereon® = 2 indexes of the ampleordinate for the streen
‘and the convericr,

Nmax# = 10000000

dynMin% = |

dynMax% = 16

frtTo{vertentt) = O wertscreen-filter for GENDYLBAS

{ir%e{vercon®} = 1 'verteonvert filter for GENDYIBAS

WRITE #1, Nmaxk, dynMin%, dynMax%, fird(veriec?), Hrt{vericonde)

CLOSE #1

’ . N e W "

OFEN M6% FOR OUTPUT AS #1 a5 an example,this is the 13th dyn%-field
dyn% = i3
113max% = 13 number of divisions of the wavelorm
DEBmax&{dyn%) = 25 'maxsumber of sound or silence sound-patches.
'proportionality factor and coefBeient for
"the exponential distribution:
D{dyn%} = mhke * 45/ {175 % 125}
pldyn%} = 35 'the BERNOULLY disuwibudon,
ralon%l{dynt) = ¢ ‘minimal time interval extenton
filterTatdyn, horiz%) = |
lilter%{dyn, e%) = 1

[terPo{dyne, convrtfe) = }
WRITE #1, dyn%, I13maz%, DEBmaxk{dyn%), Didyn%), pldynt),
ralon%b{dyn%), GlterBldyn%, horizds), Slier%idyn, %}, filter¥e{dyn¥e, ecrvridh},
flter%{dyn, convri%)
CLOSE #1
OPEN M1§ FOR OFYPUT AS #1

Al% = OF:BIS = 5. 1814 = 1 VI31& = -1 U&{dyn) = 77

V2 (dym%s = <71 Rdet]3 = i diswPCI3 = |
WRITE #1, A13, B13, 111318, Vis14, ﬁ?&{dyn%), V2&{dyn%), Rdatis, distrPC13
CLOSE #1
OCPEN M23 FOR QUTPUTAS #1

AGI3 = 1; Bdid = 6. Udi31& = 2: V@318 = -2 Ud132& = 20

Vdi39& = 9: Rdedid = 1. distrP8 = 2
WRITE #1, Ad13, Bdi8, Udi131&, VAI81&, Ud132%, V41328, Rded1d, disy D13
CLOSE #1

Ty’ e SR A A

s W O 0 N e o
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Fl
Fl
s

*

g}i#;ﬁgz###ﬁ######################################
ey 0TO20,0TO100)  ‘saring point (sample) of a sound/silence patch
DUREL TF} 20,6 TO 100y ’duration of that patch
;@};z ;‘Z-Ipr&(t? 10O 20, {} "FO 108)  ‘present starting polnt
ED&(OTO 20,0°TO 100)  *variable for the compumtion of the patches
’I‘);)M sTHend&(0 TO 20 tast sample
5}%’3@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@
prif FOR OUTPUT AS #1 "COMPUTING the sound or silesce patches |
F{}’R dyn% = dynMin% TO dynMax%
n = 4006 + 100 * psi%h + 16 * dyn%: RANDOMIZE n
DEB& = 0: 1§ pldyn%) <=0 THEN
ignore this dyn%ficld
GOTO Gp?
Gpl: END iF
DEBX = DEBX + I yl = RND: y2
: : 1 y2 = RND
DR = (LOG( - v/ Didyn%) ‘patch-duratdon=EXPON,
‘distribyfsec
};gﬁgéc(?dyn%, DEBE) = DR * 44100 ‘same in samples.
T o ="
DF,II;&} yn%, DEB&) = THpri{dyn%, DEB& - 1) + DUR&Adyn%.
IFyl < = pldyn%) THE‘N "the sound is in this patch!
FH&(dyn%, DEBK)Y = THpri(dyn%, DEBL - 1}
THDUR = THDUR + DR
BED&(dynt%, DEBS&) = BED&(dyn%, DEB&) + 1
DBEL = DBEL + 1

END IF

IFDEB& < DEBmax&(dyn%) THEN
GOTO Gpi

ELSE

FOR xi% = 1 TO DEBmax&{dyn9h}
THendd = TH {dyn%, xi%} + DUR&(dyn%, x19%6): TELOSE =
TEL{?S& + DUR&{dyn%, xi%%}
WRITE #1, BED&(dyn%, %i%), THi(dyn%, xi%), DUR&(dyn%, xi%),
THendd, TH Eeldyn, %%}/ 44100, DUR&{dyn%, £i%)/ 44100,
Tiend& 7 44100
last sample of this dyn%-field

I¥ THend& > = s THend&{dyn%) TEEN
§THend&{dyn%) = THend&
ENDIF
NEX¥ xi%
WRITE #1, THDUR, FHDUR/ {TELOSE / 44160, sTY
£l ] R " E] 3 'I . i& d 97
DURsec = $THendS(dyn%)} / 44100 ) endietdynte)
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ENDIF
*against the overflow
sT% = sUS& + URE{dynds)
SV = sV2& + V2&(dyne)
THDUR = 0 TELOSE& = 0: DBE& = 0
sTHend&idyn%y =
Gp:
NEXT dyn%
"Proportionality for less thun 16 bits amplitndes (upper mirrors)
L TP IO ROPIgE NP A N B A B e o e v 2 2 S e s e e e e
FOR dyn% = dynMin% TO dynMax%
IF p{dyn%} > 0 THEN
1F dyn% = 1 THEN
OPEN A1S FOR OUTPUT AS #1: TI2&(dyn%} = (68 / sU28) * U28{dynT)
WRITE #1, A, Bl, Utlk, Vil&, U2&{dyn%), V2&idyn), Rdetl, distrPL1
CLOSE #1
ELSEIF dyn% = ¢ THEN

*
Fl
Hl
Fl
Fl

ELSEIF dyn% = 13 THEN
OPEN Mi$ FOROUTRUT AS #1: U2&(dyn%) = (98 /sU2%) * U2&{dyn)
WRITE #1, AlS, B13, U181, V151&, U2&{dyn%), V2&{dyn%), Rdet1d, disrPC13
CLOSE #1

ELSEIF dyn% = 14 THEN

Fl
Fl
*
Fl
*

END ¥
ENDIF
NEXT dyn%
Proportonality for less than 16 bis amplhitudes{iower mirrors}
’+++"P+++4-4-4-+++++++++++++4-++++++4-++++++++++“1~'E“i-
FOR dyn% = dynMin% TO dynMax%
1F pldyn%) » 0 THEN
IF dyn% = 1 THEN
COPEN Al FOR QUTPUT AS #1: Ve&(dynde) = (-98/sVI&) * VA&k({dyn%)
WRITE #1, A}, Bl, Ullk, V11&, Ul&k{dyn%), V2&{dynde), Rdetl, distrPC]
CLOBE #1
ELSEIF dyn% = 2 THEN

Fl
Fl

Fl
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ELSEIF dyn% = 13 THEN
OPEN M18 FOR OUTPUT AS #1: V2&(dyn%) = (98 /5V2k) * V2&k(dyn%)
WRITE #1, Al3, B13, UI31&, VI5I&, U2Ridyn%), V2&{dynd), Rdctl3, distrPC13
CLOSE #1
ELSEIF dyn% = 14 THEN

END IF
END IF
NEXT dyn%

'é(li!(g(({({({({({((((({((({((({({((({((((({((({((((((((({({(((((((((({({({{{

'GENDY1.BAS

"ims programme Controls several stochastic-dynamic sound-felds.
'A stochastie-dynanic sound-feld i made out of a wave-length T}
'divided in Imax% segments {durations). Each one of these segments
"is stochastically varied by 2 comulated probabilivy distribution.
‘At the ends of each one of these segments are computed the amplitudes
"(ordinates) that witl form the waveform polygone. Are defined:
"for the duration abscissa 4 probability distribution and 2 tmes 2
‘elastic mirrors; for the amplitude ordinates a probubility distri-
'bution and 2 times 2 elaste mirrors. In between the vertices a linear
"terpolation of points completes the waveform polygons.
'@@@?@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@
"5t feld:
'rompuie one sound-sample:
DECLARE SUB DYNAS!H (Hlmax%, SMP&, Cllk, C12&, t11&, 1128, 11%, N1&,
fhi, ik, hh&)
‘compuie the amphitede-ordinate:
PECLARE SUB PCI (Tabli{), Tabl2{), T1%, N1&)
'‘compute the time.abselssa:
DECLARE SUB PDI {Tad} 1), Tadi24, 1%, N1K)
"2 feld:
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"$3h field

'compute one soud-sample: .

DECLARE SUB DYNAS13 {113max%, SMPL, Ci31&, C132&, t131&, 1398,
1153%, N13&, thi, hi&, hhé)

‘compute the amplitude-ordinate:

DECLARE SUB PCI8 (Tabl31{), Tabis2), 115%, N13&)

‘compute the me-abscissa:

DECLARE SUB PDI3 (Tad1314), Tadi324, 113%, N13&)

'14th Geld

'@EEERERECTERREREARRERESVEREEIRR@YEQEE@
'Sample-fite for cutput to the convertes:
OPEN "CASOUNDASS51.DAT FOR BINARY AS #3
SONE = "5351" *scund number on disc

B8l B8 e BB BB BB BB BB B BB Be B B Be 8 8o B Be Bk BoBo Be B e Be Be B Be B 8e B 8o R B Be BB

mdi = 401 'rocd; initialises the random-number gene.
RANDOMIZE rad) "rator used through all this programme.
-B2768 < yud} < 3276V
"LEHMER'S random-nurmber generatorss are also used.
"B Bo 8o B B 8oBe Be 8o BoBe 8oBc Be Bo 8o Be BoBe 8o Bolio 8 8 Bo e 8o Be Bobe B 8o Bo BeBo BeBo B Bo 8o Be Be fe 8o Be B Be e

DIM psi%{0 1O 31) "For 32 sequences pa%
DM chD&(0 TO 31} 'the greatest duration-length of a sequence.
"Rl ReBeBe BB BeBo BeleBeBe BeBe BeBeBeBe B o BB B BB BeBe B Be BB BoBe Bo B Bo BB B B B B 8o B Be e e

'psi% 35 the number of a given sequence.

'ysp% 15 an ordinal number from yspMin% to yspMax% used as an index for psi%.
"GEFINE HERE ypsMin% and ypsMax% and the order of a freely chasen
‘succession of sequences psi% given in the SUB ARCHSEQ{yspMin%, }fspMax%)!

'For example:

yspMin% = 1

yspMaxfe = 7

OPEN "SEQSON" FOR QUTPFUT AS #1} '"file {0 be used In the score

routine.

WRITE # 1, SON§, yspMax%, yspMin%

FOR yspMin% = 0 TO yspMax%
CALL ARCHSEQ HyspMin%, yspMax%)
WRITE #1, psi%

NEXT ysp

CLOSE #1
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‘are to be found in PARAG{psi%).
’=asman=a!==!a=!=m=!=1m!z=1ttm!!!!mm!n=mzznzzzzzzazzzzz.ssz’nzfss;1tttnmtmn!!mm!H;;!Hmw

ysp% @ yspMin%

- Aetesbebooleok
ibgl:
CALL ARCHSEQ Hysp%, yspMax%)
pLEbb A R R R AR LR LR R R NS e S EERERIEE R EEEERREETERRRR S RE AR LI R RS E A
BRI R ARIRARAAL LIRS IR R RIS AT AR T AR AR AT AT R LA
‘Free dimensioning of the tables
"Tables for the ordinatwe values of the T1% segiment for cumulation.
DIM Tabli(1 TO 2, 6 TO 0% DIM Tubl2(1 TO 2, 0 TO $0Y K =1 or 2:5jMax%
e OO
“Fables for the abscissa vatues of the T1% segment for cumulation.
DIM Tad11(1 702, 0 TO 80): DIM Tadi2{1 10 2,0 TO 80}

"Tables for the ordinale values of the 12% segment for enmulation.

DIM Tab21{1 TO 2, 0 TO 90): DIM Tab22{1 TO 2, 6 'TC 90}

"Fables for the ordinate values of the 113% segmenyt for cumulation.
DIM Tabi311 TO 2,070 90): DM Tabi32(1 TO 2, 0 TO 9
"Tabies for the abscissa values of the [15% segment for cumulation,
PIM Tadi3i{1 7O 2,070 90): DIM Fad132(: TO ¢, ¢ TO 90)

"Tables for the ordinate valucs of the 114% segment for cumulation.
DIM Tabl41{1 FO 2,0 TO 50%: DIM Tabi42(1 TO 2, 0 TO $0)

1
Fl
Fl
1

‘dyn% = index of the stochastic subroutine DYNAS{dyn%);

"DEB&{dynds} = ordinal index of the sound-patches of this routine;
"DEBmax{dyn?e) = last sound-patch of this routing
DUREA{dyn%, DEB& {dyn%)) = sound-duration whose ordinal number is
PEB& (dyn%);

"TH&(dyn%,DEB&(dyn%)) = the SMP& sample at which each sound-patch
‘commences;

"BMPE& = number of the ruaning sample;

“Timax% = number of subdivisions of 2 wavelorm thme-length,

DIM DEBmax&{0 TO 20)
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‘max.patch numb.dynMin%=0T0
‘dynMax%=20

‘eurrent paich numb., 050
"DEBmax&idyn%)=90

in expon.dens dynMinfo=0T0
"dynMaxh=20

i Bernouih densdynMin%e=0"T0O

DIM DEB&{C TO 90)
DIM D{0 10 20)

DIM ppl0 TO 203

‘dynMax¥%=20

DIM THEHOTO 26, 0TG40 ‘patch startdynfe=0TO 20, DEB&(dynT)=0
pLOA!H]

DIM DURE{GTO 20, 3'TO 90y ‘patch dur, ciyn%“O TO 20, DEBE&Adyn%)=0
TG 80

DIM BED&(GTO 20, 0 TO 90) ‘patch param.:dyn%=04TO

20, DEBR(dyn?) =0 TO 90

‘upper mirror size: dynMin%=0 TG
‘dynMaxfe=20

Tower mirror size: dynMin®%=0T0
‘dhynMaxto=26

DIM s'THend8{0 TO 20 last sarmple of the considered dym.
DTM flri%{0 TO 2} Hinal screen or converwer fler,

PIM filter%{0 TO 20, 0 TO 18 “ters availuble filers per feld {dyn%)
DIM ralon%(]l TO 20 ‘extention of abscissa,

DIM U280 TO 20}

DIM V2&{0°70 20)

ook ot o o

’reading'; ofsequences’ data from files written by PARAG{psi%).

