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This paper compares local and global perspectives on the met ric structure of musical compo-
sitions using the computational model of Inner Metric Analysis . The comparison addresses
di erent hierarchical levels of compositions with respect  to metric stability and change. Inner
Metric Analysis generates metric hierarchies that are pers istent from the global perspective
and sensitive to changes from the local perspective. While t he global perspective indicates the
predominant metric characteristic of a piece or fragment, t he local perspective distinguishes
between regions of di erent metric characteristics. Like s tudies of harmony that investigate
tonality as a hierarchic web of relations between chords, ph rases and large sections, this ar-
ticle suggests that the time organization of a piece consist s of di erent hierarchical levels.
The description of local and global metric characteristics of Webern's Op. 27 using Inner
Metric Analysis complements and extends arguments given by David Lewin about a metrical
problem observed in this piece.
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1. Introduction

While the time signature of a piece in Western classical musi often suggests that
the meter is persistent throughout the piece, metric hierachies can shift, change
and dissolve considerably within a piece [1{3]. Hence, musal compositions may
be characterized by changes in metric state between large s@ons or within short

sections, leading to shifts in perspective not unlike the chnging hierarchical re-
lationships between chords, phrases and large sections afrtal compositions (e.g.
[4, B]). This article uses the computational model oflnner Metric Analysis [6{9]

to explore local sensitivity to global metric changes (and vce versa) in order to
characterize di erent metrical states in a musical composiion.

Inner Metric Analysis provides a structural description of the inner metric struc-
ture of musical pieces by inducing ametric weight for each note. The metric weight
is a quanti cation of the note's metric importance within th e piece. Metric weight
pro les often show layers such that a metric hierarchy is gemrated solely from in-
formation about the onsets of notes (not from their durations or harmonic values).
As is often noted (e.g. [1]), a discrepancy between meter imged by the actual
placement of a piece's notes and that implied by the placemenof the bar lines
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often creates appealing con icts that should be considerechn important ingredi-
ent of the metric structure. Thus | refer to the inner metric structure evoked by
the rhythmic con guration of the notes as opposed to the outer metric structure
implied by the bar lines and time signature.

Elsewhere | have used the metric weight approach to introdue a concept of
metric coherencethat denotes cases where the inner and outer metric structues
concur|that is, where the metric structure evoked by the not es is synchronous
with the normative metric state given by the bar lines [6]. My application of Inner
Metric Analysis to compositions by Dufay, Ockeghem, Wilbye Morley, Handel,
Bach, Mozart, Beethoven, Schubert, Schumann, and others if6] demonstrates
that metric coherence is usual in a number of works noted for heir strict metricity.
In contrast, my study of Brahms' symphonies [10] has generad metric weight
pro les that agree with scholars' perceptions of perceivedmeters in con ict with
the notated bar lines. The application of Inner Metric Analy sis to the temporal
patterns used by Povel & Essens [11] reported in [6] and the gpication of Inner
Metric Analysis within listening tests in [12] have both demonstrated that struc-
tural description using metric weights is consistent with existing understandings of
metric perception.

Nestke & Noll [8] introduce a number of extensions to Inner Méric Analysis,
such as the de nition of spectral weightas a modi cation of metric weight. The
present article shows that metric and spectral weights congy di erent perspectives
on the metric structure of a piece with respect to local and gbbal information.
The musical analyses show how these perspectives contribaitto the description
of the meter of a work in terms of the poles of persistence andhange. Section
2 de nes the two kinds of weight, Section 3 studies how these gights mediate
between di erent perspectives on the metric structure, andSection 4 applies these
perspectives to a metrical problem in Webern's Piano Variatons Op. 27. Thus the
article demonstrates the use of a computational tool in the aalyst's engagement
with the musical score.

2. Introduction to the Model of Inner Metric Analysis

2.1. Background

The model of Inner Metric Analysis goes back to the notion oflocal meters and

metric weightsas de ned by Mazzola & Zahorka [13]. Mazzola introduced a gemet-

rical approach to describing the global structure of a musial piece by decomposing
it into local objects and studying their mutual relations in terms of simplicial com-

plexesin [14].} This approach has been applied to dierent analytical problems,

such as motivic analysis in [16], and it underlies Inner Metic Analysis as well. The
local objects in the metric model are pulses (or groups of na onsets), which are
therefore calledlocal meters?

2.2. Pulses

In Inner Metric Analysis, a pulse consists of a series of at kst three events that
are equally spaced in time. Although human analysts often étle the distinctions

1The term \simplicial complex" refers to a particular topolo  gical space, consisting of points, lines, triangles,
tetrahedrons, and so forth, that are glued together. For an i ntroduction to algebraic topology see [15].
2This article does not discuss the geometric motivation unde rlying the model; for the description of the
metric complex as a simplicial complex see [6, 7].
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between individual beat and pulse as well as between pulse dmmetrical hierarchy,
the multiplicity of pulses detectable by this computational model demands that we
observe the distinctions here. Inner Metric Analysis is basd on pulse descriptions.
In this respect the model follows music-theoretic approachs to meter such as [1{
3, 17{19], which are based on the detection of pulses (or \lagrs of motion" or
\pulse streams"). Computational approaches to meter such & [11, 20{22] are often
based on pulse detection as well.

