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HIERARCHICAL TEMPORAL GESTALT PERCEPTION IN MUSIC: A "METRIC SPACE" MODEL

by James Tennsy, with Larry Polansky
May, 1978

1. Introduction, .

For the historian, time is not the undifferentiated "continuum” of
the theorstical éhysiciét, but a structured nstwork of.moments, incidents,

episcdes, perlods, epochs, eras, etc, == i.6,; temporal gestalt-units

or "IGs") at several hierarchical levels. Similarly for the musician, a
éiece of music does not consist merely of an inarticulate stream of
elemsntary sounds, but comprises a structured hisrarchy of sounds, phrases,
passages, sections, movements, etc. Not only do our casual descriptions
and informal discuséions of a pilece of music generally take for granted

the perceptual reality of such temporal gestalt-units; formal essays i

- musical analysis tend to de this too, and in both cases it is also taken

for granted that the psrceptual boundaries of these T1Gs are a matter of
conmon experience == i.e., that we all perceive the same gestalt-units,
even when we understand or interpret or otherwise respond to them
differently. The fact that there is so much common agreement has perhaps
been one of the reasons why no one has ever bothered to ask csrtain
questions as to why and how it is that these TGs are formed in percseption
in the first place., Now, however, with the recently accellerating
expansion of the range and variety of musical styles currently in use or
available to our ears, such gquestions take'on an importance they may
never have had before,

In the years that have elapsed since the early papers on gestalt
perception by Wertheimer, Kohler, and others (many of these are reprinted
in E11is, 1955; but see also Kﬁhlerp>l9h?, and Koffka, 1935), considerable
understanding of the visual perception of gpatial gestalt-units has been

acquired. Far less is known or has been written, however, sbout the
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- perception of temporal gestalteﬁnits. It seems not to have been generally

recognized, for example, that the mechanlsms for detsrmining ths perceptual
boundaries of a TG must be very different from thoSe involved in the
porception of a spatial gestalt, Except in memory, we cannot apprehend
any but the very shortest TGs all-at-once , because our immediate sensory
experience 1s confined to a one—dimensional "time-tunnel®, through which
we encounter a succession of stimulae whose sequential order is unalterable,
In addition, whereas a visual gestalt-unit is defined by boundaries that
dlivide the spatial field into two parts ~- an inside and an outside, or a -
figure and a ground == the boundaries of a temporal gestalt-unit divide
the temporal field into three parts, instead of just two =~ the time befors,
the tims during, and the time after the gestalt-unit oceurs, Fiﬁally, the
shape of a visual gestalt-unit is dstermined by its own boundary, wvhereas
the houndaries of a temporal gestalt-unit -- its beginning and its end ==
can only define epoch and duration, not shape. Shape is determined, instead,
by the changes in each paramster with time within the TG (the analogus in
the‘viéual domain would bs internal variations in brightness, color,
texture, etc.).

These basic differences between spatial and temporal gestalt perception

reflect the fundamental discrepancy betwoen the simultansous nature of

visual psrception {or at least‘the "virtual” simultareity of some sort of
scanning process), on the one hand, and the successive nature of auditory
perception, detsrmined by the very nature of time. They also suggest,
however,; that we should not be content to base our undérstanding of
temporal gestalt percgption marely on ths analoéies which may be drawn
betwesn thg twe perceptual modes,

What are the mechenisms of temporal gestalt percaption? How are the
perceptual boundsries of a TG determined? Are the factors inveived in

bomporal gestalt perception objective enough that we might be abls to



predict where those boundaries will be perceived, if we know the nature of
the events or processes that will occur? Finally =-- and more to the point
of this paper == can we simulate the mechanisms of temporal gestalt perception
by msans of a computer algorithm? The programme to be described here does
this in the special case of musical perception, and I belisve that it could
be done in more gensral cases, provided only that.the right parameters are
chosen, and their values specified as functions of time, Moreover, the
mechanisms involved are surprisingly simple -= or at least, simple mschanisms
have turned out to be remarkably effective in identifying TG-boundaries that
correspond to thess that would ks perceived "spontaneously”.

The current algorithm is based on certain concepts and prineciples
first.adumbrated in the early 1960s, ahd gradually developad in the years

‘ 1975/77),
since then (Tenney, 1961/64, 1969, 1971, TEueHX

As in that earlier woék,

I shall use the terms "elemsnt", "clang”, and "sequence” to designate TG#
at the first three{hierarchical levels of psrceptual organization., A clang
consists of a unified succession of two or more elements, and a unified
succession of twe or more clangs constitutes a sequence., These are relative
terms, but we may'define an alement more precisely as a TG which is not
temporally divisible, in psrception, into smaller parts., In my earlier
writings I did not give names to TGs at lovels higher than that of the
sequence, although recently we have been using the terms "segment” and
“section” for units at the next two higher levels., The TG at the highest
level normally considered is, of course, the pilece itself == although
situations are certainly conceivable where still larger gestalt-units
might be of interest (e.g., the set of all pleces by a particular composer,

or the series of pieces on a concert, ste.).



The model has certain limitations, inf terms of the kind of music 4t
can deal with, as well as the musi¢a1 factors which it considers, and it
is essential that these limltations be clearly understood, befors proceding
to a descriptionlof the algorithm, First of all, it can only work with
monoggoﬁic music, Although in principle the same éoncepts and procedures
should be applicable to polyphonic music, there are certain fundamental
questions about how we actually hear polyphonic music whigh will have to be
answered before it will be possible to extend the model in that direction,
In addition ~= and for the same reason == the algorithm is not yet able to
deal with bhat might be called "virtusl polyphony” in the monophonic
context =- that perceptual phenomenon which Bregman (1971) has called
"stream segregation”. Real as this phenomenon is, I think it can only be
dealt with, algorithmically, by a more extended model des;gned for polyphonic
nusic,

The next two limitations of the algorithm are related to each other,
in that both have to do with factors which are obviously important in
musical perception, but which the current algorithm does not even consider
~= namely harmony (or harmonic relations between pitches or pitch-classes),
an@ shaps (pattern, motivie/thematic relations). What the algorithm is
capgble of doing now is done entirely without the benefit (or burden) of
any consideration of either of these two factors, Thus, although it is
by no means a cémprehensive mddel of musical perception, the very fact
that it does so much without taking these factors into accounit is significant,

Still another.type of "limitation” 1s inherent in certain basic concepts
on which the algorithm is based: for one, all higher-level TGs must contain

at least two TGs al the next lower level (thus there can occur no one-slemant=—

clangs, or one=-clang-sequences, etc.), and for another, no ambiguities
regarding gestélﬁ'buund&ries aro ajlowed == 1.6.; & terminal element might

be the initial element in a clang or the flnal elemsnt in the preceding
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clang, but it cannot be both., This might seem unrealistic in a model of
our perception of music, in which ambiguous or ambivalent gestalt-formations
seem to occur so frequently, but I think this problem will appear less
se%ereAwhen the matter of varying paramestric welghtings is explained in
detail, later on (sese page Hq),

Finally, the»output of the programme says absolutely nothing about
duration of the piece into its component TGs at the several hierarchical
levels., Questions of function are left entirely up to us, to interpret
asvwe will, but what the algorithm dees purport to tell us is what or
where the "real"” gestalt~units are -=- surely a prerequisite to any meaningful
discussion of their musical "function®,

The model is based on a fundamental hypothesis which, though very
simple, involves some unfamiliar concepts and tefms that will have to be
explained before the hypothesis will be comprshensible., Soms of these

concepts were first stated == albeit in rather "embryonic”form =- in

META # HODOS (1961/64), though these have evolved considerab%g in the
intervening years. Others have emerged more recently, in the effort of
organizingazqwgg;eral music~theoretical ideas into algorithmic form,
In the section which follows, though I will not recount the history of
the development of the model, I will try to describe the conceptual
transformations in the earlier ideas in a way which parallels their

actual historical development,

2



II. The Fundamental Hypothesis of Temporal Gestalt Derception,

In Meta # Hodos (1961), I designated proximity (in time) and similarity

(with respect to any or all other parameters) as the two "primary factors
of cohesion and segregation” involved in musical perception (or, more
specifically, in clang-formation) as follows:

"eeein a collection of sound-elements, those which are simultaneous

or contiguous will tend to form clangs, while reiatively greater
separations in time will produce segregation -- cother factors being
equal”, and "...those which are similar (with respect to values in
some parameter) will tend to form clangs, while relative dissimilarity
will produce segregation -- other factors being equal,”
Aslde from certain other differences between these early formulations and
m& more recent ideas (e.g., that two or more simultaneous elements dc not
necessarily constitute a clang, but more likely what T would now call a

"compdund element” (cf. META Meta # Hodos, 1975/77), several problems had'

to be solved before the current algorithm could be designed. First,; the
principles, as stated, were not "operational”, but merely descriptive.

That 1s, although they were able to tell us something about TGs whose
boundaries were already determined, they could say nothing about the

process by which that determination was made. They described the results

of that process, but not its mechanism. Second, "similarity” was not

defined in any precise way, except by reference to "values in some parameter”,
The assumption here, of course, was that the similarity of two elements is

an inverse function of the magnitude of the interval by which they differ

in some parameter. This remains a plausible assumption, though it was

never made explicit -~ but even such a correlation of similarity/dissimilarity
with interval-magnitude does not, by itself, allow for the simultaneous

congideration of more than one parameter at a time. This rather profound



difficulty was implicit in the "other factors being equal” clause appended
to the two statements., At the time, this qualification seemed necessary,
in 6rder to rule out cases where two or more parameters vary in conflicting
ways, or where two or more "factors" function independently. Although this
was a useful device for isolating and studying some important aspects of
temporal gestalt perception, it imposed a very severe limitation on the
range of musical examples whose gestalt structure might be predicted. 1In
most real musical situations, other factors are manifestly not "equal”, and
our perceptual organization of the music is a complex result of the combin-
ation and interaction of several more-or-less independent variables.

Third (and finally), these early formulations referred to one hier-

archical level only -~ the grouping of elements into clangs -- although it
was obvious to ﬁe even then that the siﬁilarity-factor, at least, was of
great importance in the perceptual organization of TGs at all higher levéls.

In META Meta # Hodos; an attempt was made to genatalize these principles,'

re~stating them in a way that would be applicable to all hierarchical
levels, thus (from Proposition II, p. 4):
 The perceptual formation of TGs at any hierarchical level is determined
by a number of factors of cohesion and segfegation, the most important

of which are proximity and similarity; their effects may be described

as followsi....Relative temporal Eroximitx..../and/....Relative similarities

of TGs at a given hierarchical level will tend to group them, perceptually,

into a TG at the next higher level....Conversely, relative temporal
separation and/or differences between TGs....will tend to segregate them

into separate TGs at the next higher level.”

Although these later “propositions” served to extend the earlier formulations

to higher levels, they suffered all of the other deficiencies of the latter

~= their non-operational character,vtheir imprecision with respect to the
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concept of "similarity"”, and their restriction to one parameter (or
factor) at a time.

The first of these problems hés been solved by a shift of emphasis from
the unifying effects of proximity and similarity to the segreéative effects
of temporal separation and parametric dissimilarity, and by a more careful
consideration of these effects as they must occur ig_gggl_ﬁimg. In the
ongoing process of perception in time, TG-boundaries are determined by

successive IG=initiations, This obviously applies to the béginning of a

TG, but also to the end of it, since the perception that it has ended is
determined (in the monophonic case, at least) by the perception that a new
IG at that same hierarchical level has begun., In this new light, the effect
of the proximity-factor (at the element/clang level) might be re-stated
as follows:
In a monophonie succession of elements, a clang will tend to be
initiated in perception by any element which begins after a time~interval
(from the beginning of the previous element == i,e., after a delay-time)

which 1s greater than those immediately preceding and following it ==

("other factors being equal"), }
Thus, in the following passage from Vardse's DENSITY 21.5 (ms. 24-28), wvhere
clang-initiations are determined almost entirely by the proximity-factor,
it can be seen that the elements which initiate successive clangs are, in
fact, invariably those whose delay-times are "greater than those immediately
preceding and following” their own (dsiayitimei associated wiph ea~h element
are indicated by the numbers beIOW'th:ﬁstaf§)7;?i§%2§&;hich arejci;cled<are
for the clang-initiating elements), Note that the first occurrence of D
(at the end of m., 25) does not initiate a new clang, in spite of its fairly
long delay-time (12 units), because the delay-time which follows it is
still longer (19 units),

insert Figure II1.1 about here

(°
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As stated above, the proximity~factor begins to take on a.form that is
“operational”, In a musical situation where no other parameters are varying
(say, e;g;, a drum solo, at constant dynamic level), this principle can
provide an unamblguous procedure for predicting clané—boundaries.

