W) Check for updates
sempre

MusicLab Copenhagen e || M H%llg C8E<

A research concert with the Danish String Quartet — Research Article

Music & Science

. . . . . Volume 8: 1-23
Video Visualization of a String Quartet oo o
Performance of a Bach Fugue: Design and fournlssgepub comihome/mns

S Sage

Subjective Evaluation

Olivier Lartillot'?(®, Dana Swarbrick'**>** (), Finn Upham"2
and Carlos Eduardo Cancino-Chacén®

Abstract

Visualizing music—through music notation, analytical representations, or music videos—might potentially boost the
appreciation of music in all its richness. The purpose of this study was to design and test a visualization strategy
aimed at explicating to a large audience with diverse backgrounds—especially novices—the multifaceted beauty of the
final Contrapunctus in J.S. Bach’s The Art of Fugue, performed by the Danish String Quartet. At the surface level of the
musical structure, the rich fluctuation of pitch shaped by each musician was depicted in the form of undulating pitch
curves. At a deeper structural level, the repetition of pitch curves, distinctive of fugues, was highlighted through vertical
alignment—inspired by a technique called paradigmatic analysis, originating from anthropology and music semiology. The
visualization was initially prototyped in the form of a real-time technology as part of the MusicLab Copenhagen research
concert. The concert audience focused on the performance itself, and did not pay much attention to, nor appreciate, the
visualization. To evaluate more thoroughly the potential of the visualization, participants with varied musical expertise and
taste were invited to listen to a recorded performance of the piece and watch the visualization on their own computer. A
large majority reported that they felt they understood the visualization, around half of them felt that it enhanced their
musical understanding, and a small group felt that it helped them to better appreciate the music.
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structured in various ways such as pulsations, phrases,
motivic repetitions, the organization of pitch into clusters,
chords, scales, or on a higher level a segmentation into
larger parts. This can be, to some extent, implicitly under-
stood by musicians and other participants and listeners, in
the same way as grammar implicitly structures spoken lan-
guage (Bigand & Poulin-Charronnat, 2006; Lerdahl &
Jackendoff, 1983).

Musicians and music scholars have, for centuries and in
various civilizations, attempted to make explicit those
implicit rules. This accumulated theoretical knowledge
offers a way to study each piece of music, to analyze
them to reveal more explicitly their specificity with
respect to this conceptual framework. Music analysis
enables us to develop further the theoretical investigation;
to provide a deeper understanding of those particular
pieces. Scholars have long considered music analysis as a
method to better appreciate pieces of music. “Analysis
sharpens the listener’s ear, enhances perception and, in
the best of cases, deepens appreciation. Detailed and inten-
sive scrutiny of a work brings one into close contact with
the musical material, leaving the analyst permanently trans-
formed by the experience.” (Agawu, 2004).

It has been claimed that music analysis could even guide
listeners that are not experts in that particular music. Walter
Riezler considers that music analysis “can sharpen the ear
of the unperceptive listener” (or, as we would prefer to
say: any listener not expert to that specific music culture)
“in such a way as to enable [them] to appreciate the
music’s organic growth; and it can therefore teach [them]
to hear better, and so to intensify [their] impressions of
what [they] hear, and not to substitute for an adventure of
the living spirit a process of conscious thought.” (Riezler,
1938, p.20). Importantly, music analysis does not replace
imaginative thinking and daydreaming associated with
music listening. Rather, music analysis supported by tools
may augment listeners’ appreciation of the musical content.

At the same time, musical expertise (i.e., the capability
to grasp and appreciate the music being heard) may also
be acquired through passive listening (Bigand &
Poulin-Charronnat, 2006; Honing, 2013). Formal training,
such as the study of music analyses of particular pieces,
may be one method to accelerate acquisition of that exper-
tise. Analytical tools or media designed for the general
public, such as Adam Neely’s YouTube channel' and
Song Exploder podcast,” could then be considered a blend
between passive and formal training.

Describing Music

Talking or writing about music enables comprehension and
communication about the salient aspects of the music. In
Western classical music concerts, for instance, the audience
is often offered program notes, a booklet of short texts
offering some explanation of the music to be heard.
Recorded music (especially in the form of albums, vinyl
or CD in particular) perpetuates this tradition (Simeone,

2001). The popularity of program and album notes indicates
that there is a potential interest from the general public in
accessing analytical devices or tools too. The limitation of
program notes has also been discussed: Practice-led
research has shown that the positive effect of program
notes can sometimes be rather limited (Bennett &
Ginsborg, 2017). For instance, experienced listeners were
more likely to reject the program note information in
favor of their own interpretation, particularly if they had
experiences of music making. More generally, concern
has been expressed that a disclosure of the musical structure
prior to listening impairs the appreciation of the music, for
instance for the appreciation of especially complex, long
forms such as symphonies (Chan-Hartley, 2021; Small,
1998).