The model de nes the pulses of a piece of music on the basis obte onsets. It does
not take into account features often said to be important for the induction of meter
such as changes in the harmonic and melodic domains, dynammccents, density
accents, and registral accents. Perhaps surprisingly, théme organization given by
note onsets often provides highly di erentiated metric information. For instance,
in [23] periodicity in the onset location is the most important cue for determining
meter. Inner Metric Analysis, then, treats notes as the primary indicator of metric
structure.

QM o g oW >

0123 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Figure 1. The Set On ? and all local meters  and their extensions N in Chopin's Ballade no. 3, Op. 47
(bars 69-73 as discussed by Riemann [24], p. 101 and Krebs [1], p. 10.)

An example from Chopin's Ballade No. 3, Op. 47 illustrates ths description
of pulse. The passage is given by Krebs [1] as a situation of rr&eal con ict, and
Riemann [24] suggested rebarring it. First we project the ntes onto the setOn of all
onsets of notes or attack points. We enumerate the onsets ohts example in terms
of eighth notes starting with O for the rst onset. In Figure 1 each element of this
set! is given in the rstrow below the notes as a star? (disregarding the grace note).
Hence, the setOn consists of the elements (B;6;7;8;9;10;11; 12;13; 15;18; 19; 21,
and 22. Within this set all subsetsm  On of equally spaced onsets are candidates
for the pulses which are calledlocal meters We consider a subsetm as a local
meter if it contains at least three onsets and is maximal, thd is, not a subset
of any other subsetm® consisting of equally distanced onsets. Figure 1 shows all
local meters enumerated asA; B;C;:::;H . Dark circles indicate elements of the
local meter, and trianglesN illustrate the extension of the local meter throughout
the entire piece (to be discussed in Section 2.4). The conddn of maximality can
be easily illustrated by means of the local meterA. This local meter consists of
the onsets 67;8;9;10;11;12, and 13. It contains, for instance, the subsetsA°® =
6;8;10;,12g, A%= 16;7;8g, and A°°% f7;10; 139 of equally distanced onsets which
are therefore not maximal and hence not considered as local eters. However,

1in this example all notes of a chord are projected onto the set On. A dierent application of the model
would distinguish between di erent voices, for instance be tween the melody and the accompanying voices.
For this example these two di erent approaches lead to simil ar analytical results.
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B = f7;9;11; 13,159 is maximal because, although it begins with a subset oA, it
continues on to include 15.

Each local meter can be identi ed by three parameters: the sarting point or
rst onset s; the distance d between the consecutive onsets of the local meter (the
period); and the number of repetitions k of the period, which equals the number
of onsets in the local meter minus 1, called the length. Hencenve denote any local

are listed with their corresponding parameterss, d and k.

localmeter m | A | B |C (D |E |F |G |H
start onset s 6 7 0 3 3 7 8 0
period d 112|134 |5]16]|7 |1
length k 7 4 7 3 2 2 2 2
Table 1. List of all local meters of the example in Figure 1 wit h their corresponding parameters.

2.3. Metric weight

After detecting all the local meters in a given piece, we may @ ne a metric weight
for each onset that re ects the number of local meters that cancide at this onset.
Onsets where many pulse layers coincide get a greater weiglthan onsets where
few pulse layers coincide. Moreover, longer repetitions cribute more weight than
shorter ones. That is, the more stably established in a chainof successive and
regular events, the more signi cant the onset.

We rst de ne the weight w, of a local meter mgqx as the power function
Wp(ms.qx) = kP with p as a variable parameter. This enables us, instead of just
considering the lengthk as the contribution of each local meter, to test di erent
amounts of in uence of local meters depending on their lendgt. The higher the
value of p, the greater the weight of longer local meters in comparisorto shorter
local meters.