In an analogous way, the effect of the similarity-factor (at the

 element/clang level) may be reformulated as follows (and note that this

statement can actually include the previous one as a special case, if the
parameter considered is time, and the "interval” is a delay-tims ):
In a monophonic succession of elements, a clang will tend to be
initiated in perception by any element which differs frpm the previous

element by an interval (in some parameter) which is greater than those

(inter-element intervals) immediately preceding and following it ==
("other factors being equal").
This, too, is "operational”, in that it suggests an unambiguous procedure
for predicting clang-boundaries, though it is limited to special cases where
only one parameter is varying at a time. Consider, for example, the first

12 bars of Beethoven's 5th Symphony. Figure II.2 shows the melodic line,

abstracted from all contrapuntal/textural complications «=- as it would be

heard, say, in a piano transcription. Because of the considerable difference

insert Figure II.2 about here

in tempo here, compared to the Varése exémple T-}gnd thus in the actual
duration of notated time-values =~ relative weights are used-that give-

the value of 1.0 to the eighth-note (as well as to the semitone, as before),
The clang-initiations during the first six bars are obviocusly determined by
the proximity~-factor alone, but beginning in bar 6, the proximity-factor
can have no effect on the clang~organization (excépt in m. 9), because the
delay-times are all equal., This passage is not heard simplj as twe clangs,
however, but as a succession of clangs (indicated by the brackets above the

staff), each consisting of four elements, /And note that. for every.....o.q/
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And note that, for every clang-initiating element, the pitch-interval
associated with it is "greater than those immediately preceding and

following it".

P I I, 7
insert Figard T1,2 #bott /hore
T R

The parallelism of the proximity~ and similarity-factors, as re-stated
above -~ and the fact that the second statement can be considered to
include the first one as a special case =-- is extremely important., In both,

it is the occurrence of a local peak in interval magnitudes which determines

élang-initiation. An interval is simply a difference, and whether this is

a difference in starting-times, or pitch, or intensity --‘or any other
attribute of sound =~ is not what is important. Rather, it is relative
differences (in any parameter) that seem to be crucial, We live in a
"universe of change" (more than of "chance”, as has been alledged), but
whether a particular change marks the beginning of a new temporal gestalt --
or simply ancther "turn"” in the shape of the current one -- depends not

only on its absolute magnitude, but on the magnitude of the changes which -
precede and follow it,

The restriction to one parameter (or factor) at a time, still implicit
in the last formulation, remains to be overcome before our principle can be
of much use in predicting clang=-initiations in any but a very limited set
of musical situvations. What is needed is some way to ccmbine or integrate
the intervalnmagnitﬁdes of all parameters into a single measure of change
or difference. The solution to this problem involves a concept that has
been employed by experimental psychologists for several decades now -=-

that of a multidimensional psychological or perceptual "space” (see Attneave,

1940; Shepard, 1962a, 1962b), The "dimensions” of this space are the several

parameters involved in the perception and description of any sound == namely,



time (including bqth duratiog and "tempo"”, or temporal density), pitch, and
intensity. Other paraggégiézgfi;§>ge added to this list, if they satisfy
certain conditions, but I shall 1limit my discussion here to these four

basic ones. The set of parametric values characterizing an element serve

to locate that element at some "point™ in this multidimensional space, and

we can consider not only the intervals between two such points (one along
each separate dimension), but also a distance between those points, which
takes inté account the contribution of intervals in each individual parameter,
but effectively combines these into a single quantity. Such a distance, or

distance-measure -- or vhat a mathematician would call a "metric"” =—- may now

be used in place of the less precise notions of “similarity" and “proximity”,*

*.It should be noted that Shepard uses the term "proximity" for what is

here being called "distance”.

In order to do this, however, two further questions had to be answered:
first, how to weight the several parameters relative to each other (thereby
"scaling" the individual dimensions) in a way that is appropriate to musical
perception, and second, what kind of function to use in computing these
distances.

The weightings referred to above are necessary for two reasons:
first, because quantitative scales of values in the several parameters =-
and thﬁs the numbers used to encode these values as input data to the
programme -~ are essentially arbitrary, bearing no inherent relation to
each other, and second, because we have no way of knowing, a_priori, the
relative importance of one parameter vs, another, in its effects on TG-
formation. As yet, no clear principle has been discovered for determining
what the weightings should be. The current algorithm requires that they be.

specified as input data, and the search for "optimum” weightings has so far

Ll:z



been carried out purely on a trial-and-error basis. It now appsars that
such optimum weightings are slightly different for each piece analyzed,
which suggests that there might be‘some correlation between these optimum
weightings and statistical (or other) characteristics of a giﬁen pisce,
but such correlations have yet to be found.

Regarding the type of distance-measure to be used, there are many
different functions which can satisfy the mathematical criteria for a
metric, and therefore many distinct measures that might be used. A

definitive answer to the question as to which of these metrics is the most

-appropriate to our musical "space'" would depend on the results of psycho-

acoustical experiments that, to my knowledge, have never been done,
although studies of other multidimensional perceptual or psychological
spaces provide a few clues toward an answer (e.g., Attneave, 1940;

Shepard, 1962b), The best known metric, of course, is the Euclidean, but

after trying this one, and noticing certain problems which ssemed to

derive from it, another was finally chosen for the algorithm, This second
distance-measure is sometimes called the "city-block"” metric, and an
example of this metric vs. the Euclidean is shown graphically in Figure

II.3, for the two-dimensional case,

insert Figure II.3 about here

When three or more dimensions are involved, the relations become difficult
~- and then impossible -- to represent graphically in two dimensions, but
the relationships are the same. In the Euclidean metrie, the distanée
between two points is always the square root of the sum of the squares of
the distances (or "intervals"”) between them in each individual dimension
(in two dimensions, this is equivalent to the familiar Pythagorean formula
for the hypotenuse of a right triangle). In the city-block metric, on the

other hand, the distance is simply the sum of the absolute values of the
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distances (or intervals) in each dimension,*

* The Euclidean and city-block metrics are themselves special cases of a
more general class of distance-functiohs sometimes called the Minkowski

metric (Shepard, 1962a), which (in two dimensions) is of the form:

/R

d = ((xz-xi)R + (yz-yl)R)1 for Rz 1.

Noté that, when R = 1, this becomes the city-block distance~function,
and when R = 2, it is equivalent to the Euclidean metric., It would
be of interest to experiment with this parameter of the equation, in
the context of the current algorithm., In particular, it might turn
out that a valué of R somewhere between 1 and 2 would be even more

appropriate to the "space" of musical perception,

One of the most important steps in the development of our model
involved the decision to treat musical space in this way =—= as a metric
space within which all the individual parametric intervals between two
points might be integrated into a single measure of distance (or what
Shepard calls "proximity"), and to use this distance, in turn, as a
measure of similarity (or dissimilarity) between two musical events, This
made it possible to reformulate the basic principle of TG-initiation in a
new way, which can be applied to virtually any musical situation, without
the old restriction to variations in just one parameter at a time (though
it is still limited to the element/clang level, and to moncprhonic textures),

as follows:

A new clang will be initiated in perception by any elcment whose

distance from the previous element is greater than the inter-element

distances immediately preceding and following it,



If we now apply this principle to the Beethoven example considered earlier,
using (again) relative weightings fof duration and pitch that give values
of 1.0 for both the eighth-note durétion and the semitone (Figure IT.4),

we see that this simple hypothesis serves to predict or locate all of ths
clang~initiations involved in the passage (note that each inter-element
distance,; listed in the bottom row of figures, is simply the sum of the

two (weighted) intervals associated with each element).

insert Figures II.4 and IT,5 about here.

As a second example, consider the Varsse passage quoted earlier (Figure
II.5). Although in this case delay-times alone were sufficient to
determine clang-initiation, we see that peaks in the distance-function will
predict the same boundaries. Again, our simple hypothesis regarding clang=
initiation seems to determine clang-bouﬁdaries in a way that agrees with

our spontaneous percepticn of the passage.

i [_sﬂef'_ft/ﬁ(fzuﬁ L%/ 2000 hiks
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One final problem remained to be solved, before the current algorithm
could be realized ~~ that of extending this basic principle of clang-
formation to higher levels. The discussion so. far has been limited to
TG~initiations at the element/clang level because the notion of a "distance”
in the musical space can only be used properly as a difference between two
points in that space. How might the "differences” between two clangs,
sequences, or still higher-level TGs -- which would correspond to clusters
or sets of points -- be defined? It has seemed to me that such differences
are of three basic kinds, corresponding to three distinct aspects of our

perception (and/or description) of these higher-level TGs, namely,

differences of state, shape, and structure (see Temmey, 1975/77). By "state"

I mean the set of mean values of a TG (one for each parameter except time),
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plus its starting-time. The state of a TG might thus be compared to the

"centre of gravity" of an object in physical épace, except that the
temporal counterpart to mean paramétric value is the beginning of the TG,
rather than its "centre"., 'Shape" refers to the contour or p}ofile of a
TG in each parameter, determined by changes in that parameter with time,
and "structure” is defined as "relations between subordinate parts" of a
TG ~= i,e.y relations between its component TGs at the next lower 1evél
(or at several lower levels). Thus, the differences between any two TGs
may be differences betwsen their states, or between their shapes, or
between their structures, or any combination of these., At the elementf
level, however, the differences that are reflected in the measure of
distance are of the first kind only -- differences between states ==
because we are not yet dealing with shape at the element-level, and because
structure is assumed to be imperceptible at this level, by the very
definition of "element"” (as "not temporally divisible, in perception, into
smaller parts” -- cf. p. 3).

It is not yet clear what role similarities and differences of shape

and structure might have in temporal gestalt perception, but it is quite

' clear that state-differences have virtually the same effects at the higher

levels that they have at the element~level, Consequently, shape and
structure play no part in the current model, but state-differences (i.e.,
intervals and distances) are treated'essentially the same way at all
hieraréhical levels, with Jjust one additional refinement, not mentioned
previously. Although the magnitudevof change perceived when one element
follows another is well-represented by the distance-measure defined above,
the magnitude of change perceived in the succession of two clangs, sequences,

or higher-level TGs is only partially accounted for by this distance,
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In addition, the changes perceived at the boundary between two TGs have an

important influence on TG-initiation at higher levels, In order to deal
with this, a distinction is made between "mean-intervals” and "boundary-
intervals"”, as followss ‘

A mean-interval between two TIGs at any hierarchical level, in any

parameter except time, is the difference between theif mean values
in that parameter; for the time-parameter, a mean~interval is defined

as the difference between their starting-times.

A boundary-interval between two TGs is the difference between the

mean values of their adjacent terminal components (i.,e., the final

- ; component of the first TG and the initial component of the second).
Note that a boundary~intervai at one hierarchical level is_a mean-interval
at the next lower level, The distinction between mean-intervals and
boundary=intervals is actually an extrapolation to higher levels of a
distinction already implicit at the elsment-level, though I have not yet

described it in these terms., That is, the rest-duration of an element may

be interpreted as a "boundary-interval” in the time-parameter, while
"delay-time"” or element-duration would be the "mean~interval” in the same
parameter (a rest igAconsidered, in effect, a "final component” of the
element it follows). vSimilarly, the treatment of initial vs., final element-
intensities described earlier obviously involves a distinction between
mean-interval and boundary-interval in the intensity-parameter, Thus, what
may have seemed to be a kind of ad hoc, special treatment of‘rests and
intensities at the element-level was actually a first instance of this
same distinction between the two kinds of interval.