Textual description can connect aspects related to the
structural organization of the music but can hardly
convey the inner musical content in detail, in particular
with respect to specific musical material such as melodic
themes. Beyond words, music notation (such as Western
score representation) can describe the actual musical
content in detail, but the resulting representation can
easily get quite technical and difficult to read without ded-
icated training. Attempts have been made to represent
music content in simpler ways more easily readable for non-
experts, for instance using so called “piano-roll” representa-
tions (Smith, 1991).

As an alternative or complement to program notes, in the
context of Western symphonic orchestra concerts, the
Visual Listening Guide offers a simple visualization of the
musical structure, integrating piano-roll representation of
the beginning of themes (Chan-Hartley, 2021). Audience
members who have encountered them at concerts have indi-
cated in feedback that they found them an engaging tool
that helped them better appreciate or understand the work
from a more analytical perspective. One discussed issue—
of interest in the experiment presented in this article—con-
cerned the amount of attention devoted to the Guide during
a performance versus watching the orchestra and listening.

Music theory and music analysis have developed ways
to depict refined musical configurations in the form of
graphical representations, often combined with more tradi-
tional musical notations. Making such representations
accessible to non-experts is rather challenging. It is also
possible to compute graphical representations from audio
recordings, such as spectrograms, or, as we will show
later, pitch curves. Further analyses can be shown with
this as the canvas (Geslin & Lefevre, 2004; Lartillot, 2024).

Animated Representations of Music

Since music necessarily unfolds temporally, a natural way
to make any representation of music easily understood is
by synchronizing the elements of the visualization with
the occurrences of the musical events. A static graphical
representation featuring a prominent temporal axis (such
as a score, a piano roll, or a spectrogram) can be animated
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in alignment with the music through a progressive traversal
along the temporal axis. In other words, what was initially a
static representation now scrolls leftward in front of the
virtual camera so that what has just been played is on the
left of the display before disappearing, while upcoming ele-
ments appear from the right. This can be called the “rolling
representation” (Nanayakkara et al., 2007). One famous
example using piano-roll representation is the Music
Animation Machine.® It has drawn a lot of interest from
the public and also from teachers.* Similar animations
have been designed for sound representations (Lartillot,
2024).

Graphic analytical representations designed on top of
scores or other temporal representations, as discussed
above, can also be shown in such rolling animation (Chan
et al., 2010). If the representations, on the static display,
require time and effort from the viewer to be understood,
its rolling animation becomes even more difficult to
follow. In particular, the necessary focus on a narrow tem-
poral region of the analytical display might make it more
difficult to understand the complete structure.

In contrast to the rolling animation, “experiential” anima-
tion involves the display of elements in time with the music
that they represent, and then the elements simply disappear.
According to Nanayakkara, “This method of presentation is
much more natural and makes the display experiential rather
than simply informative” (Nanayakkara et al., 2007). For this
type of animation, the mapping strategy between music and
visuals is often based on the display of specific simple forms
or colors related to elementary musical aspects (Kubelka,
2000; Mitroo et al., 1979; Nanayakkara et al., 2007; Ng
et al., 2014; Smith & Williams, 1997). For instance, music
can be depicted by free-form pictorial representations, or
through gestures, dancing (Goto, 1996; Sauer & Yang,
2009), or colors (Ng et al., 2014), among other modalities.
Visualization of multiple musical dimensions has also been
attempted (Dixon et al., 2002; Langner & Goebl, 2003),
showing their combined contribution to perceived emotion
(Lartillot et al., 2013) or the corresponding leitmotiv in a
Wagner piece (Goss & Carson, 2016). Visualization of
tonal development has been conceived as a travel along
tonal space representations (Bergstrom et al., 2007
Khulusi et al, 2020; Mardirossian & Chew, 2007,
Toiviainen & Krumhansl, 2003).

Approach & Aims

The experiment presented in this article was inspired by the
use of graphic musical analysis as a means to enlighten lis-
teners to the musical structure and facilitate musical under-
standing and appreciation, regardless of the musical
expertise of the listener, and especially focusing on
novices. We also shared an analytical approach oriented
toward description of the music itself, avoiding textual
descriptions and aesthetical “spoilers.” We aimed to
design a visual signal that could be easily understood,
highly accessible, self-explanatory, and without requiring

particular musical or technical expertise. This requires
avoiding technical music representations in favor of more
intuitive representations that are also more adequate to
describe the rich inner variability of live performance.