The metric weight for each onseto is calculated as the sum of weightsw,(ms;q:x)
of those local meters that contain the onseto. For example, the very rst onset 0
in the example of Figure 1 participates in the local metersC and H. Hence, the
sum of weights of the local metersw, in this case equals 7+2P. The contribution
of local meterH , wy(ms.q.x) = 2P, is relatively small, and one may wish to exclude
such short local meters altogether. Thus we introduce a further variable parameter
* which regulates the minimum length of the local meters. (Sirte a local meter must
contain at least three onsets,” cannot be smaller than 2.) Varying ~ and varying p
both make the study of the in uence of the short versus long I@al meters possible,
in di erent ways. ! If we let M (*) be the set of all local meters of the piece of length
at least °, that is to say, M () = fmgqk : kK g, the general metric weight of an
onset,02 On, is as follows:

X
W-5(0) = kP: 1)
fm2M (*):02mg

2.4. Spectral weight

While raising the value of p or °, then, a ords a larger-scale view of the meter of a
passage or composition, metric weight still o ers a local pespective in comparison

Lin this paper di erent values are considered only for  p; on the variation of  see [25].
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to the global perspective o ered by a measurement calledspectral weight Spectral
weight [8] is a further re nement of metric weight and is based on the extension of
each local meter throughout a given piece or fragment, den@d asext(ms.qk) =
fs + id; 8ig with i as integers. The additional elements of each local meter in
the extensions in our example of Figure 1 are indicated as tangles such that an
extension ext(ms.q.x) consists of all the circles and triangles N in a given row. In
the calculation of spectral weight each local meter contrilutes a weight to all events
in its extension. For example, the contribution wy(A) of the rst local meter A is
now added to the weight of all time points of the score on a gridof eighth notes,
because the extension of a local meter with period = 1 meets all time points of
this grid. Hence, the spectral weight allows the assignmenbf weights to silences
as well, in contrast to the metric weight that is de ned only on note onsets.

The extension of the local meters in the spectral weight appoach corresponds to
an idea discussed by Krebs [1]. He argues that pulses do not lgma ect the metric
structure in regions where they are active. Even after a pule has stopped we may
continue to count along this pulse in the following section. Yet in the calculation
of spectral weight, local meters are also extended to the bégning of the piece.
This extension to the beginning of the piece models the e ecbf reinterpreting the
past of a given event retrospectively based on new incomingvents. The di erence
between the spectral and metric weights for the very rst onset in Figure 1 is as
follows. The metric weight of this onset depends on the conibutions w, of the
local meters C and H. The spectral weight depends, in addition to these local
meters, on the contributions of the local meterA, since its extension coincides at
this rst onset as well.

The spectral weight of a given onset or silence everttis the weighted sum of the
length of all those local meters whose extensions coincide & and have a length of
at least ". In mathematical terms, the spectral weight is de ned as:

X
fm2M ("):t2ext(m)g

2.5. Example of the Model's Application: Chopin's Ballade No. 3, Op. 47

To illustrate the use of the model, let us see how it treats themetric con ict
identi ed by Riemann and Krebs in the Chopin example of Figure 1. Figure 2
shows the metric and spectral weight pro les using™ = 2 and values for p varying
from 2 to 4. The x-axis of a weight pro le represents time and the y-axis the metric
or spectral weight. The light-dark boundaries of the graysale background assist
visualization of the graphs by indicating bar lines.

The metric weight pro le of Figure 2(a) shows the greatest weghts in the rst
and second bars, namely on the third and sixth eighth notes othe rst full bar and
the third eighth note of the second bar. The corresponding spctral weight pro le of
Figure 2(b) reveals that these onsets form two layers in the gectral weight pro le,
namely the highest layer that is visible as high peaks on thedst eighth notes of all
bars, and the secondary layer seen in the lower peaks on theitld eighth notes of
all bars. The weights of all other onsets form the lowest laye Remarkably, then, a
graph that originates in calculating the strengths of the pulses to which each onset
belongs generates a metric hierarchy. However, this hierahy is in con ict with the
notated bar lines, since the rst and fourth eighth notes shauld form the highest
metric layer. Thus Figures 2(c) and 2(d) show the same weightpro les with bar
lines shifted towards the greatest weights. According to tle spectral weight pro le,
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(a) Wa;2 original bars: (c) W22 shifted bars: (e) W23 shifted bars:  (g) W24 shifted bars:

(b) SWa:, original bars:  (d) SWo:, shifted bars:  (f) SWoa;3 shifted bars:  (h) SW2.4 shifted bars:

A \un\hh\\nn\n HlHIIHIHhH

Figure 2. Above: Metric weight pro les for the example in Fig  ure 1 with di erent values for p. The
background indicates the bar lines. Below: Corresponding s pectral weight pro les.

the onsets of this passage create a metric hierarchy typicdbr a § meter with great
weights on the rst onsets followed by secondary weights on lhe fourth onsets.
Hence, Inner Metric Analysis illustrates the metric con ict noted by Riemann and
Krebs by suggesting a way to see how onsets in the right hand arshifted one
eighth-note ahead of the notated} barlines!