An analogous distinction is made betwedn “"mean-distances” and

"boundary-distances”, as follows:



The mean-distance between two TGs at any hierarchical level is a

weighted sum of the mean-intervals between them, and

the boundary-distance between two TGs is a weighted sum of the

boundary-intervals between them,
Finaily, mean- and boundary-distances are combined into a single measure
of change or "difference” which we call "disjunction”, defined as follows:s
The disjunction between two TGs, or the disjunction of a TG with
respect to the preceding TG (at a givén hierarchical level) is a

weighted sum of the mean-distance and the boundary-~distances between

them at all lower levels,

Note that, whereas the weightings referred to in the definitions of mean~
and boundary-distances are weightings across parameters, the weightings

used in the computation of disjunction are weightings across hierarchical

devels. These are set to decrease by a factor of 2 for each successively
lower level considered. The disjunction between two sequences, for example,
(or the disjunction of the second sequence with respect to the first)
involves =-- in addition to the mean-distance between them == one-half of

the méan~distance between their adjacent terminal clangs, and one-fourth

of the mean~distance between the adjacent terminal elements of those clangs,.
The disjunction between two segments would be computed as the sum of the
mean~distance between them, plus one-half of the mean-distance between

their adjacent terminal sequences, one-fourth of the mean-distance between
the adjacent terminal clangs of those sequencés, and one~eighth of the
mean~distance between the adjacent terminal elements of those clangs.

Note that the sum of the weightings used to compute bourdary-distances is
always less than 1,0, but approaches this value as a limit when higher levels

are being considered (i1.6., 1/2 + 1/4 + 1/8 + . . <1,0).
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Now, at last, it becomes possible to state the fundamental hypothesis
of temporal gestalt perception, on which the current model is based:

A new TG at the next hipher level will be initiated in perception

whenever a TG occurs whose disjunction (with respect to the previous

TG at the same hierarchical level) is greater than those immediately

preceding and following it,
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III. The Algorithiyg/gII.A. General Features,

Input data to the programme are numbers representing the duration
(figured from the beginning of one element to the beginning of the next),

rest-duration, pitch, initial intensity and final intensity of each

element in the score, plus weighting factors for each parameter, and
certain constants for the particular piece or run (e.g., the total
number of elements, & minimum clang-duration, the ﬁempO‘of the piece, etc.).
Note that only one input value is used to specify the pitch of an element,
compared toitwo for both time and intensity (corresponding to -- and
providing the computational basis for -~ the distinction between mean-
and boundary-intervals). In the music studied so far, pitch may bs
regarded as constant throughout each element, so that mean- and boundary-
iﬁtervals in this parameter are identical at the element-level. For
another kind of music, in which continuvous changes of pitch are characteristic
of individual elements (as in Indign vocal music, for example), it would be
necessary to approximate these changes as is now done for intensity.
Numerical values for the three parameters listed above are encoded

as follows: in order to avoid round-off errors, the value of 4,2 (rather
than 1.0) is used for the quarter-note at the specified tempo for the
piece, with other note-values proportional to this, Thus, an eighth-note
= .6, a triplet-eighth = .4, etc. These values are re-scaled, internally,
to units of a second (i.e., duration in seconds = input duration * 50,0/Tempo).
Pitches are represented by integers, with the valuve of 1,0 usually assigned
to the lowest pitch in the piece (although this is entirely arbitrary,
since the programme's operations involve only the intervals between pitches,
not the pitches themselves). For intensity, integer values from 1,0 through 8.0

are used for the notated dynamic levels! ppp through f£ff, with decimal |
fractions for intermediate values, as during a gradual crescendo or
diminuendo. In transcribing the score, these fractional values are derived

by simple linear interpolations between the integer values.



At the element-level, then, three basic parameters are involved:
time (or "delay-time" -- i.e., "proximity"), ?itch, and intensity, and
welghtings must be input for each 6f these. At the clang-level, however
-~ and carrying through to all higher levels ~~ a new paramete£ emerges
which I had considered important in musical perception; namely temporal
density (or, more strictly, "element-density") -- defined as the logarithm
(to the base 2) of the average number of elements per second (or log, of the

reciprocal of the average element-duration).* Provision was therefore made

* Even at the element-level, temporal density is used in a kind of partial
way, as a measure of the difference between two elements with respect to
duration (N,B, this is distinet from delay-time or "proximity"), That is,
a meah temporal density interval (where temporal dénsity is simply the log of
the reciprocal of the element-duration) is used in the computation of
distance at the element-level, as well as at higher levels (where it
actually means "density"”). See the description of Steps 3, 5 and 16 in

the programme, below.

in the programme for this parameter, although it has turned out to be
unnscessary. Our best results on the four pieces analyzed have been obtained
with a weight of zero for temporal density.

The programme also allows for input data (and a weighting-factor) to be
given for one more parameter, which we call "timbre”, but which could be used
for any‘other attribute of sound that seemed appropriate in a particular piece.
It should be noted, however, that meaningful results can only be expected if
this additional parameter is one in which valuss may be specified (or at least
approximated) on what S. S, Stevens (1951) has called an "interval scale".

So far, it has only been used in a very primitive way, with scale values of
either 0, or 1., to represent the "key-clicks” in measures 24-28 of Varése's

DENSITY 21.5.
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In an effort to "normalize"” the values used on input, nominal wolghtings
for duration are re-scaled, internally, by a factor of 10, An input weight of
1,0 for duration thus implies a tiﬁe unit of one~tenth of a second, The
corresponding unit-intervals for pitch, intensity and temporai density are
the semitone, one dynamic-level-difference (or DID ~- as between mf and f),
and a "tempo”-ratio of 2:1, respectively., Provision was ériginally made for
specifying the weighting factors in each parameter for mean- and boundary-
intervals independently., As it turned out, however, the opfimum welghtings
seemed to be the same =~ in a given parameter -- for both types of interval,
so they are now both given the same weightings.

The optimum weightings which have been determined for the four pieces
analyzed so far are as follows:

proximity pitch intensity  t.d.  timbre

Vardse §.0 0.67 6.0 0. 20,0
Webern 1.0 0.5 6,0 o, 0.
Debussy 1.0 1.0 1.0 0. 0.
Wagner 1.0 0.03 1.0 0. 0,

These values may be taken to imply certain equivalences betwsen intervals

in the several parémeters, at least in terms of their effects on TG~initiation,
In the Debussy piece, for example, a delay-time of one-tenth of a second is
equivalent to a pitch-interval of one semitone, and to one DID. In the

Varese piece, on the other hand, a delay~time of one-tenth of a second is
equivalent to a pitch-interval of 1,5 semitones, and to one-sixth of one DID.
Note the relatively large pitch-weight for the Debussy piece, compared to that
for the Wagner example, where the TG-initiating effect of pitch-intervals

must be suppressed rather drastically in order to obtain a plausible segment -
ation, although it cannoct bhe eliminated entirely without undesirable effects.

The relatively large intencity-weights for both the Varese and the Webern pieces
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confirms what one would already have expected -- that both of these composers
were using dynamics as a,structurél (rather than merely an "expressive")
parameter in these pleces.

'I have already mentioned the fact that the weightings assigned to sach
parameter were arrived at by a trial-and-srror process, and I have promised
to describe this process in more detail, Before I attempt to do this, however,
I should also mention that the programme as described here was itself the
result of a trial-and-error process. It did not come into being at one
stroke, and is, in fact, just the most recent version of a long serles of
programmes that have been written and tested. Thus, even when a stage in the
development of the model had been reached when it was clear that a multidimen=~
sional "metric" approach was the right one, the problem of determining
appropriate weightings for the various parameters was still almost inextricably
confused with more basic problems having t§ do with'the design of the algorithm
itself. The accuracy of its results has always depended not only on the
welghtings used, but on more fundamental aspects of the model, Sometimes a
poor result might indicate simply that an adjustment in the weights was
needed, but sometimes a more radical revision of the programme was called for.
Once the basic outlines of the current algorithm had been worked out, however,
the procedure for determining the weights was essentially this: first, to
try one set c¢f values, then to compare the results with our own musical-
intuitive sense of what the gestalt~organization ought to be, and finally to
ad just the weights to achieve a result that seemed more accurate, etc. . . .
The difficulties in this procedure were numerous, but they included the fact
that no less than eight variables.were involved (mean- and boundary-interval
weights for each of four different parameters), and the fact that an
alteration of weightings made to correct the results for one point in a
plece often had what seemed to be an adverse effect at some other point in

that piece; Most of thess difficulties were finally overcome, however, and
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the results we have been getting with the prograﬁme are -~ at the very
least == plausible.

The algorithm is o6utlined in Flowchaert 1, Figure III.1. This flowcﬁart
represents both the conceptual process and the general programme architecture
involved. The theory of temporal gestalt formation outlined in the second
section of this'paper is rather simply implemented on the computer. The
computations are in general of two types: (1) the computation of parametric
intervals, distances, and disjunctions between successive TGs at a given
hierarchical level, and (2) the computation of the parametric states of TGs
at the next higher level, from their lower-level component states. The
first of these processes involves finding simple differences (i.e., intervals)
between starting-times, pitches, intensities, and temporal densities of
successive TGs. The second of the two computational types is an equally
simple process of finding the parametric mean-values of component TGs
(usually weighted by duration), and storing those mean-values as the
parametric states of the highér-level TG (e.g., the pitch-state of a clang
is the sum of its elements' pitches multiplied by their respective durations,

divided by the total duration of the clang).

insert Figure III.1 about here

The programméfs architecture is a hierarchically replicating one -=
1.0y the computations are identical for indefinitely many levels of
gestalt organization. Thus, the main programming complexity is one of
indexing. The portion of code that actually computes disjunctions and
searches for TG-initiations (i.,e., disjunction peaks) is quite short,
The majority of the programme deals mainly with keeping track of the
temporal and hierarchical positions at which the computations are taking
place. To this end the programme's evolution has taken two rather
contrasting structural forms. The first, and one that is no longer in

use, involved making only one pass through the elemsnt data, during which
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TG-initiations at all successive hierarchical 1evéls were considered
vhenever a lowest-level initiation'was found. This process necessitated
keeping track of data on all levels simultaneously, but allow§d one to
disregard all but a small temporal “slice” of the music at any one time.