The structural focus in this study is related to the melodic
repetition that is characteristic of fugues. We aimed at
designing a representation that enables one to keep track
of the evolution of the fugue structure throughout the
piece. Our goal was to create a representation that empha-
sized the essential structural features, rather than allowing
all structures to slip away quickly, as in the rolling represen-
tation previously discussed. At the same time, echoing
Riezler’s complaint that the schematic out-of-time descrip-
tion of music analysis might spoil the temporal flow of
musical experience, one aim in the proposed approach
was to avoid revealing musical structures before they are
actually expressed in the music.

Musical Context of the Experiment

While the previous discussion was aimed at addressing music
as broadly as possible, the experiment presented in this article
needed to focus on one particular piece of music. The devel-
opment of the technology was initially spurred by the
MusicLab concert with the Danish String Quartet (DSQ)
(Hoffding et al, 2024). In the program they prepared,
Contrapunctus 14, the last movement of The Art of Fugue
by Johann Sebastian Bach was selected for the visualization
experiment, due to the richness and complexity of the piece.

Fugue Principles

It is not possible to provide a complete characterization of
fugues in general, however they are defined as contrapuntal,
polyphonic compositions built on one or several subjects
that recur frequently and are developed through imitation
throughout the piece.

Before considering the complexity of the Fuga a 3
Soggetti (“fugue in three subjects”) that is Contrapunctus
14, let’s focus simply on the first part of the fugue where
only one musical theme, or subject is developed. This is
therefore the first subject of the fugue, further denoted S
(cf. Figure 1).

e The first subject is played solo by the cello first.

e Then the subject is played by the viola, but because it
is a bit transformed (transposed, in particular), it is
called an answer instead. At the same time, the
first instrument plays a countersubject.

e The subject is further played by the second violin,
this time in its original form. At the same time, the
viola now plays the countersubject. The first instru-
ment continues developing its own line as well.

e The answer is played by the first violin. The second
violin plays a countersubject, while the viola contin-
ues its own developments, and the cello stops after a
few notes.
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Figure I. Beginning of Contrapunctus /4. In bars | to 6, the first subject S, is played for the first time by the cello, as shown with the
thick black solid line joining the successive notes. In bars 6 to | | the subject is played by the viola (thick red solid line), while the cello
plays the countersubject (dashed line). In bars || to 16 the subject is played by the second violin (thick blue solid line), while the cello
and viola develop the countersubject (dashed line). In bars 16 to 21 the subject is played by the first violin (thick orange solid line). In
bars 21 to 26 the subject is played by the cello, but inverted (upside-down). The subject played by the viola from bar 24 is identical to
the very beginning of the fugue. Thin colored solid lines indicate repeated short motivic material forming the basis of the
countersubject, also indicated in Figures 4 and 5. Score typeset by Tim Knigge and published in the Mutopia project.

e Then the subject is played again by the cello. But
from this point there starts to be more variation.
Here for instance, this occurrence of the subject is
actually an inverted version of the initial subject.

According to fugue theory, a countersubject is defined as
a melodico-rhythmic pattern that is supposed to repeat quite
similarly in each occurrence. If this is not the case, instead
of countersubject, the music superposed to the subject
would be rather considered as free counterpoint. We
propose to consider Contrapunctus 14 as something in
between: Each occurrence of countersubject is quite differ-
ent from the others, but at the same time they all use a
similar reservoir of shorter motivic materials. This is
shown in Figure 1 for the beginning of the fugue. The
first occurrence of the countersubject’ played by the cello
in bars 6 to 18 is decomposed into short motifs, indicated

by the colored lines below the stave. Some internal repeti-
tion is highlighted: the repetition of the purple motif in
bars 8 and 9, as well as the repetition of the two-bar
section in bars 14-15 and in bar 16-17. The second occur-
rence of the countersubject by the viola in bars 11-22 is
based on similar motifs, but in a different order, as shown
by the colored lines above the viola line. This motivic rep-
etition within the countersubjects is a structural aspect that
will be particularly highlighted in our visualization.

In addition to these structural characteristics, fugues also
develop in very creative ways along the rhythmic and har-
monic dimensions, however this was not a focus in this study.

Contrapunctus 14 Form

The overall structure (or form) of the triple fugue in
Contrapunctus 14 is developed as follows (cf. Figure 2):
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Figure 2. Overall structure of Contrapunctus 14, with time (based on DSQ’s rehearsal performance) spanning from left to right. In the
top, middle, and bottom rows, the occurrences of the, respectively, first, second, and third subjects, S, S;, and S3, played by cello
(black), viola (red), second (blue) and first (orange) violins, are shown. The countersubjects are not indicated. The decomposition of

the piece into six successive parts is discussed in the text.