In addition, the spectral weight pro le in Figure 2(d) shows yet another layer
across the bars. The weights of the rst onsets of the rst full bar and the third
bar build a higher layer than the weights of the rst onsets of the second and
fourth bars. Hence, a hypermeter is created. However, incesing the in uence of
the longer local meters by increasing the value op to 3 and then to 4 as shown in
Figures 2(e) { (h) tends to even these di erences out. Increaed values ofp often
lead to less di erentiated weight pro les by evening out subtle di erences caused by
shorter local meters. In this case, shorter local meters areesponsible for creating
the hypermeter of two bars.

As shown in [6], the parameterp = 2 tends to be high enough to allow stable
weight layers on the one hand and to reveal subtle variationsvithin these layers on

the other. Henceforth all weights discussed are based on thearametersp= " =2,
if not indicated otherwise. For a systematic study of variation in these parameters
see [25].

3. Comparison of Local and Global Perspectives

As we have seen, metric weight considers only pulses activeudng a given onset
while spectral weight also considers pulses from other regns of the composition.
Therefore, metric weight provides a more local perspectiveon metric structure,
in contrast to the global perspective provided by spectral veight. The comparison
of these local and global perspectives often o ers a way to utkerstand how local
metric changes are contextualized within a passage's oveltametric organization.
In some cases the global spectral prole may be distinguishe from the local by
the emergence of layers.

1Riemann [24] suggested a di erent rebarring of this example  starting with the quarter rest as the rst
onset of the rst bar and compressing the rhythm of the chords  in the last bars into triplets.
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3.1. The sensitivity of the metric weights concerning changes of the metric
state

In comparison to the metric weight pro les, spectral weight pro les are more stable
and hence less sensitive to local changes of the inner metratructure. Signi cant
changes in the inner metric structure may be re ected by the metric weight but not
by the spectral weight. Let us see how Inner Metric Analysis landles a change in
the grouping structure in the melody of Brahms' Symphony No. 3, third movement.
The motive that introduces the change is characterized by a hythmic displacement
in which the third eighth note of the 3 bar is tied to the rst note of the next bar. As
Figure 3 shows, bar 26 contains such a tie, while bar line 278 is the last bar line
not elided by a tie. Starting at bar line 28/29, the grouping structure systematically
changes towards the third eighth note as the beginning of thegroup.

Figure 3. Melody of mm. 20-37 of Brahms' Symphony No. 3, 3rd mv mt.

The metric weight pro le of the melody in the upper graph of Figure 4 shows
a pronounced change starting at bar 26. In the rst half of Figure 4 the greatest
metric weights are located on the rst beats of the bars. Bars26 and 27 start
to assign greater weights on the third beats. From bar 28, themetric weights of
the third beats build a very distinct layer (This region is in dicated by the heavy
horizontal line beneath the pro le.) Notably, this highest layer starts at the third
beat of bar 28 where the grouping structure changes systemiially. This example
thus demonstrates an interaction between the rhythmic growing and the inner
metric structure by assigning signi cantly heavy weights on the rst beats in the
rst part and on the third beats in the second part. *

| ‘J|‘ 1 I‘ | J.|||‘||‘I|‘|| MI‘ MH "|||H| “Mh‘ ‘||‘ \h‘\h‘ “J ‘||‘ hl‘l‘”l‘l“ L“ LM Il

Figure 4. Above: Metric weight pro le of the melody of Brahms ' Symphony No. 3, 3rd mvmt.,
mm. 1-53. The heavy horizontal line begins at bar 28. Below: S pectral weight pro le of the same melody.

il

II

The corresponding spectral weight pro le in the lower graph of Figure 4 mixes
these di erent characteristics by assigning great weightson the rst and third beats
through the entire segment. Thus the spectral weight illustates the competing role
of the rst and third beats throughout the rst part of the mov ement. The metric
weight assigns these competing roles to di erent sections.

Spectral weight may, hence, obliterate di ering metric characteristics of adjacent
segments in cases where the inner metric structure changeggai cantly. It is able

1For a discussion of the gradual reorganization of the metric  weight layers starting at the beginning of the
second part of the pro le see [26].
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to derive a dominant metric characteristic of a piece or segrant by ignoring local
changes. Metric weight is sensitive to sudden changes andcée used to distinguish
the metric characteristics of di erent segments.

3.2.  Ampli cation of Layers in Spectral Weight Pro les

A more distinct emergence of layers often distinguishes sgéral from metric weight

pro les. Thus the metric weight of the example from Chopin's ballade in section
2.5 above does not exhibit distinct weight layers over the efire passage, while the
spectral weight does. Such spectral layering is a feature ahetric change in the
rst main section of the 3rd movement (Presto) of Haydn's Piano Sonata Op. 39
shown in Figure 5.

Figure 5. Phrases analyzed in the rst main section of Joseph Haydn's Sonata Op. 39, 3rd mvmt.