) The computations were done within a narrow, vertical "window“, moving through
the piece from beginning to end. Although this process uses very little
memory, its complex indexing makes it relatively slow and difficult to

P; understand, For these reasons, we héve adopted an alternative structure,

[m: one which might be described as "horizontal” rather than “vertical”., In the

programme architecture in current use, the algorithm makes a new pass for each

T

higher level, computing TG-initiations for that level and global characteristics

(i.e., states) for the TGs at the next higher level as it proceeds temporally

Li through the piece. In other words, the programme begins by lcoking for TG-

[" initiations at the element/clang level, computing and storing ps.l';'xn;etric
states of the clangs as it does so. When there afe no more elements to he

[ ; coﬁsidered, the programme returns to the (temporal) beginning of the piece,
but one hierarchical level higher. It then goss through the clangs, compuﬁing»
and storing sequence-initiations and states. This procedure continues
upward until a level is reached at which there are not enough TGs to make a
next-higher-level grouping possible (i.e., less than four), This "horizontal”
process 1s conceptually simpler and much faster than the former procedure,

>>>>> but does require‘more memory, as each level's organiiation must be retained

in memory until all of the TG-initiations and states at the next higher level

have been computed.* The question as to which of these two alternative

* We have been able, howsever, to reduce memory considerably by utilizing
the fact that the maximum numbser of TGs for all levels combined is less

than or equal to twlce the number of elements. Since each clang must
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contain at least two elements, each sequence at least éwo clangs, etec.,

the number of TGs at any hierarchical level can never be more than half

of the number of TGs at the next lower level, Thﬁs, ths total number of

TGs at all levels must be less than (or at most, equél to) the quantity
X+ X/2+XM+%/84+.,., %201

where_x is the number of elements, and n is the number of hierarchiecal

levels, Note that this sum is always strictly less than 2X, 1In this

fashion, array size is minimized and efficiency of storage and indexing

maximized.,

most accurately reflects perceptual processes is still an open one,
Certainly, the first process corresponds more élosely to a first listening,
vhere memory is less of a factor, and foreknowledge not a factor at all,
However, the second procéss reflects more élosely thé situation in which a
listener knows something about the style of the piece, or has heard the
piece before. Since the end results of these two programming structures
are identical; the second was chosen for its greater conceptual and
programming simplicity,

The operations of the programme are shown in more detail in Flowchart 2,
Figure III1.2., Larger blocks of the programme are indicated by the Roman
numerals on the left, which correspord to those in the first flowchart.
Arabic numerals designate smaller portions (or "steps”) of the programme,

as described individually in the text which follows.

insert Figure III.2 about here
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III.B. Programme Operatlion,

Block T, Steps 1 and 2: The programme's operation begins by inputing the

data previously described.,

Step 3: Durations are scaled to "real time" by the value input for tempo,

which is first scaled to 50, since ihe quarter-note is usually coded as 1.2,
DUR(I) = DUR(I) * 50,0/TEMPO
RST(I) = RST(I) * 50.0/TEMPO
where DUR(T) and RST(I) are the duration and rest-duration of the
Tth element, and TEMPO is the input value in metronome markings.
Mean intensities of elements are computed as follows:
AN.P(I) = (AL(I) + 42(T))/2.0
where AL1(I), A2(I), are the initial and final intensities of the
I element. . i
Temporal densities of elements are computed logarithmically, and scaled .
to a maximum value of duration (8.0 seconds) to ensure that they are all
positive values, as follows:
TD(I) = log, (8.0/DUR(I)) = 3.0 = log, (DUR(I))
EEEE_Ef The weightings for the parameters are then input and summed, as:
WSUM = DW + PW + AW + TDW + TW
vwhere DW, PW, AW, TDW, TW are the weights for proximity, pitch,
intensity (qr "amplitude'"), temporal density, and "timbre",
respectively.
Each individual weight is then divided by WSUM to make the sum of all
the weightéﬁequal to one, serving to normalize the disjunction measure
(step 13), thus:

DW = DW/WSUM

PW = PW/WSUM

etc,



Step 5: Weighted boundary-intervals for elements are computed in an

R N

initial first pass, as follows:

DI = DW * (RST(I-1))
PI = PW * P(I) = P(I-1)
AT = AW * (A1(T) - A2(I-1))

(or, if there was a rest at the end of element I-1)
AT = AW * (A1(I))
IpI = 0.0
TI = TW * T(I) - T(I-1)
where DI, PL, etc., are intervals in the parameters, time, pitch,
intensity, temporal density, and "timbre”.
Finally, the boundary-distance (DM) is computed as a simple sum of the
absolute intervals, as follows (note that DI is always positive)s
D(I) = (X + |PT| + JaT| + |1DI] + |TI]) * 2.0
This equation computes a “preliminary” disjunction measure for each element,
The sum is multiplied by 2.0 because later on in the programme (step 13)
a single equation is used to compute disjunction measures from meéan- and
boundary-intervals of TG's at all lower levels. The latter equation divides
boundary-intervals by 2.0, so here, 6n the element level, it is first
necessary to multiply by 2,0, Note that the boundary-interval for duration
is the rest~duration (if there is one) of the previous element. The

temporal density boundary-interval is always 0,0 at the element level,

Step 6: Next, the hierarchical level of computation is initialized to zero,
vsspecaapnco I

Block IT. Step ?:’ From this point on, the programme begins its hierarchical
loop structure. The hierarchical level is incremented by one, thus:

LEVEL = IEVEL + 1
Step 8: The programme tests to see if, on the current hierarchical level,

there exist enough TG's to test for a peak. There must be at least four TGs



on a given level in order for a peak test to be meaningfﬁl. When IEVEL = 1,
the number of TGs is simply the number of elements, The number of TGs when
IEVEL = 2 is computed while partitioning the first ievel, and so on up the
hiefarchical structure, If the number of TGs on the level being considered
is less than four, then the programme has reached its highest hierarchical
level, and it prints out the results and terminates.

Step 91 TGs on a given level are indexed by an integer vayiable IND, which

is incremented here, signifying that the programme is "locking at" the

next TG on the current level,*

* It should be noted herevthat, in the programme-itself, the indexing is
slightly more complex than it would appear from.the flowchart, partly
because of the method of storage used. The maximum number of elements
that the progrémme is designed to handie is 500.' This value is an
arbitrary one, but has sufficed for the pieces analyzed thus far., It
was noted earlier that the number of TGs on all higher levels cannot be
greater tﬁan the number of elements. This means that array lengths of.
1600.are sufficient to store the total number of TGs in a given pisce
of fewer than 500 elements. The value of the variable IND is actually
a resultant of two other variables: Ki, and COUNT(LEVEL). Ki is an integer
variable which takes on the values 0, 500, 750, 875, etc., positioning
the operations in the right region of the horizontal array., The TG=counter,
COUNT(LEVEL), runs from 1 to NUMBER(LEVEL) -- the number of TGs on a
given level., By summing COUNT(IEVEL) and Ki, the exact position in the

array is arrive at. This number/position is cailed TND.

Step 10: The TG-counter (COUNT(LEZVEL)) is then compared to the total number
of TGs on the current level, which for all higher levels (i.e., IEVEL> 2),

is computed while looking for the initiations at that level (see step 18).



If the TG~counter is equal to that number, then the level has been completed.
The programme then transfers operation to step 7, and begins looking at the
next higher level,

Block IIT., Step 11: If the level is.not completed, then weighted mean-

intervals in each parameter are computed for the TG under consideration,
as follows:

DI = DW * DUR(IND-1)

(or, if LEVEL »1)

DI = 0.0 |

PT = PW * (P(IND) - P(IND-1))

AT = 40 * (AMP(IND) = AMP(IND-1))

TDI = TDW * TD(IND) - TD(IND~1))

TI = TW * T(IND) - T(IND-1))
Thus? all intervals are simple differences., The prcximityvinterval is a
difference in starting-times of two successive TGs. On higher levels,
however, this interval is not included as a factor of TG-initiation, except
as a residue from element~ and clang-level boundary-intervals, and its weight
is reduced by a factor of 2.0 at each successively ﬁigher level being
considered (see step 13),
Step 12: The mean~-distance measure (ABSUM) is then compu@ed, as the sum of
the absolute valués of the weighted mean-intervals (thus according to the
“city-block metric” described earlier): |

- ABSUM = DI + | PT) + [aT| +|0X) + |11

Step 13t Finally, the disjunction-measure is computed s

DM(IND) = ABSUM + DM(IND)/2.0
Note that the‘variable. DM(IND) on the right side of this "equation”
has already been computed as a boundary-distance, or as the disjunction
at the next lower level (see 8tep 17, or, for the case when‘LEVEL = 1,

Step 5). Thus, the disjunction-measure for a TG on any level is a weighted



combination of its mean-distance and its boundary-distance, which is itself

a combination of mean-intervals of adjacent terminal components on all lower

vlevels.

Step 14: Next follows a series of tests to make sure that there are enough

TGs since the last peak, or since the beginning of the level (at least four)
to test for a new TG-initiation., These tests are a matter of indexing, and
they won't be dealt with here (see the programme itself and the comments
within it for details). A test is alsc made here -- which-:is not shown in
the flowchart -~ to determine whether the time which has elapsed since the
beginning of the current next-higher-level TG exceeds a certain minimum
threshold value, the minimum clang-length input at the beginning of the
programme (Step 1). This procedure was found necessary to avoid certain

situations in which the algorithm would otherwise have predicted a clang-

~dnitiation after an unrealistically short time (as in the places marked x

in the Varese example, Figure IV.l.
Step 15: The disjunction-measure of the TG indexed IND-1 is then tested
against the disjunctions immediately preceding and followiﬁg it (DM(IND-2)
and DM(TND)). |

If: DM(IND-1) < DM(IND-2)

Or: DM(IND~1)=t DM(IND)

Then: DM(IND-1) is not a peak, the programme transfers

operation to Step 9, and looks at the next TG on the same level,
Note the "out-of-phase” nature of these operations. At the first level,
for example, the Qlement indexed IFD is used to compute an interval (and a
disjunction) indexed IND-1. The tests to determine whether a given element
initiates a new clang require a comparison between three adjacent disjunction=-
measures, and thils necessarily involves at least four elements, counting from
the last clang-initiating element, The tests for clang-initiation are thus

made on element IND-1 (nol IND), and if it is found to initiate a new clang,

‘ O



then the last element of the preceding clang will have been element IND-2,
These same relationships hold at all higher levels. Information must be
known’abbut two TGs beyond the one being tested. More will be said about
these phase-relations in a later section of this paper.

Block IV, Step 16: Vhen a peak has been found, in Step 15, the programme

computes parametric states for the newly found higher-~level TG, as follows:
N
DUR(HYIND) = > DUR(I)
I=1

N
P(HYIND) = >, P(I) * DUR(I)
I=1

DUR (HYIND)

N
AMP(HYIND) = >, AMP(I) * DUR(I)
a=1

DUR(HYIND)

. |
TD(HYIND) = > TD(I) * DUR(I)
E=1

DUR (HYIND)

N
T(HYIND) T(I) * DUR(I)

Te=]

DUR(HYIND)

where HYIND is the index used for TGs at the next higher level; and
ﬂ is the number of lower-level TGs in the higher-level TG just found,
When LEVEL = 1, TD(HYIND) is computed as a simple mean value, without the
duration weighting, as:
N

TD(HYIND) = >, TD(I)
I=ml .

N

Step 17 The disjunction of the first component in this new TG is now
stored as the preliminary disjunction-measure of the TG itself. This is

actually the boundary-distance for the TG, which will later be used



A
. |

(while processing the next level) in combination with the mean-distance,

in the computation of the compléte disjunction-measure. Note that
boundary-interval effects from all lower levels are retained in this way,
thdugh at successively diminishing weights (ef. the explanation of Step 13,
above ),

Step 181 Next, having found a TG on the next-higher level, the programme
increments its TG-counter for that higher level. In this way, the total
number cf TGs can be computed for a given lével while compﬁting disjunctions
and initiations at the next lower level., The programme then returns

unconditionally to Step 9, resuming computations and peak—testing procedures

for the next TG on that level.
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IV, Results.

Final results of the programme for the four pleces analyzed so fa;-,
using what seem to be the optimum set of parametric weights for each piece
(those listed on page 25), are displayed in the form of graphically
annotated scores in Figures IV.1-~4 and IV.6. In addition, one variant
segmentation, using a different set of weights, is shown for Debussy's
SYRINX. The partitioning given by the algorithm is indicated by the
vertical lines above the staff-notaticn, each exﬂending to a horizontal
line corresponding to the hierarchiqél level of the TG initiated at that
point. For the first two pieces, these results may be compared with
analogous partitionings or segmentations to be found in the analytical

literature. In the case of Varése's DENSITY 21,5, a partitioning which is

" both explicit and complete is available, and will be used for comparison --

that given in a monograph of 1975 by Jean-Jacques Nattiez, For the Webern
example (the CONCERTO, Op. 24, 2nd movement), an analysis of the first
"period" by Leopold Spinner (1955) will be compared to the results of our
programme. The Debussy and Wagner pieces are given without any such
comparisons, because we have not found any published analyses of either of
these pleces in which the segmentation is sufficiently explicit to justify
a comparisoﬂ. |

IV.A, Vardse: DENSITY 21.5.