1. The first section of the fugue based on the first
subject S; is exposed and developed, as presented
above.

2. A second section of the fugue appears at bar 112,
based on a new subject S;.

3. From bar 148, the first subject S| reappears from
time to time, while the second subject S, is further
developed.

4. From bar 193, a new section of the fugue is based on
a third subject Sj.

5. During the development of the fugue based on S3,
the first subject S; subtly emerges from bar 211.

6. From bar 233, the three subjects S}, S, and S; are

superimposed.

The fugue ends abruptly after that superimposition of the
three subjects.

String Quartet Music

The visualization needed to be adapted to the particular
characteristics of string quartet music, its underlying chal-
lenges, and the opportunity of its live performance.

A string quartet is an ensemble constituted of four instru-
ments of the violin family: two violins, one viola, and one
cello. The complementarity and, at the same time, consan-
guinity of this ensemble enables an overall sound to be
shaped covering a large frequency spectrum and ambitus,
ensuring a large degree of polyphony, while also focusing
on the timbral homogeneity of the violin family.

String quartet music often consists of a superposition of
voices, played by each different instrument. This is partic-
ularly the case in contrapuntal music such as fugues. We
previously discussed the enjoyment brought by the ability
to understand the underlying structures of the music being
heard. David Huron discussed the pleasure of being able
to follow the concurrent voices while listening to contra-
puntal music such as a fugue (Huron, 2016). He also high-
lighted, by drawing from the timbral differentiation
principle from auditory scene analysis, how the interpreta-
tion of a fugue by a string quartet makes this analytical lis-
tening even more difficult. Tracking four voices at the same

time is particularly challenging (Huron, 2016; Siedenburg
et al., 2021).

Design Principles for the Work Under
Study

The music visualization strategy is conceived by taking into
close consideration the particularities of the piece under
study.

Visualizing a Piece for String Quartet

The understanding of the intrinsic logic of the fugue arises
from being able to follow each voice separately, which is
particularly challenging for a string quartet. The visualiza-
tion offers a solution to this issue, as a guide to clearly dis-
tinguish the superposed voices, so that each of them can be
tracked visually at the same time.

Traditional written notation, in the form of scores, would
be the expected point of departure for an analytical visual-
ization for experienced music readers. Replacing the score
notation with alternative methods could upset some expert
members of the public. But, as previously discussed, the
main aim was to offer a visualization that would be acces-
sible to a large audience, and in particular to novices. From
this perspective, a music score is of limited value, because it
requires reading skills from the spectators and because the
association from the written note to the perceived sound
is not straightforward.

Instead, we chose to depict the temporal evolution of the
pitch height played by each instrument in the form of a
simple pitch curve, with time flowing continuously from
left to right and with the continuous pitch scale from
bottom to top. One particular interest of this pitch curve rep-
resentation is that it draws attention on the performance
quality of each musician, for instance with respect to
vibrato (shown in the form of an undulation of the horizon-
tal line, as can be seen in Figure 5) or portamento (the shape
of the continuous transition between successive notes). This
performance characterization plays a very important
expressive role in this type of music.

Following previous approaches, one possible simple
representation consists of simply representing the pitch
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Figure 3. First 20 bars of Contrapunctus [4. All four voices are displayed as pitch curves of different colors (black for cello, red for
viola, blue for second violin, and orange for first violin), all synchronized to the same timeline. The first subject S, is highlighted using a
thick line. This is a still image of a rolling animation synced to the music: The rightmost temporal position in the curve is associated with

the timepoint in the audio playback.

curves of the four voices altogether, within a single tempo-
ral axis, as illustrated in Figure 3. The four voices are dis-
tinguished using four separate colors. This temporal
representation can then be scrolled using the same rolling
animation as in previous approaches.

The music analysis of the fugue and underlying motivic
repetitions, shown in Figure 1, is displayed on a score. It
can be also adapted to the pitch curve representation. In
Figure 3, the occurrence of the first subject is highlighted
with thick lines. As discussed, the motivic structure of the
countersubject (shown with colored horizontal lines in
Figure 1) is already a bit too difficult to read on the score
itself. Adding a rolling animation would make the overall
visual even more complex.