In this excerpt the grouping structure of the right hand changes noticeably. For
example, the rst eight bars suggest units of six quarter nokes, beginning on the last
quarter note of each bar. Starting with bar 10, each bar begis a three-quarter-note
unit. The last quarter note in bar 13 again initiates an upbeat structure and the
following chain of eighth notes divides into units of two beds each separated by the
melodic high points of f] (bar 13), e (bar 14) and b (bar 15). The following analysis
compares the metric and spectral weights of the phrases braeted in Figure 5,
which contain di erent groupings in the right hand.

(@) Wa2 of l as 3 (c) Wp,2 of 1 as 3 (e) Woo of llas 3 (g) Wa,2 of Il as 3

UAARAR T LR

(b) SW2.» of 1 as 3 (d) SW2.2 of 1 as 3 (f) SWa2 of llas 3 (h) SWo.p of Il as 2

AN lm IM.MI‘.'I.]I |||‘||||M||| |‘|||||||I}|

Figure 6. Metric and spectral weight pro les of phrases | and |l

The layers of the metric and spectral weight pro les of phras | shown in Figures
6(a) and (b) are not aligned with the metric structure implie d by the bar lines. The
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greatest weights are located on the last quarter note of everother bar suggesting
a six-quarter unit. Interpreting the same weight pro les according to a shifted 3
in Figures 6(c) and (d) reveals an inner metric structure whae layers are quite
consistent with 3 meter. The spectral weight extends low weights present in tle
metric weight pro le to a low layer throughout the entire phr ase.

Phrase |l contains a shift from the upbeat gure to the downbeat gure at bar
10. The layers of the metric and spectral weight pro les of this phrase shown in
Figures 6(e) and (f) are not aligned with the notated 3. Reinterpreting these weight
pro les as in Figures 6(g) and (h) reveals that the weight layers are aligned with
a 2 meter. While the very rst onset of the passage does not parttipate in the
highest layer in the metric weight pro le, the spectral weight pro le extends this
layer throughout the entire passage including the rst onsd.

(@) W2 of lla as 3 (c) Wa;2 of lll as 2 (e) Wa;2 of llla as 3
(b) SWo;; of lla as 3 (d) SWa;2 of Il as 2 (f) SWy.2 of llla as 3
Figure 7. Metric and spectral weight pro les of phrases Illa, Il and llla

This surprising 4 meter is the result of the rhythmic displacement that begins
phrase Il. The layers of the metric and spectral weight pro les of phrase lla in
Figures 7(a) and (b) are aligned with the notated 3. The rst onset within the
metric weight pro le in Figure 7(a) does not participate in t he highest layer built
upon the rst beat of all bars, but the spectral weight in Figu re 7(b) extends this
layer throughout the entire passage including the rst onsd. Since phrase lla omits
the rhythmically displaced beginning of phrase Il it is clear that this displacement
is responsible for the emergence df layers within the weight pro les of phrase II.
That is, the structure of bars 10-13 unambiguously mediateshe 3 structure, but
the rhythmic displacement at the beginning of phrase Il resuts in the emergence
of 2 for the entire phrase.

(a) Metric weight W2, bars 1-24 asg: (c) Metric weight W2, bars 1-24 asj,"':

(b) Spectral weight SWo3.», bars 1-24 as g: (d) Spectral weight SWo.2, bars 1-24 asﬁ:

Figure 8. Metric and spectral weight pro les of bars 1-24 usi ng p=2

The rhythmic displacement at the beginning of phrase Il hasa similar in uence.
The layers of the metric and spectral weight pro les of phrase llla in Figures
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7(e) and (f) are aligned with the 3. While the metric weight prole in Figure
7(e) contains two regions of dierent overall levels in the weights, the spectral
weight pro le in Figure 7(f) unites these two regions to global layers throughout
the entire passage. However, the weights of the second beagxjual the weights
of the rst beats in the fourth and fth bars of the gure (Hayd n's bars 21 and
22), corresponding to the beginning of the higher level in tke corresponding metric
weight pro le. The layers of the metric and spectral weight pro les of phrase Il
are not in synchronization with a 3 and are interpreted in Figures 7(c) and (d) as3.
Hence, the rhythmic displacement prevents the emergence gflayers in this passage
as it does in phrase Il. However, the in uence of the displacment is diminished
in comparison to the in uence in phrase |l, as can be seen in th fact that phrase
IlI's layers are also less distinct in thef1 interpretation of Figure 7(d), where not
all rst beats have great weights.

Thus we have seen that the inner metric structure does not rerain constant
throughout this section and that it is often not aligned with the outer metric struc-
ture. The changing local metric weight pro le prevents the emergence of consistent
layers throughout the passage.