RS = LTRIMSS TR$(psios))

prif = "pr* 4 R§: prif = pri§ + "DAT *sound- patches data-files,
Q0§ = "ARAGO0" + RE: Q08 = Q0% 4+ " DAT ‘general data-file for all
BEGUETICES.

specific data for st
‘dynt-field.

AlF= "ARAGIO" + RE: ACE = ADE + "DATY

Al = "ARAGI1" + R$: Al = Al§ + "DAT
AZS = "ARAGIS" + RS: AZ$ = AZ$ + " DATY

BOF"ARAG20" + R§: BOF = BOS + " DA™

MOF = "ARAGIS0" + R$: MO% = MO§ + "DAT"  ‘specific dasa for 13th
‘dyn¥e-field.

MIS s "ARAGIA" + B$: MiS = M1$ + " DAT

M25 = "ARAGISZT + RE: M2% = M23 + " DAT

NO$ = "ARAGI40" + RS NO§ = NO$ 4+ "DAT"



308 Formalizcd Music

‘specific data for 14th
*dyn%-field.

'
'
Fl

Fl

PRLeeEEAEELAALEECEEELERERERACRRRREEREE®

horize = 1 % = % eavit% = SLconvrids = 4§ filter indexes

L A O N e T Tt R W a T o T W R N Y

’gencral data-files for the dyn%-felds,
B T Y M N
OPEN (08 FOR INPUTAS #1
INFUT #1, Nmaxd, dynMin%, dynMax%, Orf6{1), lri%{2)
CLOSE #1
"B 8ol 8o B Bo b B BB S e Be Be 8o B Bo e Be B Re e 8o e 8 B S b Re Bl BoSo &S B 8o 8o B B BoBe B B BB Be
*specific data-files for each dyn%-field.

ey

OPEN A0 FOR INPUT AS #1

dyn% = 1

ENPUT #1, dyn%, 11max%, DEBmax&k(dyn%), D{dyn%), pp{dyn%s),
ralon%(dyn%,), filteroldyn%, horiz%), filier%idyn, ¢%), Glterfe(dynds,
eervrid), Rilterfidyn, convrid)

CLOSE #1

OPEN Al3 FOR INPUT AS #1

INPUT #1, AL, B, Uik, VIIE, Us{dyne), VEi&idyn), Rdctl, distrPCE

CLOSE #1

OPEN A28 FOR INPUT AS #)

INPUT #1, Adl, Bdi, Udl &, Vdlilk, Ud12&, Vd12&, Rded], distrPD1

CLOSE #1 ’

BOS FORINPUT AS #3

dyn% = 2

INPUT #1, dyn%, I2max%, DEBmuxb{dyn%), Didyn%), ppidynde),
ralon%{dyn%}, flter%{dyn%, horizd), flter%idyn, e%), filter¥%{dyn,
eervrif), filterdo{dyne, convrede

o s R

rpr ey LRl L Lt bl

Fl
Fl
T
Fl

T ET Y Y ek ok o L2 2 3 o e ¥
OPEN MO§ FOR INT'UT AS #1
dyn% = 13

INPUT #1, dya%, 113max%, DERBmax&{dyn%), Didyn%), op{dynde),
ralonfidyn%), filwer%B{dyn%, horizf), filterfeldyn%, «%), filter%{dyn%,
exrvrido), filterJo{dyn%, convri%)
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CLOSE #1

OPEN M1 FOR INPUT AS #1

INPUT #1, Al3, B13, Ul31&, V181&, U2&{dyn%), Va&{dyn%), Rde:13,
distrPCIS

CLOSE #1

OPEN M2§ FOR INTUT AS #1

INPUT #1, Ad1S, Bdi3, Ud131&, Vdis1g, Udi5%8, vdid2k, Rdedl3,
distrPTIL3

CLOSE #1

AR 0 W 4 e e i

OPEN NO§ FOR INPUT AS #1

dynde = 14

INPUT #1, dyn¥%, 114max%%, DEBmaxb{dyn%), D{dyn%), ppldynts),
ralon%{dyn%), filter%{d yn, horiv%}, fikerf{dynl, e®}, filter%{dyn%,
ecrvit%}, filerf%{dyn%, convri%)

. sk o

e T s o B L 0 S S S T S

"Reading of the starting sampling-points DEB&{dyn%} ol
‘sound-patches in each dynf-field.

OPEN prip FOR INPUT AS #1
FOR dyn% = dynMin% TO dynMax%
« IF ppldyn%) < = 0 THEN
GOTO ibgi0

‘loop on the dyn%-fields
‘for ignored dyn%-felds.

ENDIF
FOR xi% = | TO DEBmax&k{dyn%} loop an the soundfsitent
‘paiches.
INPUT #£1, BED&A{dyn%, xi%), TH(dyn%, xi%}, DURE{yn%, xi%),
THend&, THsee, DURsee, Thendsec

NEXT x1%.
INPUT #1, THDUR, THDL Rpcent, sTEHend&({dyn%)
TELOS =0
T T A e S B T 0 T o A o o o S o S
*the longest of the dyn%-field durations in this sequence {psi%} is:

1F megDUR <= sTHendé({dyn%) THEN
megDUR = ¢THend8(dyn%)
‘megDUR is the longest dyn%-fivld
*duration.

ENDIF



. E i 3hf<3xt,‘ .1 03 {03+ bt 'h’d&'t&t‘ Muszt‘.
i : Ol’malzz&d MUS]C i h ¥ gh L]

ELSE
1bglo: GOTO gl
NEXT dyn% . ENDIYF
CLOSE #1 ; ELSEIF SMP& < FHE({dyn%, DEBR{dyn%}} TIHHEN
’++++++++++++++++++++++~i—~i—++++++++++++++++++++ GOTO g
chD&{psi%) = megDUR ESEIF SMP& = THE{dyn%, DEB&{dyn%)} THEN
sDURech = sDURech + chD&tpsivh) ‘cumulation of the jongest ELS IF DURS(d ynf{%_YDEB&{dyn%}) <> § AND BED&{dyn%,
'seqnc‘mﬁ.{iu r.atioﬁs. DEB&{dyn%)) = 1 THEN i .
BURlept = INT{sDURech / (44106 * 60Y) ‘duration in minues. : GOTO 1bgd ‘begining of DYNAS{dyn]
BURsec = DURech / 441003 MOD 60 ‘duradon in seconds. FLSE fhic = 0 hh&k = G _
'&::‘—mmmwmnmumxnxx:mmmmm:mmmmnmmmmﬁﬁxmmm%mxmzm& ; Go'rolbgs'nonYNﬁ,S{dyn%l
megDUR = 0 l ENDI¥
B R AR AR A R AR S R R R T R A R R A S A LA L TS T L S T

] dyn%, DEB&{dyn%))

. . ELSEIF SMP& < = TH&{dyn%, DEB&{dyn%)) + DURE{dm%,

FOR dyn% = dynMin% TO dynMax% AND BED&({dyn%, DEB&(dyn%)) = 1 THEN ]
DEB&A{dyn%) = 1 _ GOTO Ibg4d ‘continuation of DYNASdyn%}

‘starting number of the ELSLIF DEB&(dyn%) <= DEBmas&(dya%) THEN

sound or i IF DEB&{dyn%) = DEBmux&(dyn%) THEN
NEXT dyn% ‘silence patch for each : Kdyn% = Kdyn% . 1
‘dyn%-field. ENDIF
e * o * DEB&(dyn%} = DEB&{dyn%) + 1
CALL WINDOC ‘sereen window. GOTO tbg2
SECN = SMP& / 44100 "running sample. ELSEIF dyn% < dynMax% THEMNyn% = dyn% + 1
SPM& = SMP& MOD 44100 running seconds. GOTO lbg?
PRINT SMP&: PRINT SECN: PRINT sam pide PRINT sec FLSE GOTO tbgh
== JdynMi : -
***ﬁﬂiﬁ* 8 y Mln% e # LGNI} j?
SMPE =0 sample number, tog0: IF dyn% < dynMax% THIEN
o =0 ‘sereen amplitude of dyn% = dyn% + 1
"a current sample. GOTO lhg?
hi% = 0 ‘converier amplitude of 158
‘a eurrent sample. hi = hhh& =0
Kdyn% = dyndMux% + | ‘check of the dyn%-fields GOTO iheb
‘amount still availabble. ENDIF
TELENG = @ 'for testing the music-piece ot e e Y G0 S S O o I I 4 Y e S
end, ibg3: )
o e Wi o s e o bk 'CDnﬂib“don ofa d};n%~ fiekd DYNJ"&SE(}Y!‘I%} at the start:
"MAIN PROGRAMME : fermmn i m s e mm s
. : IF dyn% = 1 THEN
: ClePeneirfe = 1
Ibg2: CALL DYNASHILmaxf, SMP&, C11&, G128, t11&, 112%, 11%, N1&, fhi, hik,
"This part concerns the computation of the amplitude {ordinate) ax ) hh&)
“a given sample SMP& by adding up the sound sontributions of alt : GOTC bgs
‘dyn%-fields in a row from dynMin% to dynMax% with their ELSEIF dyn% = & THEN
‘patches DEB&(dyn%)their starting samples TH&{dyn%, DEBSA{dyn%)) and _

‘their durations DUR&(dyn%, DEB&({dyn%). This computation defines
‘concurrently the amplitude and time elements of the waveform polygones.

IF DEB&{dyn%) > DEBmax&{dyn%} THEN
IF Kdyn% = dynMin% THEN GOTO lhgh
TELENT = 1: GOTO Ibgh
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ELSEIF dyn% = 13 THEN
ClePonetr® = [
CALL DYNASI3(T13man, SMP&, C131&, CI182&, 1121&, 11308, 1139, Ni3&,
fhéc, hi¥, hhi

GOTO Ibg5
ELSEIF dyn% = 14 THEN

Hl
*
*
*
'

ENDIF

Tog4:
‘Contribution of 2 dyn%-field DYNAS{dyn%) afier DEB&(dyn%) = 1 is ended.
"Fhis is realized with ClePenctr® = ¢,

CALL DYNASHTimax%, SMP&, C118, C128&, t11&, t12&, 119, N1&, fhi, hik,
hh&)

GOTO Ibgh
ELSEIF dyn% = 2 THEN

GOTO Ibgh ‘
ELSEIF dyn% = 13 THEN b
CALL DYNASI3(I18maxds, SMP&, C131&, C132%&, 1131, 11828, 115%, N13&,
fhi, 1%, hix&) n
GOTO 1bg5

ELSEIF dyn% = 14 THEN

ENDIF

ary
s )

- - - - mﬁ‘ ..
bgh: . "
" cumulation of ampiitudes {ordinates) at a current sample-point SAMP&. '

el L T —

‘end-est of the usic-piece: . .
B (AN
IFTELENS <> 6 THEN

SOUND 500, 500/ 200

SOUND 2000, 20007 100

GOTO Ibgs

ENDYF
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¥ = 1% + th& to sereen.
Wik = hik + hh& 't converter.

Fa ke

Tog:

sfitl:

sfled:

incremen.of the dynf%-ficld,

IF dyn% < dynMax% THEN
dyn% = dyn% + 1

GOTO g2

LENDIF

'screen nriinate

Ul = 99 Vi = -09: Q = {I%

CALL MIRD{UI&, V&) mirrors: first patr,

% =Q
tvertical sereen filter {frtSoivertec%=1)

vertee¥ = 1

1¥ firt%fvertae) = 0 THEN
GOTO sl

ENDIF

Q = {flprecl + {[%}/ 2 filter
Q= {{Tpreci® + Hprecl%e + Y3 Hiktor
ffprec2%% = Bpreci® Hilter
ffpreci% = % filter
b = 3

ord2% = {I%

5% =

‘converter ordinate {for Bic}

Uk = 32767 V& = -32768: { = hik
CALL MIRO(US, V&)

hif = Q)

vericon® = 2
iF firt%ivertcon®) = 0 THEN

GOTO sin2

ENDIF

Q= {hfprecid + hik}/ 2 ey
Q = (hiprecid + hfprec2& + hff)/ 3 'Bler
hiprec2d = hiprecif "filter
hipreclf = hif "filter

final ordinate
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hi% =

IF SMP& < 400000000 THEN

(400000000 Is an arbirary number.}

for the sareen if we wish to show the resultant:

LINE {abs1%, ord 1%){abs2%, ord2%)

abwl1% = abe?2%

ord 1% = ord2%

SMPEL = SMP& + ]

samplle = sample + ] ‘global sampling
"point

END FF

‘cthange of sequence.

IF SMP& <= chD&ipsi%) THEN

GOTO byt
ELSE
yspTe = yspPo + |
Fysp% < yspMax% THEN 'yspMax% =
‘maximuom number
GOTO gl "of sequetices.
ELSE
GOTO lhgt
ENDIF
END IF
g 9:

absl% = sampld& MOD 638 'global screen
“abstissa.
1F abs2% = O THEN
absi% =
ENDIF
B e A s o ¥ NP N WO e M M AP N AP A N M A N W A e A N

"every point is now written in the converter file
¥

ssInpleds = Lk
hife = 0
PUT #3,, sample% 'in the converter
B TE b i e i L e e e o TR T T P T T T e e T LR L L e o o oL B Y
chronalogies and beep signals.
SECN = SMP&/ 44140 "prints the seconds
seed = samplle [ 44100
SPME& = SMPE MOD 44108
1F SPM& > = 0 AND SPME 2 THEN
SCGUND 1000, 1000 /500
ENDIF
1¥ abs?2% = & "THEN
SOUND 586, 5060/ 260
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SOUND 20600, 2800 f 500
CALL WINDO. PRINT SMP&: PRINT SECN
FRINT sampl&: PRINT secnd
ENDIF
'l &L L& S ERLL&ELELELEELLELEEEEELESEELEES&ELLLLEL
gt
dyn% = dynMin%
% = 0: hik = 0
GOTO iyt
logs:
CLOSE #2 the converter
END

SUB DYNASIS (118max%, SMP&, C181&, C132%, t181&, 1828, 113%, N13&,
fh&, hik, hhi)

"Fhis is the 13th dyn%ficld subroutine of the main programme that commands
‘the contribution of this dyn%-field to the amplitude-ordinate and tha tme
“abiscissa of the waveform poiygone that are seniboth (o the screen and the
"digital-to-analog sound-converter into the main programme GENDY1 BAS,

SHARED ClePonctr, Q18, Qd13, dyn%, DEB&(, Nmaxk, dynMax%, TELENY,
Mig, M2§

SHARED Tabl181{), Tab132(), Tad131{, Tadi32(, TH&{), DURE{), DEBmax$0),
V2&(), V&0

SHARED ralon®{}, horiz%, e%, ecrvri, convrt$h, Hlrerfel)

SHARED azmpl, f:ampi, mampl, Xampl

SEARED anbse, cabse, mabse, xabse

STATIC e18&, pl18&, t13&, {13precise, (13pracli, hidprecid, hidprecli
STATIC A3, BI3, UI131&, V151&, Rdctls, distrPCLS

STATIC Ad13, Bd13, Ud181&, Vdi3 1k, Udi328&, Vd132%, Rdcd13, diswPD13

IF ClePenen% = | THEN
Input of the stochastic-distribution coefficients,of the elastic-
'mirror sizes,of & reducton factor and of the speafie stochastic-
‘distribution used for computing the amplitude-ordinates of the
‘wavelbrm polygone.