The partitioning given by Nattiez for the Varese piece is shown in the
lower portion of Figure IV.1, so that a direct, point-by-point comparison
can be made. Here the correlations between the two partitionings are
guite close == especially at the clang~ and sequencé-levels -~ although
they are not identical, of course, and the similarities diminish at higher
levels. In fact, some 81% of the clang-initiations in our results, and 85%
of the sequence-initiations (but only 44% of the segment-initiations)
coincide with the corresponding boundaries in Naﬁtiez's segmentation,

There are no coincidences at any higher level. Some of the discrepancies
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betweén the two segmentations are fairly ﬁrivial, as where one or the other
"model" simply interpolates an extra clang-break between two otherwise
coincident boundaries (as at elements #8, 25, 54, 109, 117, 118, 140, 179,
224, 226, 233, and 241. A few aifferences result from the fact that
Nattiez does not prohibit one-component TGs, as our model AOes. These
occur in his partitioning in the form of "one-element clangs" beginning

at elements #109, 117, and 118, and as sequences contéining only a single
clang, béginning_at elements #22, 52, 7%, and 97.

&ven if we disregard such discrepancies as these, hbwever, there will
still remain a number of places where the two partitionings differ. Some of
these probably have to do with the fact that -- as I pointed out in the
Intreduction -~ neither harmonic nor motivic factors are considered by our
algorithm. For exaﬁple, the high-level TG-initiation which Nattiez locates
at element #188 is clearly determined by the fact that the initial motivie
idea of the piece suddenly returns at this point,; and a model ﬁhich ineluded
some consideration of motivic relations might well yield a result here more
like_Nattiez's. On the other hand, the strong element of surprise that this
return of the initial motive evokes in my perception of the plece suggests
that this motivic factor is here working very much "against the grain® of
most of the other factors of TG-organization, and that an important part of
the musical effect of this event in the piece depends on the fact that the
motive recurs at a point which would not §therwise be a high-level boundary.

After all of the foregoing reasons for the differences between the two
partitionings have been accounted for, a few discrepancies will remain which
suggest that our welghtings may not be quite "optimum" after all, or that
they are simply different from those unconscilously assumed by Nattiez, or
even that some aspect of the algorithm may need refining., Finally, however,
I must say that I think our segmentation represents the perceptual "facts"
here mors accurately than Nattiez's at certain points, These would include
the clang-initiations at elements 3, 20,'and 75, and the éoquencewinitiations

(and perhaps even the segment-breaks) at #177 and 238,



*(MoTeq) zeT3jeN 03 SuTpaoose uoTqequsuSes
pue (esoqe) s3urjystem ,umugido, YITM SITNSSX TRUTF -~ §*TZ IIISNHQ :0S9aep PaeSpd *T*AT ean3tyg

*aeystIand oy3 Jo uotsstuaed £q peonpoadesy °*daoy SutysiTang OTSNY oueJayTon £9 9467 yStaddon

2
I v . 9 vI
34 \.«m m«_ (33 43 HE] T
oprgne i == 4 = A — Y & .\.Vl_ — . _ opgns & = =4
e P e
~= S i
@ ®
3 L3
[ 2
AL piig
] +#l m‘_ el _._ [Z] vh
.4
g orgns e mmeme— b B S
Hﬂﬂll " \.\c i .&\. 3 4 737 n\wmlﬂl -\_. 1 } [cd
e e e o e e e e e e e
IS ST e ==r E—a——e g —tr
¢ v
<1] s il el] €| [ ol
? g
AL T8
»YF mm@bﬁﬂwﬂ
( ‘)eranwl
I} =mpEras
«— A et
3 =t "
m—& <) wILTp
G zl T ..u‘m.»dw
ST
7 ...m#:diﬂqm
T NWSS*UMW

i lw . £ x_ o [ — F - e § ,r.JIILn ot [ [ : J [ S _ r_!11




‘(€ Jo z *d) 1°AI eIty

FEPE

. 4
E _ +| 3]

d=< [ opgns & PSR et

T 1
Y

5
P T
g v
Fid I Ir I
T~ CH] om_ [ nm_ A:m_ mn_ ?m_ S «m_ a_ om_ [¥4
dw
o A & & du =T < < —a =d-, <l P
= 7 = A e T s =iis s
S R e e . A e s e
el /!\M @ //IW\M * + + - ++ + +
REANG) 2@ = @ @ ® 5 S
| ® ] _ 09 p " | _ ]
ol (53 ¥l sr El gel e gel zel [3
€l 1] n
S ¥
3




(€ 30 ¢ *d) T°AT emmStq

d

"ﬂ)
o

, _ 5
P9 VI I
I3 ﬁ._ ZZ E72 mx_ R_ mn_ 73 Z
. R —cm) -~
< 3 mﬁewkuogn_ A e & = 35 < “)Mu < = — . , &_Anw\m — - tA\.V&
e e o e e e e — e e e e o o o e s e O
. 177 11 i 1 fw 1 ks 1 rAl 1 1“‘—\- q“‘ T “! _ 1;— “ -“iJ A= 4 1) i =
== @ & = o ¥ ! @ @ - q P PM\ //:lﬂ c .a/(\“\ﬂ . ¥ T
P T 7] ¢ T e —o %
]
o5 &z ZZ 7] 9L 72 #| ] 72 77l
re 3% 4
ol
4q
b T T T
oL J 89 9 3_ J il €2
e L P &
T do ahait s il
‘uay 57 I )
09:p T AF @ T s gy "] < ¢ — - 3 2 ¥
@-8&. I | = T ! - =
23] &9 39| Z91 97 m@._ 9] 5]
e 57 T
b 3
€
v L L‘v ¥ ! 1 f —_— g ﬁ




IV.B., Webern's CONCERTO, 2nd Movement (melodic line only).

The partitioning given by our programme for the first 28 bars of the
2nd movement of Webern's CONCERTO, Op. 24 (see Figure IV.2), is identical
at every point but two with that assumed by leopold Spinner in his
"Analysis of a Period” (die Reihe, 1955). K
Spinner's first "period” is equivalent to our first segment, and each of
the three parts into which he divides this period (# "antecedent”,
"consequent”, and "prolongation of the consequent”) begins at a point
which coincides with one of our sequence-breaks (although the programme
further divides Spinner's “consequent” into two sequences). Our clangs are
coincident with his "phrases” everywhere except at elements 31-34 (marfed C)
in the lower part of line 2 of'the annotated séore), but the discrepancy
here is easily explained. Spinner's concern in the analysis is to demonstrate
a cohesive unity in the music resulting frbm the reéurrences of a limited
set of rhythmic motives, in addition to that deriving from serial pitch-
relations ("In a frue masterpiece nothing occurs once only....” :). At the
point in question, he notes the equivalence of a three-note motive beginning
in baf 25 (element #31) with the motive which begins the movement ( J J J ).
To my ear, however, the oboe's high C in bar 25 sounds like the final
element in the 3-element clang beginning in bar 23 (element #29), as our
programme determines it, rather than an initial element, as Spinner would

have it.
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IV.E C. Debussy's SYRINX.

Figures IV,3 and IV.4 show the results for the Debussy piece, first'
with what we consider the optimum set of weights, and then with pitch weight
doubled; producing an interesting variant, Note the differences -- at the
points marked with an x in the variant -- between the two segmentations,
These differences almost invariably involve a shift of just one TG -- an
initiating component becoming a concluding component, or vice versa. In
the Introduction, I listed as one of the "limitatiohs“ of our model the fact
than no ambiguities are allowed, and suggested that this might seem less
unrealistic after the matter of parametric>weightings had been explained,

Now it should be clear that such ambiguities of TG~boundaries in musical
perception might simply be a result of variations in perceptual weight of

the several parameters, between one hearing (or consideration) of a piece

and another =-- and/or differences in this respect bstween two different
listeners. It is quite possible that these perceptual weights are variable - -
over some small range, at leasg}(aepending on various emotional or
psychological or intellectual factors., Presumably, the temporal gestalt
organization of a piece of music assumed or understood by any of us is some
sort of amalgam of many different partitionings we have experienced, on many
different occasions, and under many different éircumstances. The implication
that major differences in our analyses or descriptions or even interpretations
of a piece may stem initially -- or even be ubterly determined by ~-- nothing
more nor less than differences in the relative weightings we unconsciously
assign to the various paramsters is not without significance for theories of

musical "taste”, "judgment”, "value", etc.
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A new way of dealing with ambiguous TG-boundaries has recently been
sketched out, although we have not yet incorporated it into the algorithm,
It will be described here, however, in case someone else might want to implement
such changes in the current programme. These changes would require the
similtaneous consideration of five (rather than three) disjunctions, and
thus six (rather than four) TGs. They involve the notion of a “pivotal” TG
-~ i.e.y, a TG which might be either an initial or a final component of a
TG at‘the next-higher level, depending on some smail variation in weightings.
Potential pivots of this kind frequently arise when a strong peak disjunction
is jmmediately preceded or followed by a disjunction that is only slightly
weaker than the peak itself, and both are considerably stronger than the
disjunctions on either side of this central pair. Figure IV.5 gives a graphic
fépresentation of two examples of this type of configuration. For the

discussion which follows, a simplified notation will be used, corresponding

to the labels for points in the grarhs. [/ insert Figure IV.5 about here

let sq through sg be states in some parameter of the lower-level TGs
being considered, S; and S, the states of the TGs at the next higher level,
whose mutual boundary is about to be.determined. Let dy through d5 be the
disjunction-measures for the second through sixth of these lower-level TGs,
and D the boundary~-disjunction between the two higher-level TGs, Now, let
us consider the central disjunction-measure, d3, and say that it is a peak
(1.0., an initiator) if either of the following two conditions are true:
Either: d2<c13>-d1+
Or: dp<td3=dy>ds
If d3 is not a peak, as defined above, the programme would continue as at
present, but if d3 is a peak, then the algorithm would test for the presence
of a pivot, as follows (where the notation, "dmaxn,m" means the maximum

value, d, or dn):
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If: d, > dmaxi’u + d3 - ds (1.e., d3 - dy <d, - dmaxi’u)
then d, is a pivot (preceding the peak at ds3).
If: dy >dmax2'5 o+ d3 - dy (1.e., d3 - dy<d, - dmaxz'S)
then d3 is a pivot (as well as a peak). In this case dj, might be
called a "secondary” or "potential” initiator, (If pg&ﬁ_dz and d3 are
pivots, the programme would skip the following and treat the peak at d3
in the usual way), ‘
When d, is a pivot, we would define the relative strength (R) of the
beak with respect to the pivot and the "base~line"” (dmaxl,u) as follows:
d3 - dmaxy

R =

The boundary-~disjunction (to be cérried throuéh to higher levels) would be
éomputed as a weighted average of the two disjunctions (pivot and peak), as
| D=(1, ~R) ¥dyo +R * d3

and states at the next-higher level would be computed as though the point of
initiation had occurred somewhere between the twe disjunctions (i.e.,
sometime. during the pivot), so that

S_ = ¢ o o 4+ S, + R * S3

and S, = (L, = R) * S3 4+ Sy + e e s
When d3 is both a peak and a pivot, these computations would take a

slightly different form; as follows:

. d3 - dmaxz,5

2(dy = dmax, o)
D

Hi

R = d3 + (L. - R) * dy,
Sl=.| .‘+83+(1.-R)*SL}
and 82=R*Sl++55+oo. _
In the special case where d2;< d3 ='d4:>-d5, d3 is still both peak and pivot

(as when d2-< d3:> d4:> d5), and the above variables will assume the following



values;

R=.5

D=d3=d4

Si=.-. .+53+9554

and S, = .55, + S5t e
The ocutput of such a modified programme might look essentially the same

as that of the current programme, except that the value of R would be
printed out, showing the presence and relative strength of.each pivot TG.

In addition, of course, the higher-level segmentations for a given set of

welghts might be different from those prcduced now, because of the different
way of computing higher-level states and disjunctions. The algorithm would
be much more stable, however, if modified in this way, and such inereased

stability would be a considerable advantage.