In the spectral weight pro le of the entire section displayed in Figure 8(b), the
interaction of the di erent metric characteristics of the p hrases leads to a layering
in which the rst onset of every six-half-note duration has the greatest spectral
weight. Hence, in terms of Haydn's notation, this global viev suggests units of four
bars starting on the rst upbeat. The metric weight pro le ex hibits these great
weights on the rst onset of every six-half-note duration aswell, but it lacks the
distinct layering based on half notes. Hence, the interpretation is not convincing
from the local perspective. Likewise, interpreting the sane weight pro les as § in
Figures 8(c) and (d) shows that from the global perspective bthe spectral weight
a 1 is plausible, though not from the local perspective of the méic weight.

Increasing the in uence of long local meters by increasingthie value ofpto 3 and 4
in Figure 9 converges the local and global perspectives. Fige 9's interpretation of
the spectral weight pro le as § brings out the most dominant metric characteristic
from both the local and global perspectives. The spectral wight induces layers of
four and two 3 bars starting at the rst upbeat. The metric weight pro le sh ows
these layers as well as a layer of single bars clearly in the st half of the weight
pro le, less obviously in the second half.

(a) Metric weight W>:3, bars 1-24 asf{: (c) Metric weight W.4, bars 1-24 asf{:

(b) Spectral weight SWo3.3, bars 1-24 asi: (d) Spectral weight SWo.4, bars 1-24 asi:

Figure 9. Metric and spectral weight pro les of bars 1-24 usi ngp=3and p=4

In contrast to the right-hand part, the left hand establishe s the meter according
to the notated bar lines unambiguously, as the metric and spetral weight pro les
of the left hand in Figure 10 show. In both pro les the greated weights are located
on the rst beats of the bars.

In these analyses of the phrases of the right hand as well as die right- and left-
hand parts of the entire section, the spectral weight pro le often ampli es weight
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Figure 10. Metric (above) and spectral (below) weight prol es of the left hand of bars 1-24

layers that are less distinct in the metric weight pro le. Th us, the spectral weight
allows a consistent layering of the metric hierarchy throudiout the entire passage.
However, the spectral weight with p = 2 implies layers that are not convincing for
the metric weight of the right hand in the rst section. Only w hen the in uence
of short local meters is diminished do the local and global pespectives tend to
converge. Hence, the short local meters that typically intoduce more local di er-
entiations prevent the emergence of distinct layers for themetric weight pro le.
From the local perspective, the changes within the inner metic structure interfere
with a consistent metric interpretation of the entire section. That is, from measure
to measure itis di cult to nd a consistent underlying meter ; but when the passage
is viewed as a whole, a consistent meter|and indeed, a hyperneterjemerges.

4. A metrical problem in Webern's Piano Variations Op. 27

Investigating the interplay of local and global perspectives upon the second move-
ment of Webern's Piano Variations Op. 27 (whose opening is gen in Figure 11)
helps illuminate a metrical problem in this piece observed kg Lewin [27]*: Webern
notates the piece as3, but due to rhythmic pattern that repeats at intervals of
three quavers we tend to perceive the piece i§. In response, Lewin studies di er-
ent dimensions of the musical structure (such as the chord agh pitch structures and
the number of bars between structural downbeats) in order to nd reasons why the
notation in % nevertheless re ects some intrinsic characteristics of te music.

Figure 11. Opening of Webern's Piano Variations, 2nd mvmt.

Neither the metric nor the spectral weight pro les of the entire piece (including
repetitions) in Figure 12 exhibit layers that correspond to . The interpretation
of the metric weight according to 3 in Figure 13 reveals great weights on the rst
beats of bars starting at bar 8 of the gure (Webern's bar 6), indicated with an
accent mark in Figure 13. This metric structure correspondso Lewin's observation
of a perceived3. However, the second half of the same metric weight graph (wbse
beginning is indicated with an asterisk) does not reveal anydistinct layers. This

1Lewin's discussion of this piece begins in [28].
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part corresponds to the second main section of the movementb@ars 12-22 and
repetition). Thus, judged by metric weight the two main sections of this movement
exhibit di erent metric characteristics.

Figure 12. Metric (above) and spectral (below) weight prol  es of the 2nd movement of Webern's Op. 27,
interpreted as ﬁ. The asterisk indicates the beginning of the second main sec tion after the repeat sign.

The spectral weight pro le of the entire piece, shown in Figure 13, reveals that the
weight layers corresponding tog represent the most dominant metric characteristic
throughout. In most of the bars the greatest weight is locatel on the rst onset.
However, because this does not apply to all bars, it appearshiat even from the
global perspective of the spectral weight pro le, the  structure is disturbed by
di erent local meters.

Figure 13. Metric (above) and spectral (below) weight prol  es of the 2nd movement of Webern's Op. 27,

interpreted as g. The asterisk indicates the beginning of the second main sec tion after the repeat sign.

The metric weight pro le of the entire piece suggests a divigon of the piece into
two main sections corresponding to bars 1-11 and bars 12-28 MWebern's notation.
This division corresponds with Webern's repeat sign after far 11. In the following
the metric structures of these two sections are therefore westigated independently
of each other.