OPEN M1§ FOR INPUT AS #1

INPUT #1, Al3, B13, U181&, VI131&, U2&{dyn%), V2&{dyn),
Rdctld, distrPC13

CLOSE #1

"SBame kind of input as above but now, for the tme-inlervals .
OPEN M28 FOR INFPUT AS #1

INPUT #1,Ad13, Bd18, Ud131%&, V181%, Ud132%, Vd 182,
Rdedl3, disaPD i3

CLOSE #1
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EISETF ClePenetr®% = ¢ THEN

GOTO bi13g
E1LSEIY DEBS:{dyn%} ¥ THEN
GOTO 14187
ENDYIF
W37
N138& = 2: PSET (0, 0): C131%& = SMP&
iblis]:

IFNIBE MOD 2 = 0 THEN
'K#% = alternating switch for cumulating in tablesrpreced. or present period.
K% = 2 GOYTO 1611392
ELSE
K% = 1: GOTO IS
ENT: i¥
LY
"first ordinate of the new period = last ordinate of the precading one.
Tabl81(K%, 0} = Tabi31{K%. I, [13max%)
Tabl32(K%, 0} = Tabi32(K% - I, 11%man%)
Tadl3 (K%, 1) = Tadl8 K%« 1, { 13max¥h}
TFadd132(K%, 1) » Tadl32{K%- 1, [13max%)
GOTO k1136
11145,
Tabl31{K%, 6} = Tabl31{K% + I, 1i3max)
Tabl132(K%, 0} = Tabl32(K% + 1, [13max%)
Tadl31{K%, 1) = Tadl31{K% + 1, {1%maxde)
Tadi32K%, 1} » TadlS2{K% + 1, I18maxde}
ibli3s:
113% = 1
ibi133s:
pl8& = ¢
computing the Emayx ordinates.
CALL PCI8(Tabl31(), Tab1320), [15%, N13%&)
‘computing the Imax abscissa-intervals.

CALL PD13¢TFad131(), Tad 1320}, F13%, N13&)
vl3& = Qd13 " horizontal abseise filter
IF blter¥%(dyn%, horizfe) = &
THEN
GOTO 13}
EMNE iF
e138 = {(PDprel3 ik + PDprel32% + Qdi3}/ 3'fker
PDpreid2& = PDpreldlk filer
PDprel8ifh = Qdis "filter
f13k1:
IFNIB& MOD 2 = 6 THEN
S = 2: GOTC 1Hi134

More Thorough Stochastic Music 317

F1SE
K% = 1. GOTO thil54

1bi1B4:
"Drawing the polygone of period Ti13
C1328& = Ci31& + a1k
sc% = 659
£131& = Tabls2(K%, F18% - 1}: 11328 = Tabii2{K%, I13%)
t13& = £159% - t131&

1bi158:

)

1F filter%{dyn%, c%;} = 1 THEN
c13& = ralon¥idyn%}

ENDIF
IF pl3&k > el3& THEN
GOTO 11310
FLSEIF pl3& = eI13& AND elBi <> 0 THEN
GOTO 1316
ELSEIF ¢18& = 0 AND hher%{dyn%, e%) = ¢ THEN

cid = |
ENDIF
i3 = pi3& + )
fhile = pi8&* (18& fel8& + 1131%
"Astack and deeay of a sound-patcls.

1F IHAFAL = 0 AND DIAFA <= 506 THEN
Thi = Th& * DIAFAL /B0
ENDIF
DIAFDIM& = "TH&id yndo, DEB&{dyn%)) + DU R&:{dyﬂ%, DEB&{dyn%}) -
SMPL
IFDIAFDIME <= 1000 THEN
fhi = fhie * DIAFDIME 7 1000
ENDIF
"Acoustic Normalisation
' hile = [h& * 32767/ 10¢

screen’s vertical filter

15 Blter®{dynt%, scrvrt%h) = ¢
THEN
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GOTO 1303
i ENDIF
fhé& = (fliprecld + i)/ 2 Bher
fh& = {f13nrecl& + &)/ 2 "fitter
fhé& = {f13precl& + N3prec2& + &) /3 ‘hikter
f13prec2& = N3prect & "fikter
f13precl & = & "fiker
& = fhé fitter
s oo e s o s £ s
‘converter's vertical fiiter
IF fiter%(dyn%, convit %) = {
THEN
GOTO {13104
., ENDIF
hhh& = (hi3precl& + hh&}/ g 'Mler
hhb& = {hi3precl& + hiSprec?$c + hhik)/ 3 'filter
hi3precR = hlpreci filter
hi3precid = bh& filtey
hhé& = hhh& "fleey
F131r4:
. ClePenetr% = 0; EXIT S8
Cis1k = C139&%
'next segment of the period T8 or next peried,
IF 1139 < }18max% TIEN
188% = 118% + 1: GOTD 1b11s3
EESEIF NI3& < Nmaxk THEN
Ni3& = Ni3& + 1: GOTO 1151
£15E TELEN% = 1 EXITSUR
ENDIF
END SUR

SUB PCI3 (TabiB1(), Fab132(), 113%, NI3&}

‘Subroutine of the 15th dyn%- field that computes the amphiude-
'ordinate of the vertices for the waveform polygune,

ffi;;:ﬁﬁ{) dyn%, {, SMP&, fhk, bik, ClePenew%, M1§, prelll, prel39, U0,
SHARED aampl, carupl, mampl, xampl
STATIC A13, B3, U1514&, V131&, Rdetls, distePC18
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I¥ ClePenes® = | THEN

"Input of the stechastic-distribution cocfficients, of the elastic-
"mirror sizes,of a reduction facior and of the spacific stochastic-
‘distribution used for computing the amplitude-ordinases of the
'waveform polygone,

OPEN M1§ FORINPUT AS #1
INPUT #1, Al3, B13, UIS1&, V181%, U25(dyn%), V2&{dyn%), Rdeti3,

distrPC13
CLOSE #1
ENDB IF
IFNI3&EMOD 2 = 6 THEN
K e 1
ELSE
R% = 2
ENDIF

'LEHMER'S random-number generaton
sarapl = {{xampl * sampl + campl}/ mampl - INT{{xampl * aampl +
campt) { mampl}) * mampl
z = xampl/ mampl

'‘Buile-in random - number generator:

! z = RND
pi = 3.14159265350#: vang = 2 pi/ 44109
DO WHILEz = §

7z = RND

LOOY?
I¥ disePC13 = 1 THEN

"CATTCHY:

Cauchy = A18 * TAN{@ - 5) * pi): Q13 = TabiBL(R%, 113%) + Cauchy
LILSEIF disuPCIS = 2 THEN

“LOGIST.:

= ALOGHI - 2) f4) + BI3Y AL Q18 = Tabl31{X%, 118%y + L.

ELSEIF distrPGL3 = § THEN

"HYPERBCOS.

hype = A13 * LOG(TANE * pi / 2)): Q13 = Tabi31{K%, 113%) + hype
ELSETF distrPCL3 = 4 THEN

"ARCSINE: ‘

arcsiv = A1 ¥ (5. 5% SINES < o) * pih: Q13 = Tabl31(K%, 113%) + arcsin
ELSEIF distrPCI3 = 5 TVHEN

"EXPON.

expon = {LOG{I 2}/ AIS: Q13 = Tabl31{K%, 113%) + cxpon
ELSEIF distrPC13 = 6 THEN

“SINUS: _

sinu = Al * SIN{GSMP& * vang * BI3% Q13 = sinu 'validate coresp.expression
ENDIF

U&= T181&: V& = VI31&: Q = (18
CALL MIRO{US, V&)

Qs =0
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IF K% = 1 THEN
TabISH2, 118%) = Q13
ELSE
Tabl31{1, Ti3%) = Q13
ENDIF
(213 = Q13 * Rder13
QI8 = Q18
Q13 = Tabi32(K%, 113%) + Q13
U = UQ&{dyne): Vi = V&k(dyn%): O = 013

CALL MIRO({U&, V&)
' fvaleur Altree "hlter
! Q= {preldl +Q)/ 2 "
! Q= (preldl b prel82 4 Q)3 77
' 'prei3 = preidi o
' preidl = Q b
Q=0

1F K% = 1 THEN
Tabi32(2, 113%) = QI3

ELSE
Tabl32{1,113%) = Q13
ENDIF
ENDSUB

SUB PD13 (Tad151{}, Tad1320), 113%, N13&)
'Subroutine of the 13th dynd%.-field that computes the dme-interval
‘between two verdees of the wavelerm polygone.

SHARED ., Qd13, I13max%, SMP&, thik, hik, ClePenetrh, M23
SHARED aabse, cabse, mabse, xabse
STATIC A413, Bd13, Udisi&k, VA3 14, Udl132&, VA132&, Rdedl3, distrPD 13

IF ClePenew% = 1 THEN

‘Insput of the stochasde-distribution cocflicients,of the elasticr
'mirror sizes,of a reduction factor and of the specific stochastic.
‘distribation used for computing the time-interval in-between
‘two verices of the waveform polygone,

OPEN M2F FOR INPUT AS #1
INPUT #1,Ad13, Bd13, Ud131&, Vdis1&, Udis2&, Vdisas,
Rdedi3, disrPD 12
CLOSE #1
ENDIF
IFNISSMOD 2 = 0 THEN
K% =1
EiSE
H% =2
END
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'LEHMER'S random-number generator:

z= xabsc / mabsc
"Builtdn randomenumbuer generawr:
7= RND
pi = 3.14130265850#: vang = 2% pi/ 44100
DOWHILEz =0
z = RND
1.007
IF distePD13 = } THEN
"CAUCHY:
Cauchy = Ad13 * TAN{{z - .5) * pip Qdi2 = Tadl31(K%, 1139} 4+ Cauchy
ELSEIF distrPDIS = 2 THEN
"L.OGIRT .
L = {LOG{{l -2}/ v) + BA13)/ Ad13: Qd13 = Tad133{K%, 118%) + L
EILSEIF distrPD 15 = 8 TTIEN
"HYFERBCOS.:
hype = Ad13 * LOG{TAN{E * pi / 2)) Qd13 = Tad131{K%R, 113%) + hypc
EISEIF distrPD13 = 4 THEN
"ARCSINE:
"arcsin =Ad13 *L5 - 5* SINYE - o) * pi}:Qd13 = Tadi3 1{K%, 113%) + arcsin
FISEIF distrP1HS = 5 THEN
"EXTPON.:
expon = -{LOG{ - 23) / Ad13: Qd13 = Tad131{K%, 113%) + expon
E1SEIF distrPD 13 = 6 THEN

"RINTUS:
sing = Ad13 ¥ SIN{EMPE * vang * Bd13) Qdi3 = sinu 'validate ¢oresp.expression
ENDIF
U& = Udlsi&: Vi = Vd131&: Q = Qd13
CALL MIRO(U &, V&)
Qd13 = Q

JF K% = | THEN
Tad13142, 113%) = Qd13
Tad133(1, [18%) = Q413
END IF
Qd13 = Qd13 * Rded13
‘Qd13 = Qd13

Qdi3 = Tadl32(K%, 113%) + Qd13
Uk = Udi32f: V& = Vd132&: Q = OdI3
CALL MIRO(UL, V&)
QdIs = Q
IF K% = 1 THEN
Tad132(2, 113%) = Qd13
Tad182(1, 113%) = Qd13
END IF
END SUB
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Two pages of the “score” resuiting from the programme reprodoced here,

Appendix I

i7] [20]

TWO LAWS OF CONTINUOUS PROBABILITY
First Law

P, = a7 dx,

Let 04 be a segment of a straight Line of length { on which we place n
points. Their Hinear density is ¢ = a/l. Suppose that { and » increase in-
definitely while « remains constant. Suppose also that these points are

numbered 4y, 4, 4,, . .. and are distributed from left 1o right beginning at
the origin (. Let

ay m AaAy, Xp = Apdg xp w A AL x = A4

The probability that the ith segment will have a length x, between x
and x 4 dxis

Poow e~ dy,

Now the probability g,, that there will be # points on a segment x, i
given by the recurrence formula

Pras X

N PR

ex {ex)®

{ex)®
Tt

mg

If x is very small and il we denote it by dx, we have

A(dn)?

Po= 11— cde 4 57

.
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Since the powers of dv are infinitely small for high valucs, o = | — cdx
and py = cdx py = cdv. Hence, the probability £, is ¢composed of the
probability g, = £ %%, that there will be no point on the segment x, and the
probability g, = ¢ dx, that there will be a point in dx.