IV.D., Wapgners English Horn Solo from TRISTAN AND ISOLDE,

| The results on this passage (from the beginning of the 3rd Act) are
shovn in Figure IV.6., I shall not comment any further on these results of
our model, hcwevef, but leave it to the reader to decide whether -—= and
to what extent -- they correspend to the temporal gestalt organization he
or she would make of these pileces "spontaneously”. I should point out,
however, that the intention behind these analyses =~ at this stage in the
development of the model =~ has not been to discover any new formal
relationships in the music analyzed, Rather, the music has been used primarily

to test the model, and what T would expect the results to show are aspsets

of the structure of these pieces that we all more~or-less "take for granted”.
No effort has yet been made to check these results out by means of any sort
of psychological testing procedures., At present,; we have no clegr idea how
this might be done. We have proceded, instead, on a sort of faith in the
commenality of our (all of our) perceptual "structurings” in this respect,
and the validity of our model may ultimately stand or fall according to

whether this faith was Justified or not,
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V. Regarding "Decision-Delays” in the Model, R

One of the most surprising aspects of our model has Had to do with the
delay between the moment of initiation of a TG and the moment at which this
TG-initiation can be perceptually determined or "known". This is the result
of éeveral basic conditions inherent in the model: the fact that the TG-
initiating effect of a given disjunction is dependent upon the disjunction
which follows it (as well as the one which precedes it ); the fact that the
measure of disjunction involves intervals between mean parametric values of
those TGs, and that these mean values can only be determineé after that TG
has ended, and that this, in turn, is determinedlby the perception that a
new TG has begun, etc; The nature of thess delay~process§s may perhaps be
clarified by considering the following series of inter-related "propositions”:
(1) We cannot compute the disjunction between two TGs at a given level
until their mean- (as well as boundary~-) intervals are known;

(2) We cannot determine these mean-intervals until the mean parametric
values of the second TG (at that same level) hAVe been found;;

(3) We cannot find these mean parametric values of the second TG until
it is complete;

(4) We do not know that this second TG is complete until a third TG has
been initiated (at that same level);

(5) We cannot decide that a third TG has been initiated until its second
component is complete, which cannot be known until its third component
has been initiated, which cannot be known until the third component

at the next lower level has been initiated, which cannot be known until

¢osothe third element (of the third clang of the third....component of
that TG) has been initiated. Therefore,

(6) We cannot compute the disjunction betwesn two TGs at a given
hierarchical level until the beginning of the j‘.hird element of the
third clang of the third....component of the following TG -- i.e,, the
third TG at the same level. (1) |

(&r



These relations are shown schematically in Figure V.1, where it can be

seen that the delays are cumulative at progressively higher levels, and

become quite long fairly quickly. The implications of this for musical
. ' Jeaung Vel  ale T flone |

perception aré signilicant, especially for wna

ey tell us about the

importance and function of memory and anticipation. Clearly, the higher

the level concerned, the greater will be the demands on short-term memory,
if the TG-boundaries are to be determined at all, and the less certain
these boundary determinations must be on a first hearing. On second and
later hearings -- i.e., with gradually increasing familiarity with a piece
-~ these delays may be diminished, or finally eliminated altogether, to
the extent to which TGs which have not yet occurred can be anticipated,
via longer~term memory. Thus, while the indispensiblé importance of
mémory'to musical perception is a matter of common agreement, and the
anticipation of what is about to be heard in a familiar piece is surely a

common experience, our medel goes one step further and suggests that the

primary function of both memory and anticipation is to diminish the delay

between the moment of occurrence of a TG and the moment of recognition of

its pestalt boundaries, and eventually to bring these into synchrony.

-The extent to which our temporal gestalt perception might be confused
== if not utterly confounded =-- by these phase-shifting "decision-delays"
might appear to throw into question the efficacy of the model described

here, if it were not for the very considerable information-reduction

implicit in the model. That is, the information that is retained, at a
given hieraréhical level, for determining TG~initiations at that level,
is always less than (or at most, equal to) half of the information that
was needed ét the next lower level., The ratio of information-reduction
here depends on the average number of components per higher-level TG,

which is == by definition -~ at least two. In fact, the aVerage7for the
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four pleces we have analyzed so far, turns out to be slightly larger than

three,*

* The perceptual "Qomputation" of mean parametric values, assumed by the
model, might be considered 5 manifestation of that phenomenon which
Miller (1956) has called “chunking”, and the implications of this
process as a device for information~reduction would be essentially the

same as those ascribed to it by that author,

The algorithm described here has so far only been used to analyze
these four pieces, and it obviously needs to be tested with other musical

examples,** Considerable work thus remains to be done with the programme

** Mr, Polansky is currently engaged in an extensive analysis of the
primary meledic line of Carl Ruggles' PORTALS, using the algorithm as
a first stage in an analytical process that will eventually incorporate
morphological (and perhaps even harmonic) factors as well. Although
this project is not yet finished, the preliminafy results that have
been obtained with the programme are encouraging, and provide further
confirmation that our algorithm is, in fact, applicable to a wide range

of musical examplés.

in its present form., In addition, there are several extensions of the
model which ought to be possible, and which promise to‘be important to
the growth of our understanding of musical perception, and perceptual
processes in general. One area in which such extensions are most
immediately needed would inveolve the incorporation of harmonic and motivie
factors in the workings of the algorithm. Ancther would be whatever

elaborations might be necessary to enable it to deal with polyphonic music,



Third, it should be possible to extend the model "downward” to sub-element
Jevels, $uch an extension would not only eliminate the tedious process of
transcription now used to specify input values to the programme; it would
be far more accurate than this process can ever be, in representing the

sounds as we actually hear them. This possibility is discussed -- though

in only the most preliminary way =- in the next (and final) section of this

paper,



VI. Possible Extension of the Model to Sub-=Zlement Ievels.

Input data to the current program are numbers specifying the parametric
values of each "note" in a score. This means that the gestalt boundaries of
TGs a&'the element-level are not derived by the algorithm, but simply "given"
‘to it. What if there were no score? Would it be possible to extrapolate
the procedﬁres of the program "downward" to sub-element levels -~ as would be
necessary, for example, if the algorithm had to deal.directly with the signal
itself -- i.e., if the input to the program were acoustical, rather than
numerical? I sqggest that this extension to sub-element levels is quite
ﬁossible, and that its consideration may helﬁ throw some light on the algorithm
as it stands ﬁow, and berhaps lend it still more credibilityf

in its most primitive form, any acousticél signal is nothing but a
fluctuation of amﬁlitude with time. What we call "frequency" is already a
higher-brder "ﬁarameter" that must be derived or extracted from the signal by
the ear and brain. It has been known for some time that this is achieved by
a combination of "ﬁlace" and "time' mechanisms -- the first determined by the
region of maximum disblacement of the travelling wave along the basilar
membrane (a sﬁatial ordering of frequencies which is preserved in the "tonotopic"

organization at the cortical level), the second by the timing of synchronized

. "volleys'" of neural discharges in the organ of Corti. In addition, recent

experiments suggest that these neural discharges occur only in a uni-polar way --
ifef, only during the periods of unidirectional movemen£ of the basilar

membrane (see ﬁoederer, 1973, pages 47-51, for a review of some of these
experiments, and a discussion of their implications for auditory theory).

The "signal' transmitted through the auditory nerve to the brain might thus be
considered (to a first approximation, at least) a "half-wave rectified" version

of the first derivative of the original signal.

Suppose now that we sample the signal we wish to analyze, by means of an



analog-to-digital converter, so that it is represented by a serles éf discrote
numbers (amplitude samples) suitable for input to a computer programme. Since
the current algorithm is limited to monophonic configurations, we shall consider
a sinusoidal wave-form only, but imagine this wave-form to be modulated in a
variety of ways, analogous to the kinds of changes we encounter at higher
levels. The multidimensional "space” at those higher levels is here reduced to
just two dimensions -~ amplitude and time -- but we can use the same procedures
as before to determine TG-initiation, The "elements” (or micro—clements) here
are the individual amplitude samples, and the disjunction between two
consecutive micro-elements will be the weighted sum of the time- and amplitude-
intervals betwsen them. Note that a series of such amplitude-intervals
constitutes the first difference function of the sampled signal -- the digital
counterpart of the first derivative. .
Next -~ in line with what was said above sgbout the timing of neural
discharges in the auditory system == we "half-wave rectify” this difference-
function, by setting to zero all values less than or equal to zero (or some
differential "threshold"”). Since the time-intervals betwsen successive
samples are all equal, the only variable involved in the computétion of
disjunction is amplitude, and the points of initiation of primitive "clangs”
(or micro-clangs) will be indicated by peaks in this (rectified) first
difference function itself. These peaks will in fact correspond to the
beginnings (the points of positive zero-crossings) of successive fundamental
periods of the original signal, as can be seen in Figure VI.1, which shows

the results of this initial processing on a simple sine wave with constant

amplitude and frequency. / insert Figure VI.l about here

The parametric states of each micro-clang are (1) its sterting-time,
(2) some measure of its mean amplitude (probably RMS values would be the most
appropriate here), and (3) its temporal density -- here equivalent to the

sampling rate of the A-D converter. Mean-distances between these mlcro-clangs

will be the differences between their states, boundary-distances the differences
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between the states of "adjacent terminal components” == just as at higher
levels -~ and disjunction would be computed as the weighted sums of these

mean- and boundary~distances., When this is done; we shift to the next higher
level, and look for primitive "sequencés" (or micro-sequences), In this
exaﬁple, however, because of the constancy of both amplitude and frequency,

the disjunction-measures between successive micro-clangs will all be equal,

so that no higher-level TG-organization will occur. If, however, we modulate
these sine waves with a series of amplitude=-envelope functions, micro-sequence-
initiations will be found which cor;espond to the beginnings of successive
tones -~ the "elements" we have been starting with in the current programme.

The component temporal density of each of these micro~sequences will turn out

to be the fundamental frequency of each tone, and taking the logarithm of this

(as is now done to compute temporal density at the "macro“-clang level)
translates it into a measure of pitch. Similarly, the intensity-levels of
these micro-sequences -~ computed logarithmically in decibels -- will provide
values corresponding to the "dynamic" levels used as input to the current
programe .

In computing the intensity~levels of micro~-sequences, it would be necessary
to specify some threshold value, below which any amplitudes outpﬁt by the
A~D converter would be considered indistinguishable from the noise~level of
the system. This would provide a means of identifying the actual rests in
the course of a piece =- and incidentally, a means far more accurate than is
provided by ordinary musical notation'(e.g., a series of staccato notes is
actually intersperséd with a series of rests, although the notation does not
make this explicit), If, in addition, we define the beginning of a rest as
the starting-time of any micro-clang (whether alone or as the first of a series
of similar micro-clangs) whose mean (RMS) amplitude is below this threshold,

we hit upon a useful clarification of -- or rationale for «~- what might have



T
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appeared to be a rather ad hoc treatment of rests in the current algorithm,

there, the dufation of an element was defined in such a way that it included

the duration of any rest intervening between it and the following element

(including none at all, or a "rest" of zero—duration), At the same time,

the "boundary-interval” between two elements -- in the time-parameter --

was defined as the duration of any such rest separating the two elements =

as fhough this rest were some soft of "temporal geétalt-unit" in its own right,
Now we see that this is, in fact, the case. That is, a rest is simply the
last micro-clang in the set of micro-clangs (the preceding members of which
are the individual periods of the signal) constituting one micro-sequence

(our "macro”-element).