Figure 14. Metric (above) and spectral (below) weight prol  es of the rst main section (bars 1-11 with
repetition), interpreted as g. The sign above the gure indicates the repeat sign in the sco re.
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Without the in uence of the second main section, the spectrd weight pro le of
the rst main section in Figure 14 reveals a highest layer buit upon the weight of
each3 bar. Within the metric weight pro le this layer starts at bar 8. The isolated
analysis of the rst main section in Figure 14 con rms even mae distinctly the
metric characteristics observed in the metric weight pro le of Figure 13.

(a) Metric weight W52, bars 12-22 asﬁ (c) Metric weight W3:4, bars 12-22 asﬁ shifted

(b) Spectral weight SWo3.», bars 12-22 as?1 (d) Spectral weight SWy.4, bars 12-22 asﬁ shifted

Figure 15. Metric and spectral weights of the second main sec tion (12-22 with repetition). Left: p=2
and original bar lines of ﬁ. Right: p =4 and bar lines of ﬁ + 1/4 shift. Webern's repeat sign is located
after the rst two notes following the rest (recognizable as  a gap) in the middle of (a) and (c).

The internal structure of the second main section di ers from that of the rst
main section in that the metric and spectral weight pro les of the second main
section, shown in Figures 15(a) and (b), do not show weight lgers whether inter-
preted as3 or as2. However, increasing the in uence of longer local meters azses
the spectral weight to show great weights on many of the rst beats of the displayed
2 bars. Figures 15(c) and (d) show an example for the value = 4. (The barlines
in Figures 15(c) and (d) are shifted from the original notated bars by half a bar.
Hence, the observed great metric weights are located in the iddle of the notated
bars.) The second main section therefore exhibits the potetial of a structure in 3.
However, this can only be observed within the spectral weighwhen the in uence
of the longer local meter is increased. Moreover, the metrigveight does not exhibit
this structure. In sum, the in uence of local meters supporting a Z in the second
main part is present but not very strong.

(@) Wa:2, bars 4-9 (c) W22, bars 9-4' (e) W22, bars 15-20

(b) SWy.2, bars 4-9  (d) SWy.2, bars 9-4'  (f) SW2.2, bars 15-20

Figure 16. Metric and spectral weight pro les of bars 4-9, ba rs 9-4' and bars 15-20 interpreted as g

The analyses of the entire piece and of the isolated main sdons therefore suggest
that the rst main part is characterized by a § structure, while within the second
main section local meters supportingZ have some in uence. However, Lewin sug-
gests a ner subdivision of the piece according to \large stuctural downbeats"
(marked by three-tone chords) that occur at the bar lines 3/4, 8/9, 19/20 and
between the rst and second eighth notes of bar 15. Accordingo Lewin's anal-
ysis the main structural phrases of the piece are therefore drs 4-9, 9-4' (bar 4
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after the repetition), 4'-9', 9'-15, 15-20 and 20-15". Lewn further observes that
the phrases of bars 4-9, 9-4' and 15-20 are rhythmically vengimilar in that they
follow a \rhythmic talea.” Figure 17 shows his alignment of bars 4-9 with 9-4' and
Figure 18 his alignment of bars 4-9 with 15-20. He characteres the remaining two
phrases outlined by the structural downbeats, those of bars9'-15 and 20-15', as
rhythmically more complex.

Figure 17. The rhythmic talea of bars 4-9 aligned with the rhy  thmic talea of bars 9-4', reproduced from
[27], Figure 1, p. 346, with permission of Blackwell Publish ing.

Figure 18. The rhythmic talea of bars 4-9 aligned with the rhy  thmic talea of bars 15-20, reproduced
from [27], Figure 2, p. 347, with permission of Blackwell Pub lishing.

The metric and spectral weight pro les of the \talea" of bars 4-9 (shown in
Figures 16(a) and (b)) and of its re-occurrence in bars 9'-4 cigures 16(c) and (d))
and in bars 15-20 (Figures 16(e) and (f)) exhibit distinct weight layers indicating
ag meter. In contrast to Lewin's argument that mainly the intro ductory passage
beforethe rst structural downbeat at bar 4 is responsible for the e ect of g, Inner
Metric Analysis reveals that the phrases considered to be \nythmic taleas" by
Lewin are internally characterized by ag structure. On the other hand, the metric
and spectral weight pro les of the \rhythmically more compl ex" phrases shown in
Figure 19 (bars 9'-15 and 20-15") do not exhibit distinct weight layers, and thus
indeed elude a simple metric interpretation. In bars 9'-15 he local meters of periods
of two quarter notes and three eighth notes respectively comete with each other
in such a way that from the superposition of these local metes no clear winner
emerges. Figures 20(a) and (b) show the metric and spectral @ight pro les of this
section after excluding local meters of period 3/8. The resliing weight pro les
show great metric weights on the rst beat of all bars (accordng to the notated %).
Excluding local meters of period 2/4 in the metric and spectral weights (Figures
20(c) and (d)) reveals a hidden$ structure.
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(a) W22 of bars 9'-15 (c) W22 of bars 20-15'
(b) SW3:» of bars 9'-15 (d) SWy:» of bars 20-15'