APPROXIMATE CALCULATION OF THE $AME PROBABILITY

(FOR CALCULATION BY HAND)

Let there be d points to be placed on a straight line of length £ The
linear density is ¢ = 4/l points on length £ If the lengths zre expressed in
urits v then { = av (a > 0) and w = dfa points in the unit of length o,

Then x, = o {i = 0, 1,2, 3,...), and the probability, the asymptotic
limit of the relative frequency of the segment x,, will be

P, o= e A, (H

We shall now define the quantity Ax,. The probability (1} is composed
of the probability iy = 2", that there will be no point on x, and the
probability p; = ¢Ax, that there will be a point in As; il {eAx,)? 18 small
enough to be ignored. Set

8 < {chx)% < 107
where 1 is a sufficiently large natural number; this expression becomes
O < Ay, < o7 10788,
Substitute a constant z for Ax, such that for every
z £ Az < g7 10 (2}

Then equation {1} 1s written
Py e o=y (3
and must satisfy the condition

]

z e oz = 1,
e
or
=@
zow lfeey cmew
=5

Rut since cv > 0, ¢ % < 1, s0 that
¥ ¥

{=zm
Z (e—{:u){ e ]/(] - 8»~cu}
i=0Q

and finally

1w gmee

[

z2 =

Appendix |

Now from {2)

T oo gt Z{}uniz
<
¢ ¢
Therefore
G < {l — eme) « 1072,
then

(I — 10-92) < gm0 < |,

Thus, for eo > O we have ¢7® < 1, and for @ < ~log {1 — 107"} we
have e~ = (§ ~ 107%2), And since 0 < 10792 < 1 we have

10—'{“{’2)2 10-—(“{2}3 Hy-tniae

—log (1 = 1013} w |Q-wE
g { Yo 107HE i e e

and
107%2 < o log (1 - 10777},

In order that ¢~ % > } — 10" it is therefore sufficient that

v = 1099, “4)
Then we may take
} — e“{‘-‘(\f
Ax; == 2 5 e {5)
¢

and substitute this value in formula {1}, from which we can now sct up

probability tables, Here is an example:
Letd = 10 points as mean value to be spread on a straight Hne segment

tiat fedx)* = 10-1 is considered to be negligible,

From {4}, o = 107%% = (.01 points in 0. Now ¢ = d}f = 10{108
pottsfem, therefore ¢ = 0.1 pointsfem, v = 00181 = 0.1 an, and x;, =
O licma §mm,

From {5},

o e“O.GI

Axy = — a7 = (] - (L8905}10 = 0.0995 & 0.1 cm.

From (1),
P, = ¢=%011.0,1.0.] = 0,01 (0.099005)%

Tor calculation by machine see Chapter V.
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Second Law
w 5. 2 Jy .
sd =31 -1

Fach variable (pitch, intensity, density, et} forms an interval {dis-
tance} with its predecessor. Each interval is identified with a segment x
taken on the axis of the variable. Let there be two points 4 and B on tlis
axis corresponding to the fower and upper Hmits of the variable. It is then
a matter of drawing at random a segment within AR whose length is
included betweenjand § + difor 0 £ j < A8, Fhen the probabitity of this
event is:

e . 2 A
).m = I % L s
Br=fl =2 (1 -4} (1)
fora = 4B

APPROXIMATE DEFINITION OF THIS PROBABILITY FOR CALCULATION
BY HAND

2 iv
- .
But 3 i
{=m . fmom
P, = %E(m + 1) - gf; é;fc(m + 1) Qc:;m[m2+ L _ 1,
fug . at e ,5’ & 2u
whence
\ @€
(?If _— O == - + 1.

On the other hand P; must be taken as a function of the decimal
approximation required:

Py (wi)mo—n n=0,1,2%.. )
n

m - 1

Py ds ut a maximum when ¢ = 0, whence m 2 2.10% - 1} so for m =
2100 — I we have o= /(210" ~ 1} and 4f = ¢/{2.10%), and (1)
becomes

i i
P — * TEE e s wsssssssssvasss oo | 8
)= B g (i 2005 < 1)
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DEFINITION OF THE SAME PROBABILITY FOR COMPUTER
CALCULATION

We know that the computer can only draw numbers g4 at random {(of
equal probability} 0 < yo < 1. Using the probability law of density £, w
FU7) dj, we have {or some interval x,

. 2
2z A%

prob. (0 <7 < x0) = [0} df = =22 — % = Fi),

14
where F{xg) is the distribution function of . But Fxy) = prob. (0 £ ¢ < vy}
= yg. Therefore
Ixy X% .
—= - =gy and 5 = afl 2 V(1 - y0)s

and by rejecting the positive root, since x, must remain smaller than 4, we
obtain ’

xp = afl = /{1 — ¥o)]

forallg 5 x4 5 a

"Appendix 11
._.1[14]

ORI~ o - X S
Yy

" Let there be stutes By, Fy, By, .., B, with r < o0} and let ong of these

events necessarily occur at each trial. The probability that event £, will
take place when £, has cecurred at the previous trial 15 i, '

Spy=1 withk=12. .,n
¥

P8 is the probability that s z tnials we will pass from state Fy, to state £

If for n— o one of the P§ tends towards a Hmit Py, this himit is
expressed by the sum of all the products Py;p;,, 7 being the index of one of
the intermediate states E; {1 5§ 5 )

P = Praprs + Protae + - + Pucfan
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The sum of all the limi P, 8 equal to 1:
Poy 4+ Py + Pog -+ Py = L

We can form tables or matrices DU as follows:

18 3} £l

;}}: 125: Yoo P!l

LR I (n} EIN3] {8}

o - plrm 1:’.»&3 s Pr:n
t ]

P o NN i

Regular case. TV ut least one of the tables DV conains at least one line
m of which all the clements are positive, then the P have limits Py, and
among e Py, there exists at least one, P, which has a nonezero lhmit
mdependent of 7 and of A This 1s the regrlar case.

Positive regular case. H at lcast onc of the tables %7 has all positive
clements, then all the Py, bave nonezere Timits P, independent ol the indial
mdex A This is the pestfive regular case.

The probabilities £, = X, constitute the system of solutions of the
7+ | equations with v unknowns:

Xy o= A+ Xopay +-- -+ Kopn
Xy = Xipig o+ Xppg + 4 K fug
Ay = Xypyg + Xopog + 0+ Xpyy

/Ym e ”Ylp‘lm i ‘\’2p2ﬁ1 LU '(\yrﬁrm

X’“’ipar‘é'lngr‘f‘"'-i“:rp”
1 = JY} kS .(Yz e e e Xr

But these equations wre not independent, for the sum ol the first 7 equations
yickds an identity, After the substrution of the last eguation for onc of the
first 7 equations, there remains a system of ¥ equations with 7 unknowns.
Now there 35 a demonstration showing thuat in the regular case the system
has only one solution, ako that D% == 7 {mh power of D).

Appendix 111

THE NEW UPIC SYSTEM *

intraduction

UPIG (Uhnité Polyagogique Informatique du CEMAMu) is a machine
dedicated to the interactive composition of musical scores. The new and
fireal version of this system runs on an AT 386 microcomputer connected to
a real-time synthesis unit. The new software offers a mouse-controlied,
“user-friendly” window style graphical interface and allows reazltime
drawing, editing and playing of a miusical page as well as the recording of a
“performance.”

Description

The UPIC is a music composing systemn which combines a graphic
score editor, a voice editor and a powerful “performance” (or play-back}
system, all sharing the same dawa Therefore, all drawing and editing
operations are available while the music plays. All the commmands are
mouse driven. A menu command allows one to switch the drawing input
device frem the mouse to the digitizer and vice versa.

A UPIC score is a collection ogf notes that are called "arcs.” Anarcis s
pitch (freguency) versus time curve. The frequency variations are continue
ous and can cover the whole ambites, The durations can range from 6 ms
to the rotal duration of the musical page (1 hour maximumy,

'CEMAM:: {Centre for studics in mathematics and automation of music} , founded
by Iannis Xenakis in 1965 with grants from the French Cultural Ministry.

*This appendix s freely inspired by a similar puper published by ICMC in
Glasgow, 1080 in “Procecdings,” written by Gérard Marino, Jean-Michel Raczinski,
and Marie- Héléne Serra of CEMAMu. My grasitude for their faithful dedication is
herewith expressed. (1.X}
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Tools are provided for obtaining quantified values of frequency and
daration. In this way, the notion of an arc is an extension of the classical
notion of a note. In addition, each arc has a set of sound attributes that can
be changed real-time, duri ng playback,

Voice editing on the UPIC includes redrawing and redefinition of
waveforms, cavelopes, frequency and amplitede tables, modulating arc as.
signment, and modification of audio channel parameters {dynamic and en-

velope). All these operations are feasable during playback and immediately
heard.

Different sound interpretations of the same graphic score may be
tested with the help of arc groups. Groups contain from one arc to the
whole page and allow instantancous and global moedifications of sound par-
ameiers (waveform change, Lranspesition, etc.}.

During performance, the musician can switch from one page to
another and may control the tempo and play position by moving the mouse
across the page. The resulting live interpretation may be recorded in an
editable object called a “sequence.” The tempo and the position in the
sequence is controllable while the sequence is being played.

Figum 1. Sample screen from UPIC
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Page Drawing and Editing

A maximum of four pages of music can be opened and displayed in
moveable and resizeable windows, Opening a page stored on the disk loads
it into the memory of the realtime unit. Therefore, all the subsequent
operations can be carvied out while the page is being plaved.

Ares can be drawn by using one of the drawing modes (free hand,
broken line, erc.) I accepied, an arc is inserted in the page as soon as s
drawing ts over; if the iimit of 64 oscillators is reached, the are wili be re-
fused. At any time, it is possible to modify the set of the default attributes
(waveform, envelope, frequency table, amplitude table, weight, modulating
arc, audio channel). One page holds a maximam of 4000 arcs.

Usual editing communds {cug, copy, paste) are availabie. For each
page, four groups of any number of ures ¢an be created by using different
types of selection (block, Hst, criteria) Geometric operations like symmetry,
rotatgon and vertical alignment can be applied to a group. Instantancous
modifications of the auributes {(waveforms, envelope, freguency table,
amplimde table, weight, modulating are, audio channel) of the arcs belong-
ing 10 a group can be temporarily applied and saved, if necessary. Further-
more, groups can be instantaneconsly muted, "solo-ed,” and/or transposed,
Voice Edition

Each arc is associated with an oscillator whose configuration is given
by the foliowing arc attributes: waveform, enveiope, modulating are, audio
channel. Before being transmitted to the oscillator, the graphic data of the
arc and of the envelope are converted respectively by a frequency table and
an amnplitnde table,

Waveforms and envelopes can be drawn or extracted {rom sampled
sound, and normatlized.

The contents of the conversion wables are defined either by a drawing
or by a menu command and are redrawable.

The frequency table definilon menn command enables the user o set
the boundaries of the ambicus (n hertz or haif-tones) and the musical scale
parameicrs (tuning note and number of equal divisions in the octave). The
frequency table can be tnverted and can be made continuous or discrete. In
the Jatter case, the steps are the octave divisions, When played with a dis.
crete frequency table, the pitch variations within the arcs follow the
frequency steps of the ble.
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Performance

Only one page can be played at a time. The four pages maximum in
a’!}c window may he chained or not. The user chooses which page to play
simply by clicking on it, stops or restarts the progression of the perform-
ance, defines the dme limits of the performance with optional lcoping.

"The tempo and play position can be defined by mouse motions on the
page or by entering their values, Alf types of motions (forward, backward,
Jumps, acceleration, slowing down) within the page are permitted. When
not user-controlied, the page is played at a constant tempo,

A set of channel parameters (dynamic and envelope) is assigned 10
cach page. The dynamic and envelope of the 16 output audio channels are
real-time controllable during performance. As the channel envelope
spreads over the whole page, it is therefore possible to locally weight arcs
assigned 0 a given channel,

In the UPIC, a sequence is the recording, during the performance
{controlled or not) of all the successive positions in the page, with a 6 ms ac-
curacy. It holds a maximum of 12 minutes of performance. It is displayable
as a position versus time curve. Any piece of the sequence can be overwrit-
ten by a new recording or redrawn. The performance of a seguence is car-
ried out inside its window with mouse motion controls (like the page itself).
When four pages are loaded, the user has two sequences with which to
work.

Storage

Pages, waveforms, envelopes, conversion tables and sequences are
stored in separate banks (DOS files) on disk. Banks are user-protected.
Copying, renaming, and deleting objects and banks is possible.

The user can load objects that come from different banks, Saving an
object can be done in any bank,

Conclusion

This summarizes the principal characteristics of the UPIC system
today. Additional commands are going to be integrated to the application,
especially sampling utilities (record, play, simple edition fuctions) The syn-
chronization of the performance with an external device as well as the com-
munication between UPIC and MIDI devices is presently being studied.

Tools will be provided to allow another application access the data of UPIC
banks.

The system is being industrialized and will be commercialized in the
course of 1991,
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TECHNICAL DESCRIPTION

A} Hardware Specifications

Host computer
PC-AT 386 with 3 Megabyies memory minimum, hard disk, mouse,
MID] board, optional digitizer tablet, All Summagraphics compatible digi-
tizers are supported (size AQ to A4}
Real-time synthesis unit
64 oscillators at 44.1 kHz with FM
(future extension to 128)
converter board;
4 aundio output channeis
2 audio input channels
AES/ERT interface
(extension to 4 converter boards)
capacity :
4 pages of 4000 arcs
64 waveforms (4K entries)
4 frequency tables (16K, entries)
128 envelopes (4K cntries)
4 ampiitude tables (16K entries)
2 sequences (12 minutes each, 6 ms accuracy)

B} Software Main Feafures

Environment : DOS with Microsoft WINDOWS 3.x (graphical
muld-application environment with puli-down menus and pop-up
windows)

Storage ¢ pages, waveforms, envelopes, frequency tables, amplitude
tables and sequences are stored in separate banks on disk. Banks are
user-protected,

Drawing : every object is initialized either by a command or by a
drawing, and is redrawable, Objects are displayed in overlapped, resizable
and zoomable windows,

Edition : several types of selection (block, list, crizeria) allow the creation
of up to four groups of ares per page. Each group ¢an be muted, solo-ed,
graphically transformed and real-time controlied.