Now it will be necessary to make explicif a "rule” that was taken for
éranted at higher leveis -- namely, that the mean values (in amplitude or
freéuency) of a TG whose final component is a rest are to be computed ohly '
throﬁgh regions of non~-zero ampiitude., That is, both the average amplitﬁde
and the average frequency of such a micro-sequence is, in effect, "sustained”
through a rest, |

If, in addition to an overall envelope; the sine wave is subjected to
steady~-state amplitude or frequency modulations ("tremolo” or "vibrato"),
micro-sequences will be detected which correspond to successive periods of
the modulating function -~ thus interpolating an extra hierarchical level
between those of the fundamental periods, on the one hand, and the overall
tonal envelops, on the other., In these cases, what we normally call an "element
(at higber levels) would be analyzed as a micro-segment, instead of a micro-
sequence. This discrepancy in hierarchical level suggests that the TGs
that would be derived by an algorithm designed to deal directly with the
acoustical signal might occasionally result in a partitioning different fr&m

that derived as we do now from the score. This is not necessarily a drawback,



however, because there are important instanceé when the notational
gestalt-units in the score (i.e., the "notes”) do not accurately represent
the element-level organization actually perceived by the ear, For example,
the perceptual difference between a series of repeated-notes: (notated as
fffj,ffji ) and a sustained tone ( J ) played with the usual flute “vibrato"”
(vhich is actually an amplitude-modulaticn, or “tremolo”) is probably not |
nearly as-great as the difference in notation would imply. Even so, any

such discrepancies that seemed inappropriate to the perceptual realities

here could probably be handled by (and would probably require) a procedure
analogous to that used in the current programme which sets a limit on the
minimum clang=duration. TG-articulations shorter than this minimum duration
might either be disregarded or referred to the category of timbre (one aspect
of which is determined by such steady-state modulations -- see Tenney, 1965)..

'I have said that -- at sub-element levels ~= frequency is a."higher-
order parameterﬁ, whose values would have to be extracted from the signal by
the algorithm, and I have suggested how this might be done by way of operations
virtually idéntical to those carried out by the current program at higher
levels. Timbre, too, is such a higher-order parameter, derived or extracted
by the ear and brain from the acoustical signal in ways that are probably
analogous to those involved in the perception of polyrhony and harmony. But
Just as the present model is not yet able to deal with either polyrhony or
harmony, I am not yet ready to say anything mors about the problem of tirbre,
except that I suspect that its solution depends a great deal on the solution
of the problems of polyrhonic and harmonic perception =- and vice versa,

Many of the details of any "downward” extrapolation of the procedures of
the model are still unclear, but I am convinced that such an extension to
sub~element levels is an area of investigation well worth pursuing. Moreover,
the conclusion seems justified that the basic procedures in this model will
work -- with perhaps only minor revisions -~ at any level of perceptual

organization. Thus, extrapolations of the model "upward” to TGs'larger than



individual pieces should also be possiﬁle, as well as what might be described

as extrapolations "outward” to gestalt-units involving other modes of perception,
or several different modes of peréeption simultaneously, The complexity of
these more general, "experiential" gestalt-units might seem éo prohibit a
realistic application of a model as simple as the one proposed here, bﬁt
consider the fact that this complexity == including the'multiplicity of
parameters involved == might develop gradually as we move from lower to higher

levels, just as it does in the case of musical perception.’ That is, at the

lowest level -- in every sense modality -- the situation may be as simple as

we find it to be acoustically -~- where the only parameters involved are
amplitude and time; with other parameters “emerging”, step-by-step, at
progressively higher leﬁels. If this is indeéd the case; then -- irénically e
it will turn out that the best way of dealing with these more complicated
situaiions will'be to deal with them thoroughly ~-- from the ground up --

rather than partially, as by trying to simplify things (or neglect them)

at the outset. Thus we may find that “reality" is not, after all, as

complicated as it sometimes seems to be.

U



VIL, 4 GIOSSARY OF SPECTIAL TERMS.

BOUNDARY. A point in time marking'the beginning or end of a TG; often
thé point of junction between two successive TGs, ‘

BOUNDARY~INTERVAL. See INTERVAL.

BOUNDARY-DISTANCE. See DISTANCE;

CLANG, A TG at the sescond hierarchical level, In Meta # Hodos, ths

clang was defined as "any sound or scund-configuration which is
perceived as a primary musical unit -= a singular aural Gestalt",

In META Meta ¢ Hodos, in order to distinguish the clang more preclsely

from .an ELEMENT, it-was further described as "a TG at the lowest
hierarchical level within which stillmlower;level TGs are perceived"”,.

CITY-BIOCK METRIC. See METRIC.

COMPONENT . A TG wﬁich is contained by a TG at the next—higher-le&él,

DISJUNCfION. A measure of the Gestaltwsegregatioﬁ between two successive
IGs, and the central concept on which is based the “fundamental
hypothesis of temporal gestalt perception" stated on page 22 . It is
computed as a weightéd sum of the mean-distance and the boundary-
distances (at all lower levels) between two TGs. The concept of
DISJUNQIION, defined in this way, both incorporates and replaces the
earlier notions of PROXIMITY and SIMILARITY as the "primary factors
of cohesion and segregation” involved in musical percsption,

DISTANCE. The conception of a measurable separation betwsen twoc "points”
in a multidimensional "space" -~ whether physical or psychological/
perceptual. In the context of our model, the dimensions of this space
are the individual parameters of sound, and a particular DISTANCE-~
MEASURE, or METRIC is used to compute the distance betwsen any two
points in this (musical) space.,

DISTANCE-MEASURE., See MEIRIC.,



ELEMENT, A TG at the first (or lowest) hierarchical lovel, An element is

assumed to be "not temporally divisible, in perception, into smaller

(i.e., shorter) parts (or COMPONENT TGs).

HIERARCHICAL LEVEL (or simply LEVEL). A descriptive category for TGs,

incorporating the ideas of relative length, inclusion, and structural
complexity. That is, a TG at a "higher"” level is generally longer than
TGs at "lower"” levels; it must include two or more TGs at the next-
lower level; and thus it manifests a structural complexity which is
greater than that of lower-level TGs. The terms that we use to
designate TGs at the first five hisrarchical levels are {in "ascending"

order) ELEMENT, CLANG, SEQUENCE, SEGMENT, and SECTION.

INTERVAL. A difference between two values in some parameter, A MEAN~-

INTERVAL between two TGs =~ in any parameter except time -- is the
difference between their mean (i.e., average) values in that parameter
(in the time~parameter, it is the difference between their starting-
times)., A BOUNDARY-INTERVAL between two TGs (in any parameter except
time) is therdifference between the mean values (in that parameter)

of their adjacent terminal components (in the time-parameter, it is

the duration of the final component in the first TG -=- or, at the

element=~level; the duration of any rest separating the two elements),

-

LEVEL., See HIERARCHICAL IEVEL.
MEAN~INTERVAL. See INTERVAL,
MEAN-DISTANCE. See DISTANCE.

METRIC (also DISTANCE-MEASURE), A specific rule or formula for computing

A

a distance between two points in a multidimensional space (also see
DISTANCE)._ Our algorithm uses what is called the CITY-BIOCK (rathgr
than the more familiar Euclidean) METRIC, in which a distance between
two points is computed as the (weighted) sum of the irtervals in each

individual dimension (or parameter).
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PARAMETER. Any distinctive attribute of sound, in terms of which one
sound may be perceived as different from another, or a sound may be
perceived to change in time. The parameters which are considered in

our model are pitch, intensity, duration, and temporal density,

PROXIMITY. The "nearness"” in time of two events (or two TGs) -- earlief
conceived as one of the two "primary factors of cohesion and segregation",
but now incorporated into the measure of disjunction. Tpe term,

Yproximity"” has also been used by some of the most important authors
referred to in this paper (e.g., Shepard) to mean what we are here
calling “distance"”.

SECTION° A TG at the fifth hierarchical level, containing two or more segments.

SEGMENT . A IG at the fourth hierarchical level, containing two or more sequences,

SEQUENCE., A TG at the third hierarchical level, containing‘two or more clangs.

SHAPE. The contour or profile of a TG in some parameter, determined by
changes in that parameter {from one component of that TG to another)
with time,

SIMILARITY. The "nearness"” of two events (or two TGs) in soms paramster
other than time ~- earlier concsived as one of the two "primary factors
of cohesion and segregation”; but now incorporated into the measure of
disjunction,

STATE. Earlier defined as the "global properties” of a TG, with respect
to each relevant parameter; now including (in the context of our model)

the starting-time of a TG, and its mean values in the parameters pitch,

intensity, and temporal density.

~ STRUCTURE, Relations between subordinate parts of a TG ==~ 1i,e,, relations

 between its component TGs at the next lower lesvel (or at several lower

levels),



Uz

TEMFORAL DENSITY. One of the four basic parameters (with pitch, intensity,

and duration) used in the computations of distance and disjunction in
our model; proportional to the logarithm (base 2) of the average number
of elements per second in a higher-level TG (or, at the element-level,
‘to the log, of the reciprocal of the element-duration),

TEMFORAL GESTALT~UNIT (abbreviated TG)., A span of time apprehended as
both internally cohesive and externally segregated from time-spans
preceding and following it. Also, the perceptual "objects", processes,
or events which mark and/or "occupy" these time=spans, In the latter
sense, and in the context of musical psrception, we distinguish and

 label TGs at five hierarchical levels: ELEMENT, CLANG, SEQUENCE,
SEGMENT, and SECITION. A TG at any level above the first is assumed to
consist of two or more TGs at the next-~lower level, and these are called
COMPONENTS of the larger TG,

IG. See TEMPORAL GESTALT~-UNIT,

WEIGHT, WEIGHTING, WEIGHTING-FACIOR., A numerical value used (when taken
"across parameters”) to increase or decrease the effective magnitude
of the parametric intervals used in the computations of distance and
disjunction, - -or (when taken "across hierarchical levels") to
diminish the effect on the disjunction-measure of boundary-distances

at lower leVel$.
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1l F5.24% PITCH='4F5.2,* INTENSITY=",F5.2,' TEMPORAL DENSITY=',

h]

REAL P{1000},DUR{1000),RST{1000},AMP (1000},
1 TIMm{(1000),TD(1000)
REAL LOLEV,HILEV
REAL TITLE(15)
REAL A1(1000),A2{1000),P1{1000),P2(1000),TD1({1000) .
1,702(1000)
REAL DM{1000),DMSTI(1000),DMDI(1000), DMDZ(IOOO)
REAL DMIN
INTEGER ISTART{1000) , IEND{1000}
INTEGER NEXT{10}, COUNT(IO)'NUMBER(IO)
INTEGER HICNT;FLAG;TEMPOI

INITIALIZE AND READ IN SCORE
TLOG(A)=ALCG(A}/ALDG (2.0}
READ(5,39)TITLE
FORMAT(15A4)
READ(5+40)NUMBER{ 1), CMIN,TEMPOL
FORMAT(I54F5.2414}
TEMPC=FLOAT(TEMPOL } /50.0
ROUNDS QOFF CMIN TO PREVENT FORTRAN ACCURACY ERROR; .
CMIN=CMIN+.001

WRITE(6441)TITLE

FORMATI{1H1,15A4)

WRITE(6,55)TEMPOL ’
FORMAT{1HO, 'TEMPO (MM) =1,18)
WRITE(6,38ICMIN
FORMAT(1HO+"CMIN= 14F5,2)

EPS1=0.0001
N=NUMBERI(1)
WRITE{6,591)

FORMAT(1HLI s2X »" N 44K, "DURT 35Xy "RST 44X st PITCH! ,6X,*AL%, TXy TA2?,3X, ¢
1'TMBR ', /)

DO 67 I=1,N
READ(5460JDUR(TI},RSTII),P(T),AL(I),A2(1)},TIM(I)
FORMAT(5X,6F5.0}

WRITE{6466)]DUR{T), RSTII},P{1),AL{I),A2{1),TIM(I}

FORMAT{15,6F8.2)

CONTINUE

DO 9725 I=1,N
PL(I)=P (D)
DUR{II=DUR(I}/TEMPO
To{I1)=3.0- TLDGiDUR(I)’
TDI(I)=TD(I)
RST{II=RST(1)}/TEMPO
AMPLT ) =(AL(1}+A2{1))/2.0
p2{1)=P (D)
CMIN=CMIN/ TEMPO
READ(5,70)INPASS
FORMAT(14)
DO 9600 ILDOP=1,N? ASS
N=NUMBER (1}
READ(S ,72)IDW4PH AW TDW,TH
FORMAT{5F6.2)
WRITE{6474)DWsPWy AW, TDW,TW
FORMAT(1HO, *WEIGHTINGS: PROXIMITY=
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F5.2y' TIMBRE=',F5.2)
WSUM=PW+Dn+TDW+AW+ TH
PW=PK/WSUM
DH=Dh/WSUM
TOW=TDW/ WSUM
AW=AK/WSUM
TH=Th/WSUM
DO 7¢ K=1,10
COUNT {K})=)
PO 78 K=1,1000
DM{K}=0.0
DMST({K)=0.
DMD1({K)=0
DMD2(K)=0
IEND{(K) =0
ISTART{K)=0

DA=DU*10.0

INT1ALI ZES BOUNDARIES ON FIRST LEVEL
DO 1777 I=2,N

PI=PWx(P1(])-P2(I-1})
1D1=0.0
DI=DW*{RST{I-1)}
IF (RST(1-1),EQ.0.)ALAST=A2(1I-1)
IF{RST{I-1).6T.0.}ALAST=0.
AI=AW%{AY(T)-ALAST)
DM{I)={ABS{DI)+ABS(PI}+ABS(TOI}+ABS{AI})

DMEI)=DM(1}%2.0 ‘

CONTINUE
DO 80 I=501,1000
P{1)=0
DUR{(T}

L4
it onmn
o0

-]
(o N e

CONTINUE

LEVEL=0
MAIN PRCGR AM

SETS NEw LEVEL,CLEARS COQUNTER{CHECK), AND INITJAL! ZES
FLAG, WHICH TELLS YOU IF YOU'VE FINISHED ON A LEVEL.
CHECK IS A VARIABLE WHICH SEES IF THERE ARE ENOUGH
TG*S CURRENTLY TO COMPUTE FOR INITIATION.