Figure 19. Metric and spectral weight pro les of bars 9'-15 a nd 20-15', original bar lines of i

(a) W22 without periods of 3/8 () W2 without periods of 2/4

(b) SW3.2 without periods of 3/8 (d) SWaz.2 without periods of 2/4

Figure 20. Metric (above) and spectral (below) weight prol  es of bars 9'-15. Left: excluding local meters
of period 3/8, with bar lines as i. Right: excluding local meters of period 2/4, with bar lines  as g.

Interestingly, the third instance of the talea (bars 15-20) is surrounded by the
\more complex" passages of bars 9'-15 and 20-15'. Even thoighe isolated analysis
of bars 15-20 reveals a correspondence ) the second main section viewed as a
whole is not characterized by such a correspondence. (Seegkre 15, above.) Hence
the context of the rhythmically more complex passages of ba 9'-15 and 20-15'
seems to prevent the emergence gf layers in this part of the composition.

Therefore, it is worth examining the metric structure of thi s nal talea in bars
15-20 when extended by the context of bars 9'-15, as an exarmgbf how this context
in uences the talea's metric interpretation. The metric an d spectral weight pro les
of bars 9'-20 in Figures 21(a) and (b) indicate a strong in uence of local meters
supporting ﬁ, which becomes more obvious when increasing the value @fto 3
(Figures 21(c) and (d)). That is, the metric and spectral weights usingp = 3 reveal
aﬁ meter underlying this section of the piece. This section comines the metrically
ambiguous phrase of 9'-15 with that of the \talea" of bars 1520. Hence the union of
these two phrases is the rst subsection found that clearly eveals an inner metric
structure supporting the notated 2.

To summarize, the comparison of local and global perspectas on the metric
organization of the second movement of Webern's Op. 27 revéathat an intrinsic
3 is much more dominant than an interpretation of the piece in 2. However, lo-
cal meters supporting also have a strong in uence that sometimes prevents the
emergence of weight layers at all or leads to weight layers gporting a . Hence
Inner Metric Analysis is consistent with Lewin's observation that both 3 and 2
are immanent in the structure of the piece. The local perspetive provided by the
metric weight suggests a division of the piece into two main ections exhibiting
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(a) W2;2 of bars 9-20 (c) W23 of bars 9-20

(b) SW>:2 of bars 9-20 (d) SW3:3 of bars 9-20

Figure 21. Metric and spectral weight pro les of bars 9-20: p =2 (left) and p = 3 (right). Bar lines as ﬁ.

di erent metric characteristics, in agreement with the main sections of the score.
The global perspective of the spectral weight revealg as the most dominant me-
ter in this piece, but it also shows the existence of local medrs supporting other
weight layers such as3. Furthermore, Lewin's \rhythmic taleas" imply a 3 meter,

while his \rhythmically more complex" passages prevent theemergence of distinct
weight layers. Nevertheless, from the combination of the @ which straddles the
repeat sign dividing the piece, aﬁ meter emerges that is consistent with Webern's
notated meter. The application of Inner Metric Analysis to Webern's Op. 27 is
consistent with Lewin's observation that the piece is likely to be perceived a§ but

also contains structural elements that support the notated 3.

5. Conclusion

Inner Metric Analysis realizes an objective and quantitative method of creating
metric accents by assigning to each note a metric weight baskeon the superposi-
tion of speci ¢ pulses evoked by the onsets of all notes. The mdel has shown that
the onsets of a musical piece contribute important informaton about the met-
ric structure. Through computation, the model allows the testing of underlying
assumptions about the metric structure of musical pieces ora large scale.

Yet interpreting the musical signi cance of the metric weight pro les generated
by the model requires a degree of abstraction, since the wdifassigned to a given
onset is not primarily a description of that note's perception within the listening
process, but rather a measure of the strength of the metric plses to which it
belongs! To this end, this article shows how two di erent weight types describe
di erent levels of metric organization with respect to local and global information.
Spectral weight describes the predominant or global metricstructure of a piece or
segment. Metric weight grasps immediate or local changes ithe metric structure
and is able to distinguish between di erent metric states within a single analyzed
passage. The musical analyses discussed show the bene tscoimparing both kinds
of weights in order to study how the meter of a work falls betwen the poles of
persistence and change.

1[26] discusses a use of the model that focuses on the description of metric states at particular moments,
which is closer to the modeling of the listening process.
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