Sound -+ See C {Real-fime controis)
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C} Reak-Time Controls

Page controls
Tempo
Play time interval {with or without looping)
Page switching
Position in the page
For each audio channcl : dynamic, envelope
Sequence controls
Tempo
Position
Sequence switching
Group controls
Solo
Mute
Transposition
Intensity
Frequeney medulation
OQutput channel
Waveform {among 64}
Frequency table {among 4)
Envelope (among 128)
Amplitade table (among 4}
Drawing while playing
While a page is being played, the user can medify s waveforms, ¢n-
velopes and conversion tables.
A new arc can be heard as soon as its drawing is finished.

An existing arc can be redrawn within its endpoints and heard at the
same time,

A Selected Bibliography of
Iannis Xenakis*

compiled by Henning Lohner

The bibliography of the works of Japnis Xenakis 15 arranged as fob
lows:

1. Works by Xenakis:
1. Books, and

2. Artickes in periodicals, booklets, and encyclopedias. In general, the
source of the first prining s given. The writings of Xenakis have been
transiated and reprinted many tmes,

H. Writings about Xenakis:
1. Monographs and collections, the majority of which are dedicated to
Xenakis, and

2. Articles in periodicals, encylopedias, and anthologies.

‘Works in daily and weekly newspapers, with some minor exceptions,
are not. included here. That applies, in particular, to the numerous festival
catalogs and concert programs, which frequently have original material,
Likewise, record notes by or about Xenakis, record reviews and introdue-
tions to works by Xenakis are excluded.

It should be mentioned here that Xenakis, as an independent archi-
tect and long-time coliaborator of Le Corbusier is responsible for an exten-
sive, architectural body of work, which is noted in the literature, We ean, at
present, include only the most important, uselul, interdisciplinary works.

The writings are organized chronologically, and, within each year, ar-
ranged alphabetieally. Articles without a specific author arc listed by the
inial letter of the title,

Fhis bibliography is based on the private collection of the authoy, and
also utilizes other relevant bibliographies on the subject at hand.

The list of abbreviations ean be found at the end, p. 364

*First appeared in Musih Fede No. 13, Cologne 1986, in German, and later updated
in Musik/Konzepte 54/55.
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1. 1.:

1. 2.

1955

1956

1957

1958

Formalized Music

I. Primary Bibliography
1. Books by Xenakis
Collected Writings

"Les m.usiquves formelles; nouveaux principes formels de composition
musicale.” Rewie wmusicale 253-254, 1963; published also as:
Mu::zqw:? Jormelles. Puaris 1963, revised and expanded text in English
transtacon: Formalized Music. Bloomington and London, 1971.

Musigue. Architecture. Collection "Mutations— Orientations™ Vel 11,
e.r.izted hy M, Ragon, Tonrnal (Belghum) 1971; 2. expanded and re-
vised edition 1976.

Disserations

Amf&_ienmcmﬂlfiages,_ thése de docioral es lettres ef sciences humaines 1976.

Faris 1979; Arts/Sciences: Alloys, English edition, New York 1085,
2. Articles by Xenakis

"Pra;limata cliinikis moussikis.” Epitheorissi technis 9 (Athens 1955)
185188,

"L‘;g(ﬁ‘;“vmt de la Tourette”, in: Modulor 2, by Le Corbusier, Paris
(el N

"La crise de la musique sérielle.” Gravesaner Blétter 1 {Jaly 1956): 2-4.
“Wghrscheinlichkeitstheorie und Musik.” Gravesaner Bldler 6 {1956);
2834,

"Brief an Hermann Scherchen.” Gravesaner Blitler 6 {1956) 35-36.

" Cor!:}asiem ‘Elektronisches Gedicht/Le Corbusicr’s Electronic
Poem.” Gravesaner Bitier/Gravesano Review 3, No. 9 (1957
45fL/51 1

"Le Co:ﬁ:vent d'éwydes de la Tourette, venvre de Le Corbusier,” Art
Chrétien No. 6, Paris 1857: 40-49,

"Az{f der Sluchc nach einer Stochastischen Mustk/in Search of Stochas-
ue Musse.” Gravesaner Bldter/Gravesane Review 8, No. 1112 (1958);
SRIL/1121F

"De tre parablerna.” Nutida Musik 2 (19581 959).

"Gen{.‘fsc de Farchitecture du pavillon: Ie pavillon Philips & Exposition
universelle de Bruxelles 1958." Revue technique Philips 20, No. §
1958y 10 p.
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"Reflektioner over 'Geste ﬁ%ectmnique.'” {"Notes sur un 'Geste Elec-
tronique’™ {in Swedish}). Nutide Mustk 1, March 1958; French origi-
nal: Rewue musicale 244 (1959} 25-30,

“Le Corbusier”, in: Architecture, Paris 1958

"The Philips Pavilion and The Electronic Poem” (summary by
L.CKaihy, Aris and Archilectre 75, Nr.11 1958: 23

1960-61  Grundlagen ciner stochastischen Musik/Elements of Stochastic
Music.” 4 Issues, Gravesqner Blditer/Gravesans Review 5-6, No. 18
(1860} GH{I/B4IF No. 19-20 (1960)% 128{[/140ff; No. 21 {1961)
102{0/1130; No, 22 {1961} 131{f/144f; French origina in partin
Revue desthétique 14, No. 3-4 (1961). "Herman Scherchen.” In Bnxy-
clapédie de la Musique. Pavis, 1961, p. 653,

"Virave." In Enzyclopédie de la Musique.” Paris 1961, p. 873-874.

“Hermann Scherchen”, in: Enclopédie de la Musigue, Paris 1961: 653,

“Stochastic music”, in: (Proceedings of the) Tokyo Fast-West music en-
counter, Tokyo 1961

"The riddle of Japan”, in: This is Japan, Tokyo 1961,

1962 "Debussy 2 sformalizowanie muzykd.” Ruch Muzyczay 6, No. 16 (1962n

7.

"£léments sur les procédés probabilistes (stochastiques) de composi-
tion musicale.” In Pancrama de Part musical contemporain. Edited by
C. Samuel. Paris 1962, p. 416-425.

“Un €Cas; la musique stochastigue.” Musice (Chaix) 102 {Sept. 1962)
135

"Stochastische Musik/Stochastic Music.” Gravesener Blatier/Gravesano
Review 6, No. 25-24, p. 156HE/160{E

"Wer st fannis XenakissfWho is Ianmis Kenakis” Gravesaner Biil-
teryGravesans Reciew No. 23-24 (1962): 185/185-186.

1863 “Musiques formeiles.” Bulletin de souscription, Paris 1963, p. 1.

“Pierre Schaeffer” In Die Mustk in Geschichie und Gegenwart (MGG),
Vol. 11, Kasse! 1863, p. 1535, German transiation by M. Bente,

19685 "Frele Aussprache (Diskussion): I Naturgetreue Musikwiedergabe, IT.
Muathemadk, Eickronengehirn v, Musikalische Kompesition/Open
Discussion: 1. High Fidelity, II. Mathematics, Electronic Brains and
Musical Composition.” CGravesaner Blitter/Gravesane Review No. 26
{1965% 3-4/4.5,
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1867

1969

Formalized Music

“Freie stochastische Musik durch den Elekironenrechner/Free Stoch-
astic Music from the Computer.” Gravesaner Blétter/Gravesane Rettiew
7, No. 26 (1965): B4{1/701Y,

“La voie de Ia recherche et de Ia question.” Prewwes 177 (Nov. 1565).

“BDer Fall Le Corbusier/Concerning Le Corbusier." Gravesaner BlEe-
ter/Gravesans Review No. 27-28, p. 5-7/8-10.

“La Ville Cosmique. In L'Urbanisme, ulopies et véalitids by F. Choay,
Paris 1985,

“Zu einer Philosophie der Music/Towards a Philosophy of Music.”
Gravesaner Bldkter/Gravesano Review No. 29 {1965-1066) 23F./38IF
French originak “Vers un philosophic de Ia msique.” Revue d'esthé-
tigue 21, No. 2-4 {1968). 175-210.

“Le Corbusier”, dujourd'hui, Art &t Architecture No. 51, 1965.

“Motsdgelsen musik och maskin®, Nutids, Musth 2, No. 5-5: 28.

“The Origins of Stochastic Music.” (translated and expanded excerpt
from "Musiques formnelles™y, Tempr 78, p. 9-12,

"Smrqam& hors-temps" The musics of Asia. Papers vead al an inter-
Hatienal music symposium, Manila 1966: 152-173.

*Ad libitum." WOM 9, No. 1 (1967); 17-19,

“lannis Xenakis* In Die Musik in Geschichte und Gegenwart (MGG} Vol.
14 (1967-1988) 923-994; translation by D. Schinidt-Preug,

“Musikalisk axiomatik och formulisering/Axiomatique et formalisation
ge la composition musicale." Pyikingen Bulletin Internalional 2 (1967
£ p.

“Vers un métamusique.” La Nef 29 (1967): 24 P

“La Musique et fes ordinateurs." Edited by A. Capelle. Lo Quinzaing lif-
teratre, 1 March 1968,

“’Z'gmoigrzage d'an erdateur” {(Interview), Pensée of création, Paris 1968;

8.83.

“Problemy miojej techniki kompozytorskie]." In Horyonty Muzyki 1,
Warsaw 1969,

# Stx_*uctures universelies de Iy pensées musicale.” In Libertd ot organisa-
twn dans le monde actuel, Paris 1060,

“Une note/E.m.a.mu.” Revie musicale 265966 {1868): 8 p,
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1970

1872
1974

1975

1876

1877

“Short Answers to Difficult Questions.” Composer (US4) 2, No. 2
{1970). 39fF 14971

“Den Komiska virldsstaden.” Nutide Musik 15, No. 3 (19711972} 13-
i4.

“Les Dossiers de Plquipe de Mathématique et Automatique Musicales
EMAM)." Cologuio Artes 13, No. 5 (197 1) 40-48,

“Musique ot prograrmnation”, JTC (fngénieurs, Techniciens ef Cadres) Ae-
tuglizes 2, 1970: 55-57.

“Om Terretektorh." Nutide Musik 15, No. @ (1971-.1972) 47

Preface to L'initiation musicale des jeunes by M. Gagnard, Paris 197},

“Stravinsky wad Tradition: First Thoughts." In “Stravinsky {1882
1971), A Composers Memorial." PNM 8, No. 2 (1971): 130,

“Structures hors-temps.” In The Musics of Asia, Manila 1971, p. 152-
173,
“Une erreur fossile™, Pour vous que est Jesus Chrisi?, Paris 1970 159,

“Formalized Music Abstract." In RILM 6, No. 3 (1972} 266,

“New Proposals for Microsound Structure” (in Japanese). In Fechnology
hukan, Fronsonic 4, Auvtumn 1974, p. 41

“Propos inpromaphss, suivis de reflexions en marge” Edited by R

("Wissenschaftliches Denken und Musik—in Greek"). Theaire 8, No.
46-48 (1975):. I p.

*The New Music Yoday.” Iss fnter Nationes, Bonn 21/1975,

“Zur Sitwation”, Darmstddier Baitriige wur Newen Musth, BA.XTV, Mainz
1975 1618,

“Archaiotcka kai sygchrone mousike, {antike Zeiten und zcitgen,
Musik—in Greek)" Bulletin of Critical Discography 18-19 (January
1976): 874-382.

“Calwre et crentivitd.” Cultsire 3, No. 4 (1876): 4 p.
"Des Univers de Son." In Probldmes de la musique moderne, by B. de-
Schloezer and M. Scriabine. Paris 2/1977, p. 193-200,

“Liuniverso politico e sociale In Musica ¢ politice, Lo Biennaled
Venerie. Venice 1677, p. 548-549, translation by A. Cremonese.
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DISCOGRAPHY

Abbrevations and symbois

Diss. Dissertation
ff. following The folowing list is arranged in alphabetical erder by recording company
MO Musical Quarierly {and record number) Barring the various format exceptions (CD =
Noe. nimber compact disk; MC = cassetie) the recordings are presented on long-playing
NM i records. Each entry also indicates the presence of works by another

Z Neue Musthzeitung composer (with an asterisk {*}); the tde of the compositions by Tannis
NZ Neue Zeitschrift filr Musik Xenakis; and the performers.
OMZ Osterreichen Mustkzetischrift
ENM Perspectives of New Music Adda 81042 # Children's chorus of Notre-
p. page(s) Mikka, Mikka $ Dame de Paris; Ensemble In-

: iy tal d ]

RILM  Repertoire International de Litterature Musicale P, Zukovsky, vl strumenial Ce musique

contemporaine de Paris; K. St

SMZ Sthwetzerische Mustkueitschrifi ?}f;zaim 224CD” meonovich, dir.
{ Fniv. University E. Chojnacka, clav; 8. Gualda, 8. Arion ARN 88775+
Vol Volume{s} pere. Nuits
WOM  World of Masic Adgs 14.129-9 CD * Groupe Vocal de France; M.
Metastasis, Nuits Tranchant, dir.
Orchestra del Siidwestfunk; 1, 9 Babel 9054-1 0D
Rosbaud, dir.; Soloists from Lchange, Paltmsesi, Waarg, Eonta
the ORTF chorus; M. A Takahashi, pno; H. Sparnaay,
Couraud, dir. cIB; Asko Ensembie, D. Por-
Adés 16005 * eclijm, dir.
Herma 10. Barclay 920217 %
1. Mefano, pf. Aunakloria, Morisima-Amorsima
Angel S-36560 * Octuor de Parls
Atrées 11. Bis256*
Ensemble Instrumental de Psappha
musique contemporaine de G. Mostensen, perc.
Paris; K. Simonovich, dir. 12, Bis338%*
Angel S-36655 * Kermn
Herma Christian Lindberg, Th.
G. Pludemacher, pf. 13. BsCD482CD
Angel S-36656 Pleiades

Achorripsis, Akrata, Polla o dhina,
ST/10

The Kroumata Percussion En-
semble
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B4,

i5.

16

17.

18

18,

20.

21.

Bolte & Musique 070 #

Liamorphoses

{electronic coraposition)

CBS 3461226

Akrata

The Festival Chamber En-
semble; R. Dufalio, dir.

CBSSony32DCE7T3CD *

Psappha

5. joolibara, pere,

CBSSony32DC 691 O *
Pléades
M. Aruga Ensemble

CBS Sony 32DCES1 CD

Pletades

Makoto Aruga Percussion F.o-
semblc

Candide 31049

Medea, Polylope de Montréal,

Syrmaos

Ensemble Ars Nova;, ORTF
Chorus; M. Constant, dir.