CHECK=0

ET=0,

FLAG=0
LEVEL=LEVEL+1

SETS ARRA7 INDICES.
LOLEV= {2,0%*(LEVEL-1))
HILEV= (2.0%*(LEVEL))



91 K1=1000.0-((1.0/L0LEV)*1000.0)

92 K2=1000.0-1{1.0/HI LEV)*1000.0)
93 WRITE(6+9375)
c
o IF NUMBER<4, THEN NOT ENOUGH TG'S ON THIS HIGHEST LEVEL
c TO TRY AND MAKE DISTINCTIONS. SO PROGRAM TERMINATES.
94 IF (NUMBER{(LEVEL).LT.4) Go TO $000
95 HICNT=1
96 ISTART(K2+1)=K1+1
c
c SPECIFIC >LANAR COMPUTATION
97 500 COUNT(LEVEL}= COUNT {LEVEL ) +1
98 TCOUNT=COUNT{LEVEL)
99 CHECK=CHECK+1
100 IF{TCOUNT.LE. NUMBER(LEVEL))GD To 550
101 FLAG=1
102 GO TO 700
C .
c
c KEEPS TRACK OF ELAPSED TIME IN TG.
103 - 550 ET=ET+DUR{TCOUNT+K1)
: c
C CHECKS FOR fONE ELEMENT CLANGS®.
104 IF(CHECK,LT.2)G0 TO 500
c
C COMPUTE IVTERVAL [{DISJUNCTION MEASURE)
105 IND=(TCOUNT+K1)
C
c MEAN INTER VALS
106 PI=PW{P(IND)-P(IND-1)}
107  DI=DW¥DUR(IND~1)
108 - IF {LEVEL.GT.1}DI=0,
109 TOI=TOW*{TD{IND)-TDCIND-1))
110 AL=AW*(AMPLIND) —AMP{IND-1))
111 TI=TW&(TIMUIND)~TIM(IND-1))
. c SUMS MEAN INTERVALS.
112 ABSUM=ABS(PI)+ABS!{ TOI)+ABS{AI}+ABS(TI) +DI
C
C
c nCITY-BLOCK®™ METRIC.
113 DM{IND)=,5%DM{ IND) + ABSUM
"'"“;r, C
g 114 IF{ TCOUNT.LT.4)GG TO 650
, c
bl C COMPUTES DIFFERENCE OF PEAK WITH SURRDUNDING DM'S TO GIVE
: C ROUGH IDEA OF STRENGTH OF INITIATOR.
‘ 115 DMD1(IND-1)=1,0~(DM{IND-2}/DM{IND-1))
116 DMD2 (IND-1)=1.0~(DM{IND}/DM{IND-1))
( ‘ E C
{ ‘ 8 117 650 IF (CHECK.LT.4) GO TO 500
- : i C 4
C CHECKS MINIMUM TG | ENGTH.
118 ETCHK=ET-{DUR{IND~1)+DUR{IND)})
119 IF{ETCHK.LE.CMINIGO TO 500
. ; C
T c c TESTS FOR PEAK, _
: i 120 IF ((DMD1CIND-1).LT.EPS1).OR.(DMD2{IND~1) .LT.EPSI))
1 GO YO 500
. c

P S C IF DMST POSIYIVE, THEN PEAK. IF ZERO, THEN NOT PEAK.

S



121

122
123
124
125
126
127
128
129
130

131
132
133
134
135
136
137
138

139

140
141
142
143
144
145
146
147
148
149
150
151
152
153

154
155
156
157
158
159
160
l61
162

163

700

SO0 OO0

[z aNe]

COMPUTE PEAK STRENGTH.
DMSTUIND-1)=(DMD1( IND-1)+DMD2{IND~1)1}/2,

IF PEAK, VALUES ARE STORED FOR NEXT LEVEL STATES.
PITSUM=0
TIMSyUM=0
AMPSUM=0
DURSUM=0
IDSUM=0
JEND=TCOUNT+K1-2
IF(FLAG.EQ.1)JEND= TCOUNT#+K1-1
HYIND=HICNT+K2 ‘
JBEGIN=ISTART(HYIND)

DO BOO I=JBEGIN,JEND
DURSUM=DURSUM+DUR( I}
TIMSUM=TIMSUM+IDUR(I}*TIM(I))
AMPSUM=AMP SUM+ {DURI I} AMP (1))
PITSUM=PITSUM+{DUYRI I} *P{I))
IF(LEVEL.EQ.1)TDSUM=TDSUM+TD(1}
IF {LEVEL,NE.1}TDSUM=TDSUM+{DUR(I)*TD( 1))
CONT INUE

ADJYSTS ELAPSED TIME W.R.T NEW TG JUST COMPUTED,
ET=ET-DURSUM
STORE VAL UES AS NEXT LEVEL STATES.,

DUR{HYIND)=DURSUM
P{HYIND)=PITSUM/DJ RSUM

AMP (HYIND)=AMPSUM/ DURSUM

TIM(OHYIND) =TIMSUM/ DURSUM

IF (LEVEL.EQ.1)TD{HYIND)=TDSUM/ [JEND-JBEGIN+1)
IF (LEVEL.NE.1)TD{HYIND)=TDSUM/DURSUM
P1{HYIND)=P{JBEGIN}

P2{HYIND)=P{JEND}
RST(HYIND)=DUR(JEND)

Al (HYIND)=AMP (JBES IN}
A2{HYIND)=AMP{JEND)
TDL{HYINDI=TD{JBEGIN)

.TD2({HYINDI=TO{JEND )

DM{HYIND)=DM{JBEGIN)
RESETS COUNTERS FOR NEW TG, REMAINING ON CURRENT . EVEL.

NUMBER(LEVEL+1) =HICNT
TEND (HY IND)=TCOUNT +K1-2

IF (FLAG.EQ.1)IEND (HYIND)=TCOUNT+K1-1
IF (FLAG.EQ.1)} GO TQ 100
HICNT=HICNT+1

CHECK=2 _

HY IND=HICNT+K2

ISTART(HYIND} =TCOUNT#+K1-1

60 TO 500

PRINTING S UBRQUTINE.
K1=LEVEL
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164
165
166

167
168

169
170

171
172
173
174
175
176
177
178

179

180
181
182
183
184

185

186
187
188
189
190

191

192
193
194

N R NeNa¥al

9010

100

9125

GO0

150

9175

9225

DPWN -

P WN -

DWW N -

J=NUMBER(1}
DO 9010 K=1,10
: NEXT(K)=1

PRINTS ELEMENTS.

DO 9500 I1=1,J :
KRITE(649)50)I,DYR(T) 4RSTI{I),P(I),TD(I),
AL(CIYA201)TIMII)»DM(I),DMST{I),DMDI{I},DMD2(1)
FORMAT(1H 414,9F6.2,5%X42F6.2)

IREF=I

DO 9400 M=2,K1

N=NEXT (M}

WO=INT({2.0%%{M-1))
Ké6=1000-({1/W5}%1000)

INDX=N+K6
INDX=1000~-({1/W5)%1000)+N

IF (IENDUINDX).NE. IREF)GO TO 9500

GO 70 {(950C,9100,9150,9200,9250,9300),M

CLANGS

WRITE(6,9125)
NEXTA(M),DURTINDX}, RST{INDX) sPL{INDX)sP2(INDX),
PLINDX)Y s TDL{INDX)Y, TD2{INDX) ,TDULINDX),

AL{ INDX ) A2{ INDX )y AMP (INDX) , TIM({ INDX),
DMUINOX) »DMST{INDX ) DMDI(INDX) ,OMD2{ INDX)
FORMAT{1HO,8X¢14,14F6.2:+4X,2F6.2)
IREF=NEXT(M)+Kb6

NEXT{M)=NEXT(M)+]

WRITE(6,9375)

G0 10 9400

1

SEQUENCES

WRITE(6,49175)

NEXT{M) s DURCINDX)s RSTUINDX) ,PL{INDX) ,P2(INDX),
PUINGX) s TDI(INDX )y TD2{INDX) ,TO(INDX),
A1UINDX 3 A2{INDX)y AMP(INDX) ,TIM(INDX]),
DML INDX)»DMST(INDX) ,DMD1{INDX),DMD2( INDX)
FORMAT(1HO 416X 9149 14F64244X42F6.2)
IREF=NEXT{M}tKb6

NEXT (M)=NEXT{M) +1

WRITE(6,9375)

60 TCO 9400

SEGMENTS.

WRITE{6,9225)

NEXT(M), DUR{INDX}, RSTUINDX) 4PL{INDX) P2(INDX),
P{INDX)s TDI{INDX)y TD2(INDX) ,TD{ INDX),

AL{INDX ) A20UINDX), AMP LINDX ), TIMCINDX ),y
DMUINDX),DMSTCINDX )} DMDLUINDX) DMD2{ INDX)
FORMAT(1HO 24X 1149 14F6.2,44X42F6.2)
IREF=NEXT(M) +Kb

NEXT{MI=NEXT (M) +]



195
196

197

198
199
200
201
202

203

204
205
206
207
208

203

210
211

212

213
214

DN -

9215

9300

N -

9325

c
C .
9375
c
940¢
9500
9600
5080

$ENTRY

WRITE(6,9375)
GO0 10 9400

SECTIONS.

WRITE(6,9275)

NEXT(M)}, DURUINDX)s RSTUINDX) yp1{INDX)+P2{INDX},
PUINDX), TDL{INDX)y TD2(INDX) s TD{INDX ),
AL{INDX) »A2{INDX), AMP(INDX)} s TIM{INDX),
DM{ INCX)» DMST{INDX)
FORMAT{1HO,15414F5.2)

IREF=NEXT{(M) +K6

NEXT{M)=NEXT{M) +]

WRITE(6,9375)

GO TO 9400

WRITE(6,9325)

NEXT{M)y DUR{INDX), RST{INDX),P1 {INDX) yP2{ INDX},
P{INDX}y TDIUINDX), TD2{INDX) , TD(INDX),

ALTINDX) A2UINDX)o AMP{INDX) s TIM{INDX),
DM INDX ), DMST ( INDX)

FORMAT(1HO,I5,14F6.2)

IREF=NEXT{M) +Ks -

NEXT(M)=NEXT(M) +1

WRITE(6,9375)

GO TO 9400

FORMAT{* *)

CONTINUE
CONTINUE
CONTINUE
STOP

END
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