Candide 31000

Nowmas Gamma, Terretekiorth

ORTF Phitharmonic Orchestra;
Ch. Bruck, dir.

Chant du Monde LDX 78308
{also LDX-A 8368, CD 1LDC
278368)

Fonta, Metastosts, Pithoprakie

Ensembie Instrumental de
1nusique contemporaine de
Paris; K. Simonovich, dir.; Or.
chestre National de YORTF;
Le Roux, dir.; Y. Takahashi,
pf; L. Losgo, P. Thibaud, tr;
M. Chapellier, G. Moisan, |.
Toulon, trh.

22.

23.

24.

25.

26.

27.

28,
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Chant du Monde LDC 278 368
Ch*

Eonta

Y. Takahashi, pro; Paris Con-
temporary Music Ensembie,
K. Simonovitch, dir.

Metastasis Pithoprakia

National Orch ORTF, M. L
Roux, dir.

Colosseum 3447253 CH *

Stratégie

Yomiuri Nippon Symphony Or-
chestra; Sehit Ozawa and H.
Wakasugi, dirs.

Colombia MS-7281 *

Akraln

The Festivai Chamber En-
semble; R, Dufalio dir.

Connalsseur Musik CP6 ¥
Mikke, Mikka §
P. Zukovsky, v1,

Cybernetics Serendipity Music
ICA0LOZ *

Stratégie

Yomiuri Nippon Symphony Or-
chestra; S, Ozawa and E.
Wakasugi, dirs.

Decea 411616-1

Jonchaies

Decca HEAD 18 {also 581171

Antikhton, Aroure, Synaphai

G, Madge, pl.; New Philhar-
monia Orchestya; E. Howarth,
dir.

28, Denon CO 78768 CDH

Pletades
Les Percussions de Strasbourg

36. Benon OXLT063 ND (also CD

CO-1052) *
Fvryali, Herma
Y. Takahashi, pf.

Discography

31

33

34.

35.

86.

37.

38

a9,

46G.

Deutsche Grammophon 2530562
>

Nomas Alphe

S. Palmn, vl 41.
. Disques Montaigne 782002 CD

Okho
Le cercle Trio (perc).

EMI Angel EAA-85018-5 * 42.

Herma

A. Takahashi, pf.

EMICO651001

Athorripsis, Akvata, Polla to dhina,

ST/1G

Children’s chorus of Notre.
Dame de Paris; Ensemble In-
strumental de musique

contermnporaine de Paris; K. Si- 44,

monovich, dir.

EMICVEB 2100 *

Herma

G. Pindemacher, pf.

EMI CVC-20806 (alo MG
MCV-20860)

Atrées, Morsima-Amorsima, Nomos

Alpha, STH

P. Penassoy, vk, ; Quatuor
Bernede; Ensemble {nstru-
mental de musique contem-
poraine de Paris; X.
Simonovich, dir.

EMI Columbia SCXG.H5 *

ST71G

Th. Antoniou, dir.

EMI HMVY C5DG.63 *

Anakioria

Th. Antonio, dir.

Elektrola (Fby Zu)

Concret PH, Medea, Orieni-Occident

(eleceronic composition)

Erato 2292-45030.2 CD

A Pile de Gorde, Naama

46.

857

E. Chojnacka, clav; Ensemble
Fannis Xenakls; H. Kerstans,
dir.

Frato Musiclrance 2202 45016-2
CD *

Thhoor

Paris String Tric

¥rato Musicfrance 2292 45030-2
Ch*

Khouai, Kombot

E. Chojnacka, clar; 8. Gualda,
perc.

43, Erato NUM 7H164 *

Komboi

£. Chojnacka, clav.; 8. Gualda,
pere.

Erato ST 70457 *

Nuits

Soloists and Chorus of ORTF,
M. Couraud, dir.

. Eraw ST 70526 (also 9088)

Medea, Polyiope de Montréal,

Syrmos

¥nsermnbile Ars Nova; Cliorus of
ORTF; M. Constant, dir.

Erawo ST 70527/28 *
Kraanerg
M. Constant, dir.

. Erato $TU 70528 (also 91 19)

Nomos Gamma, Terretektorh
ORTF Philharmoenic Orchestra;
Ch. Bruck, dir.

. Erate STU 70530

Bohor, Coneret PH, Diamorphoses,
OrientOceident
(electronic composition)

. Erato STU 706586 {(also 9187}

Ciresteia

8. Caitlat Chorale ; Makrise do
Notre-Dame de¢ Paris; En-
semble Ars Nova; M. Con-
stant, ¢ir.
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B0, Erato STU 71106 %
FPsappha
8. Gualda, perc.

57. Finjandia 120 3662 CD *
Anaktaria

51, Erato ST 71266 * Orchestra
Khoai 58, Finlandia FACD 357 %
E. Chojnacka, clav, Khoat

52, Erato STU 71513 J. Tiensuy, clav.
Cendrées, Jonchaies, Nowos Gamma 59. Gaudeamus Foundation - Radio
Galbenkian Foundaton Chorus Natherland (3 CD, 1988)
of Lisbon; Orchestre Mational Gmesoorh
de France; M, 'Tabachnik, dir.; K. Hoek, Organ

ORTF Phitharmonic Or- 80. Gramavision 89 76440 CD *
chestra, Ch. Bruck, dir, Teiras

53. Erato Interfaces (for Arxdisti Sering Quartet

Hewlewt-Packard) 61. FIMV §-ASD 2441

At . . . Morsima-Amorsima, Nomes Alpha,
Spyres Sakkas, baritone; Syivio ST

Gualda, percussion; Sym-

phonieorchester des Bay-

erischen Rundfunk, dir.

Michel Tabachnik;
Kekuia.

P. Penassou, vcl; Quatuor
Bernéde, Ensembile Instro-
mental de musique contem-
poraine de Paris; X,

Kolner Rundfunk.Svmphons Simonovich, dir,
diner Rundfunk-Symphonieor- ] . .
chester; Kolner Rundfunchor, 62, Flarmonia Mundi FIMC 5172 %

: . . Misis
dir. Michel 'Tabachnik. . .
Nshima. C. Helffer, pf.

Arne Bartolloni, Geneviéve 63. Harmonia Mundi HMC 9051858
Renon, mezzo-sopranos; En- oD

semble Instromentale, dir, Mi- Pléiades
chel Tabachnik. Les Percussions de Strasbourg
54, Ernst Klem 02499 % 64. Hungaroton 12569 {ako CD
Diamorphoses _HCD 12569; *
(¢lectronic composition) Mists _
55. Etcetera KTC 1075 * K. Kormends, pt
Kraanberg 65, Jeugden Muziek BVHAAST 007
Alpha Centauri Ens., R, Wood- Lonte, Evryali, Herma
ward, dir. G. Madge, pf. P. Eotvis, dir.
56, Fterna Stereo 837006 *
Dmaathen
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Members of the Avant Chamber

Piscography

66.

67,

68,

89,

70.

71

72

78,

74

5.

76.

Limelight 86047 *

Crient« Qceident

{eleceronic composition)

Lyra 2531

Eonta, Metastasis, Pithoprakia

Y. Takahashi, pf.; Ensemble In-
stramental de musique con-
temporaine de Paris; K.
Simonovich, dir.

Mainstream 5000 *

Herma

Y. Takahashi, pf.

Mainstream MS.5008 *

Achorripsis

Hamburger Kammersolisten; F.
Travis, dir.

Musical Society MHS 1187 *

Medea, Nuils

Ensemble Ars Nova; ORTF
Choras; M. Courand, dir.

Musical observations CP 9/5 *

Mitkka, Mikka §

P. Zukovsky, vi.

Musidise RC-16013

Anakioria, Morsima-Amorsime

Octuor de Parls

Neuma 450-71 *

Theraps

R. Black, Cb.

Neuma 450-74 Ch *

Mycéne A4

{electronic compaosition)

Nicuwe Muzek 004

Dmagthen, Epei, Paltmpisest,

Phiegre

Xenakis Ensemble; H. Kerstens,
dir.

Nippon SFX-8683 *

Persépolis

{electronic composition)

7.

78.

79.

80.

81.

82

83,

24.
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Nonesuch 32818 (also H-71201) *

Akrata, Pithoprakia

Buifaio Phitharmonic Orchestra;
fukas Foss, dir.

Nonesuch H-71245

Bohor, Concet PH, Diamorphoses,

Orient-Oceident

{electronic composition)

Owl 26 ¥

Charisma

Jungerman, ci.; Banks, vci.

Performance PER 84061 *

Jonchaies

Leicestershire Schools Sym-
phony Orchestra; P. Fletcher,
dir,

Philips 6521020 (also 6718040} *

Persephassa

o8 Percussions de Strasbourg

Philips 835485/86 {also A
G05B65/66 L, 836897 DSY) *

Ovieni-Occident

(electronic composition}

Philips 885487

Analogique A et B, Goneret PH

Ensembie Instrmnental de
musigue contemporaine de
Paris; X. Simonovich, dir,

Philips T 6521045

Persépolis

(electronic composition)

. PNM (Perspectives of New

Music) 28 CD
Veyage absolu des Unaris vers
Androméde
(8leceronic £OMPpOStIon com-
posed on UPIC at CEMAMu}
RCA RS 9009 (also RE 25444)
Dikhihas, Embellie, Frioor, Kotlos,
Mikka, Mikka S, ST/4
Arditgd Quartet
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87.

a88.

89.

90.

91.

92.

RCA Victor JRZ-2501 *

98. Vanguard Cardinal 10080
Hibtki Hana Ma

ELonty, Metastasis, Pithoprakie
(clectronic composition) Y. Takahashi, pf.,; Ensemble In.
RCA Victor SjV-1513 * strumental de musique con-
Stratégie temporaine de Paris, K.
Yomiuri Nippon Symphony Or- Stmonovich, dir.
chestra; 8, Ozawa and H. 94. Vardse Sarabande Bj 060 *
Wakasugi, dirs. Stratégie
Yomiuri Nippon Symphony Or-
chestra; S. Qzawa and H.
Wakasugi, dirs,
85, Wergo WER 6178.2 CD
Ahanihos, Dikithas, Pelimpsest, Epet
L Ardietd, vin; C. Helffer, pno; P.
Vacal Ensemble; Ensemble de Waimsey-Clark, sop; Spec-
Basse-Normandie; D. Debart, trumn Ensemble; G. Protheroe,
dir; R. Weddile, Vocal dir; §. dir.
Sakkos, bar; S, Gualda, pese. .
Sony CBS SONC-10168 * In Preparation:
Akraig 96, Disques Montaigtne 782xxx 3 CD
The Festival Chamber En- Eoryal:, Mists, Herma, Dikithas,
sembic; R. Dufalio, dir. Akea, Tetras, ST/4, Mikha, Mikha

Teldec 642339 AG (also CD 5", Kottos, Nomas Alpha, Ikhoor,

Salabert Actuels SCP 8906 CDH
(dist. Harmonium Mundi)

Oresteta, Kassendra

U. of Strashourg Chorus;
Maitrise de Colmar; Anjou

8.42339 ZK) * Embellic .
Retours- Windungen C. Helffer, pro; Arditts String
The 12 cellists from the Berlin Quartet

Philthasmonic. 97. MFA (collection Musique
Telec/Warner Classics 2292 Frangais &' Aujourd’hui)

16442.2 QD * Charisma
Eonta AL, Damiens, ¢i; P, Strauch, vic,

98. Salabert Actuels SCP 9102 CD
{dist, Harmonium Mundi)

Toshiba TA-72084 * Bohor, La Légende D'Eer

Evryal {electronic compositions)

A. Takahashi, pf.

R. Hind, pro; London Brass

Tannis Xenakis
Biographical Information

1857: Geneva, European Cultural Foundadon Award

1963: Athens, Manos Hadjidakis Awayd

1963-64: Berlin, Ford Foundation Grant plus Grant from the West-Berlin
Senate

1964: Paris, Musiques Formelles chosen by the Permanent Committee of the
French Book and Graphic Arts Exhibits, to be one of the 50 "Books

of'the Year.”
1965: Paris, Grand Prize awarded by the French Recording Academy Com:
petition,
1968: Edinburgh, First Prize at the Computer-assisted Music Competition,
IFIP Congress
:Paris, Grand Prize awarded by the French Recording Academy
.London, Bax Society Prize (Marriet Colen International Music
Awards)
1970 Paris Grand Prize awarded by the French Recording Academy
1971: Tokyo Medern Music Award from the Nippon Academny Awards
1972: London, Honorary Member of the British Computer Arts Society
1974: Paris, Gold Medal Maurice Ravel Award from the SACEM
1975: Honorary Member of the American Acadesmy of Arts and Leuers
1G78: Paris, Sorbonne, Doctorat és Letters and Humanities
:Paris, National Grand Prize in Music from the French Culearal
Secretary of State
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1977; Paris, Grand Prize, Charles Cros Academy for Recordings (Grand Prix
du Président de la République in honorem)

:Bonn, Beethoven Prize

‘Amsterdam, Edison Award for the best recording of contemporary
FRELISic

FG81: Paris, Officier de FOrdre des Arts et des Lettres

1682: Paris, Chevalier de Ia Légion d'Honneur

1683: Paris, Member of the Institut de France {Académice des Beaux Arts)
:Beriin and Munich, Member of the Akademie der Kunste

1985: Paris, Officier de YOrdre National du Mérie
: Athens, Medal of Honor of the City

1986 Paris, Ordre National du Mérite

1987. Honorary Member of the Scottish Society of Composers
+Grand Prize from the ity of Paris

1988: Paris, Nominated to the Victoires de Ta Musique

1988: Foreign member of the Swedish Royal Academy of Music

1990: Professor Emeritus of the Universisé de Paris I, Panthéon-Sorbonne
‘Honorary Doctor of the University of Edinburgh
+Honorary Doctor of the University of Glasglow

Notes

1. Free Stochastic Musid

1, Jean Plaget, Lz développement de la notion de temps chez Penfant (Paris:
Presses Universitaires de France, 1946). | (1955

2. 1. Xenakis, Gravesaner Bldtier, no, 955}, o

3. 1. Xenakis, Revue fechnigue Philips, vol. 20, no. 1_ {1_9(;?),_&?;5;6
Corbuster, Modulor 2 {Boulogne-Seine: Arc%aitc(ftzlrc d Au}m:ﬂ U 21(111, r

4. 1. Xenakis, *Wahrscheinlichkeitstheorie und Musik,”" Gravesans
Blétter, no. 6 (1956),

5. 1bid.

6. Ihid.

1. Markovian Stochastic Music—Theory

1. The description of the elementary structurs c:ft}z.e somcj is.}fnzli);)is ti':f;
is given here serves as » point of departure for the musuf:ai 1{;('(1 1.1:3. t‘ ﬁ{; o
is cansequently only a hypothesis, rather than an c.fstab?zsha. s;:z.cn .m;dm-‘ -
It can, nevertheless, be considered as a first approximation to the 1(1:051.('. ; -
tious introduced in information theory by Gabor [1]. In tl'a.c so-called Gab
matrix a sonic ovent is resolved into elementary ac:ou}st.lc signals of very
short effective dnrations, whose amplitude can be divided equally o
guanta in the sense of information theory. i*iuwevc.r, i:i‘z‘csc -:fcr.mznt.af"y
signals constitute sinusoidal functions having a szss?zm b{:éf@ (i.ur;:: ;;z;
an envelope. But one can pretty well reprcsc.nt these signals ol (&aho oo
sine waves of short duration with an approximately rectangular enve ugté

2. The choice of the logarithmic scale and of the base betwean 2 an
is made in order to establish our ideas. In any case, it corresponds (0 .th.e
results of rescarch in experimental music made by the antlior, €.,
Diamorphoses.
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V. Free Stochastic Music by Computer
i See Gravesaner Blillier, nos. 11/12 (Maing: Ars Viva Verlag, 1957).

2. (F8)%® must be equal to the upper limit, e.g, to 156 soundsfse. in the
case of a large orchestra.

Vi. Symbolic Music

1. A second-degree acoustic and musical experience makes it neesssary
to abandon the Fourier amalysis, and therefore the predominance of
frequency in sound construction. But this problem will be treated in Chapier
}5. 8

2. From previous edition of Formalized Music, another way to map these
same four forms:

f o

L= wriy

L x4y

f = Z=x 4yt = Z = [{2) = original form
f=x-yi=|ZI¥L= AZ) = inversion

fy 7= Xyl = Lo f(Z) = inverted retrogradation

£y = %+ yi = -(|Z1¥ 2) = [(2) = retrogradaton

Notes 375

vil. Towards a Metamusic

1. Gf 1. Xenakis, Grovesaner Bidiler, no. 29 {Gravesano, Tessin,
Switzerland, 1965}

9 ¢f 1. Xenakis, Gravesener Blitier, nos. 1, 6; the scores of Melastasis and
Piihoprakia {London: Boosey and Hawkes, 1954 and 1958); and the recording
by L Chant du Monde, 1L.D.X, A-8368 or Vanguard.

3. 1 do not mention here the fact that some present-day music uses
quarter-tones or sixth-tones heganse they really do not cscape from the tonal
tizatonic field.

4. Cf. Chap. VL

5. Johannis Tinctorls, Terminorum Musicae Diffiniteron. (Paris:
Richard-Masse, 1851},

8. Jacques Chailley, “Le miythe des modes grees,” dela Musicelogice, vol.
KRV, fasc. IV (Basel Barenrciter-Verlag, 1956),

7. R. Westphal, dristoxenos von Tarent, Melik wund Rigthmik (Leipag:
Veriag von Amby. Abel (Arthur Meiner), 1898}, intreduction in German,
Greek text

8. G. 'Th. Guilbaud, Maihématiques, Tome I (Paris: Presses Universitaives
de France, 1863}

9. Aristidou Komtlinne , Peri Mousthas Proton (Leiprig: Teubner, 1963),
at Librairie des Méridiens, Paris.

10. The Amstoxencan scale seems to be one of the experimental
versions of the ancient diatonic, but does not conform to the theoretical
versions of either the Pythagoreans or the Aristoxeneans, X(9/8){9/8) = 4/3
and 6 + 12 + 12 = 80 seginents, respectively. Archytas’ version, X(7/8) (9/8)
= 4/3 or Euciid's are significant. On the other hand, the so-called Zarkno
stale is nothing but the so-calied Aristoxencan scale, which, in reality, only
dates back 1o Ptolemy and Didymos,

11. Avraam Evthymiadis Droyeddn Mebjpere Bolarwis Movowds
{Thessaloniki: O.X.A, Apostoliki Diakonia, 1948).

12, In Quintilian and Prolemy the perfect fourth was divided into 60
equal tempered segraents,

13. See Westphal, pp. XLVIHE for the displacement of the tetrachord
mentioned by Ptolemy: lchanos (16/15) mese (9/8) paramese (10/) trite
(Harmonics 2.1, p. 49}.
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14. In Ptolemy the names of the chromatic tetrachords were permuted:
the soft chromatic contained the interval 69, the hard or syntonon the
iuterval 7/6. Cf Westphal, p. XXXIL

15 Selidion 1 : a mixture of the syntonon chromatic (22/21, 12/11, 7/6)
and toniaion diatonic (28/27, 7/8, 9/8) : selidion ¢ : a mixture of the soft

diatonic (21/20, 1079, 8/7) and the tonizion diatenic {28727, 817, W8}, et
Westphal, p. XLVIL

16, Egon Welless, 4 Hlistory of Byrantine Music and Hymnography (Oxford:
Clarendon Press, 19613, pp. 71if. On p. 70 he again takes up the rayth that
the ancient scales descended.

17. The same negligence can be found among the students of ancient
Hellenic culture; for example, the classic Louis Laloy in dristoxéne de Tarense,
1904, p. 249.

18. Alain Daniélou lived in India for many years and learned to play
Indian instruments. Mantle Hood did the same with Indonesian music, and
let us not forget Than Van Khé, theoretician and practicing performer and
comrposer of tradidonal Vietnamese music,

Gf Wellesz. Also the transcriptions by C. Hoeg, another great
Byzantinist who neglected the problems of structure.

20. Imagine the bewilderment of the “specialists” when they discovered
that the Byzantine musical notation is used today in traditional Romanian
folk music! Rapports Complémentaires du XIfe Congrés international des Etudes
byrantines, Qchrida, Yugeslavia, 1961, p. 76. These experts without donubt
ignore the fact that an identical phenomenon exists in Greece.

21. Cf. my text on disc L.D.X, A-8368, issued by Le Chant du Monde.
See also Gravesaner Blitter, no. 29, and Chap. Vlofthe present book.

22, Among themselves the clementary displacements are fike the
integers, that Is, they are defined Iike elements of the same axiomatics,

23, Alain Daniélou, Northern Idian Musie {Barnet, Hertfordshire:
Halcyon Press, 1954}, vol, I, p.72.

24. This perhaps fulfills Edward Varése’s wish for a spiral scale, that is, a
cycle of fifths which would not lead to a perfect octave. ‘This information,
unfortunately abridged, was given me by Odile Vivier,

25. These Iast structures were used in Akrate (1964) for sixteen winds,
and in Nemos alpha (1985) for solo cello.
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VI Towards a Philosophy of Music

1. The “unveiling of the historical tradition™ 1s used h{‘:rc: in E. Husserl's
sense; of, Husserliana, VI “Die Krisis der Europischen Wlssenscimi‘“tcn un‘d
die transzendentale  Phinomenologie  (Fine  Einleitung mw dx§
phinomenologische Philosophie)”, Pure Geometry {The Hague: M. Nijhoff,
1954}, pp. 21-25, and Appendix I11, pp. 37980,

2. Cf Upmnishads and Bhage di Gile, references by 'Anan'da K
Coomaraswamy in Hinduism and Buddhism (New York. Philosophical Library,
1543}, o

8. “Perhaps the oddest thing about modern science is s return to
pythagoricism.” Bertrand Russell, The Nation, 27 September 18924,

4. In this transiation I have considered the original Greek text anﬁi F.iw
transiations by Jobn Burnet in Early Greek Philosophy (fo“f Yﬂrk:'i\«ierz(%lan
Books, 1962) and by jean Beaufret in Le Podme de Porménide {(Paris: PUE,
1955), ‘

1. Elements are always real: (earth, water, piry = (fnat,ter, fire) ==
energy. Their equivalence had ready been foreseen by Heraclitus.

6. Lucretius, De lo Nedwre, trans. A. Ernout, (Faris, 1924}, N

7. The term stochastic is used for the first time in this work, Today it s
synonymous with probability, aleatory, chance. ‘ ‘

8. E. Borel, Eléments de la théorie des probabilités (Paris: Albin Michel,
¥950), p. 82. ' '

9. Uncertainty, measured by the entropy of information theory, reaches
a maximum when the probabilities p and (- ) are equal.

10. Cf. 1. Xenakis, Grevesaner Blitter, nos. 1,6, 11/12 (1955-8). ‘

11. I prepared a4 new interpretation of M_es'siaen’s _“m‘odc's of I%mzt:edl
transpositions,” which was to have been published in a collection in 1966, but
which has not yet appeared. '

12. Around 1870 A, de Bertha created his “gammes homotones pre‘mém &
seconde,” scales of alternating whole and half tones, which would be written In
our notation as {3: V Bn+2 3 V 3041

1% In 1895, Loquin, professor at the B(}Ideagx Conscrvatory, had
already preconceived the equality of the twelve tones of the octave.

14 The following is a new axiomatization of the sieves, more natural
than the one in Chaps. VI and VI
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Busic Assumptions. 1. The sensations create discrate characteristics, valics,
stops (pitches, instants, intensities, . . ), whick can be represented as points. 2,
Sensations plus comparisons of them create differenices botween the above
characteristics or points, which can be deseribed as the moveracnt, the
displacement, or the step from one discrete churacteristic 1o another, from
one point to another, 3. We are able to repeat, iterate, concatenate the above
steps. 4. There are two orientadons in the Herations—meore iterations, fewer
iterations.

Formalization. Sets. The basic assumptions above cngender three
fundanental sets 1 ©, A E respectively. From the fisst assumption
characteristics will belong to vartous specific domains €. From the second,
displacenients or steps in a specific domain § will belong to set A, which is
independent of Q. From the third, concatenations or iterations of elements of

A form a set B, The two orientatons in the fourth assumption ¢an be
represenied by + and -

Product Sets. 2 @ X A C Q @& pitch-point combined with a
displacement produces a pitch-point). b. @ X E C A (a displacement
combined with an iteration or a concatenation produces a displacement). We
can easily identifty E as the set N of natural numbers plus zere. Moreover, the
fourth basic assamption leads directly to the definition of the set. of integers Z,
from B

We have thus bypassed the direct use of Peano axiomatics (intreduced
in Chaps. VI aud VII) in order o generate an Egually Tempered Chromatic
Gamut {defined as an ETCHG sieve). Indeed it is sufficient to choose any
dispiacemenz. ELD bclor_igix_z_g to sct A and form the product {ELD} X Z. Set
A (setof melodic intervals, e.g.), on the other hand, has a group structure.

158. Cf Olivier Messizen, Technigue de mom langage musical (Paris;
Durand, 1944},

et T e S W 2SO AR A 2 B A to L, to
A Sc p rx & Fr g e
LR L & 4 % ® ¢ Wk Bty # £ & A-w!
C scale Figure 2,
F -t g - r 0 LE o

sCUP MGG Rces FAEH pras £
-y - n bl Lt -t

Measlaen Mode No 4 Figure 3,

{
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Messtaen Mode Ne 4 Figure 4.
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16. % . | therefore tones higher than needed become relaxed [lowerd, as
they should be, by curtailment of movement; conversely those.loweir t‘han.
needed become tensed (higher], as they shouwid be, by adjnnf:t:on c}i
movement. This is why it is necessary to say thgt tones are constitited o
discrele pieces, since it is by adjunction and cnrtazimf:nt that thc;:r becor;:e as
they should be. Al things composed of discrete pieces are said to e in
numerical rado fo each other. Therefore we must say that tones are also in
numerical ratie to each other. But among Dumbers, some arc.saad to ?:Je 1?
multiplicative ratio, others in an epimerios {1 + 1/}, or others in an eptmm‘as.
ratio {an integer plus a fraction having a numerator other ﬂzan onej z,
thercfore it is necessary (o say that tones are also in these same ratios to cach
other. . " Euchid, Katatomé Kanonos (12-24), in Henricus Menge, Phaenamena
et Scripia Musica (Leipug: B. G. Teubner, 1916). This remarkable fext alread z
attempts to establish axiornatically the cz}rresponde.nm .betwcen tones an
numbers. This is why I bring it in in the context of tis artzcif?.

17, C£ my analysis of Metasiasts, in Corbusier, Modulor 2
{(Boulogne-Seine: Architecture d'Aujourd’hu, 1955.) .

18. Cf. Score by Boosey and Hawkes, cds., and record by Pathé-Marconi
and Angel.

19, Hibihi-Hana-Ma, the electro-acoustic cempos'ztk.)?z that I was
comniissioned to write for the Japanese Steel I"edf:mzim? Pawho.n at {hr:. 197{3
Osaka World Expo, used 800 loudspeakers, scatt.cr?d in the aiy and in El}r:c,
gronnd. They were divided into approximately 150 1.nclependeint gr{?lzps.'%_ e
sounds were designed (o traverse these groups according €0 vanom:, .km?ma]nc
diagrams. After the Philips Pavilion at the 1958 Bmssf:is World's falr, the
Steel Pavilion was the most advanced attempt at placing sound.s in space.
However, only twelve independent magnetic tracks were available {two
synchronized six-track tape recorders), o

20. Mario Bois, Tanmis Nenahis: The Man and His Music (New York:
Boosey and Hawkes, 1867). ’

21, Jean Piagey, Le développement de la notion de terrftps c}%ez .l enfand, and La
représentation de Uespace cher Uenfant (Paris. Presses Universitaires de France,
1946 and 1948).
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X. Concerning Time, Space and Music

1. Shannon C. and Weaver W, The Mathematical Theary of Communication
(Urbana: TUniversity of Nlinois Press, 1949).

2. Eddington, The Nature of the Physical World (New York: Macmillan,
1929),

8. Prigogine, ¥, Physigue T'emps et Devenir (Paris: Masson, 1982),

4. Born, Max, Einstein’s Theory of Relativity (New York: Dover, 1965).

5. Morrison, Philip, “The Overthrow of Parity,” Scientific American,
April, 1857,

€. Gardner, Martin, “Can Time Go Backward,” Scigntific American, Jan.
1967, p.98,

7. Reichenbach, B, The Philosphy of Space and Time (New York: Dover,
1958),

8. Linde, A 1), Physics Letiers {1983), 1298, 177.

8. See also Coveney, Peter V,,*The Sceond Law ol Thermodynamics:
Entropy, Irreversibility and Dynamics,” Nature N° 833 (1988).

0. The idea of the Big Bang, u consequence of the shift (expansion of
the universe) toward the red, is not accepted by all physicists, See Nikias
Stravroulakis, “Solitons et propagation dactions suivant la relativite
genérale,” dnnales de le Fondation de Broglie 12 Nv 4 (1987),

11, Russell, B, Fruroduciion & la philosophic mathématique (Paris: Payot,
1961),

12, CE chapter 8 in Formalized Music, “New Proposals in Microsound
Structure.”

13, Cf Xenckis, autort vari (a cura di Enzo Restagnoy (Torino: £.D.T,
1988),

X1 Sieves

i. Earlier artides on “sieves” by Ianmis Xenakis have appeared in
Prevves, Nov. 1865, Paris; 1a Nef n® 29, 1867, Paris; Revue d'Esthétigus vol.
xxi, 1968, Pans TYempo no 83, 1970, as well as the previous editions of
Formalized Music,

2. As for rhythm outside of Western civilization, ¢f. AROM, Simha, “Du
picd 2 la maim: Les fondements métriques des musiques traditonelles
d'Afrique Centrale;” Analyse Musicale 1° trimestre, 1988.
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Notes =81

3. Letthere be (M, 1), with M being a composite of the form:
M=mk*pnt *d

It is sometimes necessary and possible to decompose b mio:
e L) N I N LI = (M, D

4. Euchd's algorithm. Lety, x be two positive whole mzmi.)e 3. Begin by
letting D = MOD(y,x), then replace y with x and x with D. If D is not equal to
0, then start over, But ¥ D = 8, then the last is the largest cominon
denominator. Let us call this last v, D.
take two numbers 1y, x

b D« MOB(y, %)
o |
3) j..__ yes -~<§w;w€}->~}'zo

v

Y o X, X o 1D

END

example :

y e 30, % = 21

D MODENLZ) = G D «MODRLY) =3 > D« MOING,3) = 0

Yo 28 N 4 Q yw!i},x*»?.éi Voo B, % w0

D8 ot § D*»»B;::Omj D«G=¢
therefore
Dey=3
END

5. wmodulo b, notated MGD(a, b), is equal to the residae of the division
ofabyb: afb = ¢ + r/b where t is this residue, ifa, b, ¢, and r are elements
of N. .

6. MOIME * €2, C1) = 1 represents the integer cquation:
E¥CR2/CI=v+1/CL
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Alypias, 185
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79, 103-8, See Markov chain

Anaxagoras, 203

Anasimander, 203
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Are sine function, See Probability
faws

“Ares,” 329.34; (definition}, 329

Aristode, 181

Arisioxenas of Tarent, 269
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Ataxy, 63, 75-78

Atrées, 156-57, 144
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Beethoven, 1, 164, 169

Bernoull, Daniel, 205

Bernoull, Jacques, 206

Bessel functon, 247

Big Bang theory, 259, 960, 295
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theorem, 61

Boolean operations, 209

Borel, Emile, 39, 206
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Brouy, R, 260

Browsrian movement, 280
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Cauchy, 266, £90, 293

Cauchy funation. See Probability
laws

Causality, 257, 258, 25%: principle,
1,4, 89

Chailley, Jacques, 183

CEMAMu (Center for Studies in
Mathematics and Awtomation of
Music), xii, xii, 399

Chance, 4, 38-39, 254, definidon, 23

Channels {in computing), 329-34

Charbonnier, feanine, 133

Combariey, 183

Computers, 258, 266, 268, 32834
hardware, 583-34,software, 335-
34; See also Siochastic wusia

Coneret PH, 43
Covency, Peter V., 260

Debussy, 5, 183, 208, Debussian
whole-tope scale, 1596

Delayed choice”, 257

Descartes, 26%: discourse on
method, 54

Determinisim, $04-5

Diamorphoses, 43

Didymeos, 186

Distribution, random-like, 265

Duel, 13-22, 124, See Game theory

Eddingron, 255

Firstein, 256, 264

Englery, F., 260

Entropy, 16, 61.68, 7578, 211, &85,
256, 257, definition, 61, 186;
mean entropy, 75

Envelopes {in computing), 329-34
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Epicurus, 24, 205-5, ¥37

Yrgodism, 56, 67

Exponential probability functon.
See Probability Jaws

Ferinat, 206

Feynman, 257

Fietcher-Munson diagram, 4719,
243

Fiux, 266

Fourier, 258, 266, 295: series, 942

Fractals, sounding, 268, 263

Fréchet, Maurice, 76

French Cultural Ministry, 3296

Frequency and amplisude wbles, 599

Fulchignonl, E., 43

Gaj%ogr elementary signals, 54, 58,

Game theory, 10, 188 ; analyss of
Buel, 18-22; anabysis of Stratégie,
222-_23, 125-30 astonomous
music, 116-1] ; heteronomous
music, 111413 ; two-person zero.
sum, 112

Gass, 266

Gaussian probability distribution,
See Probability laws

Genuys, Frangois, 131, 134

Glissando, See Sound

Graphic score editing, 329

Gregorian chant, 183

Groups, 210 ; Abelian additive
%gup structure, 180, 199 ; Klein,

(ruth, Alan, 259
Guuman. N, 188
Clinzig, E., 260

Hessenberyg, 206 ., 237
Henry, Pierre, 243
Heraclitus, 267
Heraklelios, 262, 959
Herma, 17577

{ndex

Heteronemy, See Game theory
Hibiki-Hena-Ma, 269, n.19
Hitler, 133

Hindenith, 243

Iachald, 183, 209

Hyperbolic cosine funciion. See
Probability laws

Interactive composition, 329-34
Isascson, 153
Isowopy, 14

Kinetic theory of gases, 15, 49, 05,
205, 213, 244

Knowledge, 264

Rorybautes, 203

Kraiylos, 256

La Légende d'Ber, xii, 993, 066

Lamb's shift”, definition, 259

fandmark point, 264, 265

Law, definition, 958

Law of large numbers, 4, 8, 16, 81,
2046

Laws, 267

iz Corbusier, 10

iee, T. D, 256

Leukippes, 203

Light, velocity of, 256

Linde, 259

Linear probability function. Sce
Probability Laws

Liouvilie, equation of, 256

logic, 276

Logistie function. See Probabifity
laws

Logistic probabilities, 266

LorensFugerald, 256

Lucretius, 205

Lévy, Paul, 13, 24

Macrocomposition, 22 ; methods,
49. Sec microsound stracture

Index

Macroscopic complosition, 256
Markov chain, 75.75. 183, 244, 248-
49; analysis of compositional ap-
proach, 79-98; entropy of, 86,
matrix of transition probabilities,
T4-75, 78, 82.4, 109, realization of
Analogigue 4, 98- 103; realization of
Analogigue B, 103-8; stationary dis-
tribution, 75, 85; use of screens,
79-109
Marino, Gérard, 277, 320f
Marsima-Amorsima, 144
Mathews, M. V., 133, 246n.
Matrix of transition probabilities,
Sec Markov chain
Maxwell, 15 formula, 55
Memory, 258, 262, 264, 266
Messiaen, Clivier, 5, 8, 192, 208,
216, 268
Melasiais, 2-3, 10
Meyer-Eppler's studies, 244
Microcomposition, 22-23, 50, See
Microsound stracture
Microsound siructure, $42-54; mi-
crocomposidon hased on probe
ability distributions, 24-9;
macrocomposition, 249, See Pour~
ier series
MID] devices, 332
Modulting arc assignmens, 328
Maduly, 267
Monteverdi, 208
Moussorgsky, 208
Music, definition and historical back-
grourad, 1, 4-5, 8, ancient Greek,
182-85, 192, atonal, 4; Byzanting,
189, 186-89, 208, electronic, 8, 52,
243, eleciro-acoustic, 243; electro-
magnetic, &, 16, 43, 108, Sce
Srochastic music, Serial music,
Game theory

Nowmas olpha, 208-3, 219-36
Nomos gammy, 217, 219, 236-41
Non.lingar functions, 295

Nothingness, 259, 260, 261, 267, 295

Orient-Docident, 43
Originality, 258
Orphism, 201-2

Parity syinmetry, 266
Parmenides, 24 n., 202-1, 207, 209,
259, 260, 262, 263, 267
Pascal, 206
Peano, 159 n., 194-95, 265
“Performance” systern, 329
Perioxdicitios, 268
Philippot, Michel, 3942 ; Composilion
pour double orchestre, 59
Philips Pavilion, 67, 10- 11, 4%
Plaget, Jean, 5, 160
Tieree, | R, 138
Pitches, 267, 268, 269
Pithoprakie, 15, 17-21
Plato, 1, 178, 202, 257 Politices, 257,
245
Poincars, H., 206
Poisson law, See Probability laws
Prigogine, 1., 256
Probabilies, 256
Probubilistic wave form, 28% Sec
also Probability
Probability, delinition, 207; Cauchy,
246, 251-52; distributions, 260; ex:
ponential, 12, 134, 142, 246;
Gaussian, 14-15, 33, 56, 60, 140,
246, Interlocked densities @ ex-
ponential X CGauchy, 251-52; lo-
gistic X exponential, 254;
hiyperbolic cosine X exponential,
953-7d: laws, arc sing, 248, linear,
13, 136; logistic, 246, 230, 291,
203; Poisson, 12, 16, 23.25, 28.32,
54, 66, 138, 246-47; uniform, 246;
Wiener-Lévy, 247, theory, 9, 255
Piolemaees, Claudios, 185
Frolemy, 186, 188
Pythagoras, 1, 207, 209; conceptof
numhbers, 201 ; Pythagoreans,
185, 901, 242; Pythagorism, 201,
284; radition, 183
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Quaniurs mechanics, 256
Quantum physics, 257
Quintilianos, Aristides, 185-86

Raczinski, Jean-Michel, 820in
Raga, 198

Ragas, Indian, 268

Rahu, John, 268 n.

Random walk, 288

Hauvel, Maurice, Bolers, 76
Realdime drawing, 329
Reichenbach, 1Tans, 257
Relativity, 257: theory of, 456
Repetition, 258, 259, 266, 267
Rhythms, 264, 265, 266

Rule See Law

Rules, 260

Russell, Bertrand, 195, 465

Scale, 268, 269: diatonic, 260, 976
See also Sieves

Seales of pitch, 264

Schaeffer, Pierre, 344

Scherchen, Hermann, 15, 24, 960

Schinberg, Arnold, 207-8, 243

Streens, 50-79; 1084 ; construction,
66-68; definition, 51; slementary
operatons, characteristics, 56-58;
Hnking screens, 5678, SUILETAYY,
56. See Markov chains

“Bequence” {in compnting), 320

Serial music, 4, 8, 182, 186, 199,
208, 255, composition, 38;
meshod, 3%; system, §04, 243,
Vienna school, 5, 8, 193

Serra, Marie-Héldne, 329

Shannon, 255

Sieves, 965, 267, 268-76: elemantal
displacement, 198; theory, 194-
200; wransformazions of, 275

Simonovic, G, 184

Sound, clouds, 12; as phase of a
musical work, 22-23; ghissandi, 10,
13-14,32-386, 55, 140, 167.68, 218,
nature of, 48-50; sonic entities,

Index

definition as phase of a musical
work and deseription, 22-25;
sound-points, 12-18; transforma-
don of sets of sounds, 16 ; white
noise, 989, Sve Screens and Micro-
sound structuye

Sound masses, 255

Space, 257, 259, 262, 267: discon-
tinuity of, 268

Spatial Ubiguity”, 256, 257

Spindet, P., 260

Statistical definition, 16

Steinhardy, Pavl, 359

Stochastic, 19, 3%, 48-44, 194, 295.
$21; by computer, 131-44, ma-
shine-oriented interpremtion of
Achorripsis, 184-48; COmpHer-
pro- gramming and musical nota-
tions of, 145-54; construction, 4;
defirition, 4; dynanmes, 256,
massic, 8, 12, 145.5%, 182, 955:
musical composition, 5, 43; laws,
9, 12-16; process, 81, 244;
science, 8; synthesis, dynamic, 289.
98, Ser also Probabiliey laws: ex-
penential, Gaissian, finear,
Poisson

Stochastic music, 255, 280 I, 265 {1,

Sochas, 4, 92, 04

Stoicisi, 205

Stratégie. See Game theory

Stravinsky, Igor, 3, 192

SHI0.2, 080262, 134, 138.34, 144,
ib4

STH8.1,240}162, 114

Symmetries, 268, 289; (repetitions),
264: See also Space

Syrmas, 80, 81 n.

Systems, dynamic, 293

Takahashi, Yuji, 175
Tempo, 276 Sew also Rhythm
Term, 69

Ferretéhtorh, 217, 236-37
Thales, 201

Timnbre, 266, 268

{ndex

Thne, 256, 257, 858, 259, 261, 262,
268, 965, 266: fux of, 262, 263,
284: irreversabifity of, 256

Tinctoris, Johannis, 183

Tonality, 268

Transformation, 69-73, 257; anthro-
pamorphic, 261 definition, 69;
stochastic transformation, 73, 75

Transition, 62, 73.74

Transiticnal probabilities, 44

Transposition, 276

‘Tryon, Edward, 258

Uniform function. See Probability
laws
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Variations, 276

Variety, £1.63

Vardse, 8, 243

Vilenkin, Alexander, 259

Veice editing {on the UPI(), 329

wavelorms, 320-24
Wicner-Eévy process, 24, 247
Wittgenstein, 203

Yang, 256
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