Inspiration from Structuralist Anthropology

To address the challenge of displaying the rich motivic
analysis, we proposed to use a representation—and its
underlying analytical potentials—that has played an impor-
tant role in the dawn of structuralism. Claude Lévi-Strauss
proposed a “logical model” to “study the function of myth,”
by dividing it into its “gross constituent units” and “bundle”
them “so as to produce a meaning” (Lévi-Strauss, 1955).
The sequential data under analysis—here the story of a
myth—is written down in the form of a particularly format-
ted text, progressively aligning the text below the text
already written belonging to the same “bundle.”

Relations pertaining to the same bundle may appear diachroni-
cally at remote intervals, but when we have succeeded in group-
ing them together, we have reorganized our myth according to a
time referent of a new nature corresponding to the prerequisite of
the initial hypothesis, namely, a two-dimensional time referent
which is simultaneously diachronic and synchronic and which
accordingly integrates the characteristics of the langue® on the
one hand, and those of the parole on the other. (pp. 431-432)

This leads to a representation where the myth, or any other
text, can be read, diachronically, from left to right, from top
to bottom, but where columns relate to those synchronic,
signifying bundles.

This has been further developed by the linguist Nicolas
Ruwet in an attempt to formalize and systematize music
analysis and in particular motivic analysis (Ruwet, 1987),
and has been used extensively since, under the name “par-
adigmatic analysis” (Nattiez, 1990).

We carried out a detailed paradigmatic analysis of the
Bach fugue. The analysis of the very beginning of the
fugue is shown in Figure 4. The particular challenge in
adapting this representation to a fugue is that, at each
moment in time, what is being played by each different
instrument corresponds to a different moment on the syn-
chronic axis. For instance, when the viola starts playing
(line 4, bar 1), the cello (line 1) is already at bar 6. For
that reason, each voice needs to be analyzed in isolation.
The first subject of the fugue is represented along the left-
most five bars (to which can be added the first note of the
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Figure 4. Paradigmatic analysis of the beginning of Contrapunctus 14, developing the first four entries of the first subject, one after the
other, until bar 27 (corresponding to the end of the score shown in Figure |). Each voice can be read one after other, separately, from
top to bottom, and from left to right. Vertical alignments correspond to motivic repetitions, or “synchronic” “bundles.” The colored
horizontal lines at the top repeat the color code used in the motivic analysis in Figure |. Parts of the violins’ countersubjects that were

not related to any motivic content are not shown.

sixth bar), so we can say that the five leftmost columns form
the “synchronic bundle” related to the first subject of the
fugue. The rest of the diagram, from the sixth column, cor-
responds to the countersubject.

In the countersubject played by the cello, the successive
repetition of four notes (with transposition) in bars 8 and 9
(below the purple line) as well as the successive repetition
of two whole bars, shown at bars 13 and 14 (under the
gray and pink lines), are explicitly represented. The analysis
suggests that the countersubject played by the viola is made
of various motivic material taken from various parts of the
cello countersubject, as shown by the column alignments

representing here also synchronic bundles. The same is sug-
gested for violins 2 and 1, although only the beginning is
shown in Figure 4.

From Static to Dynamic Paradigmatic Analysis

As observed, the paradigmatic analysis does not seem very
suitable for the analysis of fugues, due to the superposition,
on a same position in the diachronic axis, of voices related
to different moments in the synchronic axis. Hence in the
paradigmatic analysis, as shown in Figure 4, the superposi-
tion of the voices is not explicitly represented. How can we
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Figure 5. Paradigmatic analysis of the beginning of Contrapunctus |4, where each voice is represented as a pitch curve, extracted from
a recording of a DSQ performance. Bar separations are shown with thicker vertical lines and numbered at the bottom, while half-bars
and beats are shown with thinner lines. Purple, cyan, and green horizontal grid lines correspond respectively to D, F, and A (all natural).
The first voice is played by the cello, in black, and can be read from left to right, with some internal repetition: the second half of bar 8
and first half of bar 9, and bars 13 and 14 (in both cases, first playing the lower curve and then the higher curve). The second voice is
played by the viola, in red, first playing the subject and then playing various parts of the countersubject in a non-sequential order, which
is not indicated here. Same for the third and fourth voices played by the second and first violins, in blue and orange. The colored

horizontal lines at the bottom indicate motivic content that is further detailed in Figures | and 4. In this screenshot of the dynamic
paradigmatic curve, the curves were drawn up to the middle of bar 21, with the pitch currently being played shown with discs. The
thick horizontal golden lines highlight the introduction of the subject and countersubject by the cello, and are progressively drawn when
that part of the curve is repeated for the first time, to refer back to the initial pitch curve. The first half of bar 9 and the whole of bar 10

have not been repeated so far.

make this voice superposition visible? The proposed solu-
tion is to visualize the analysis progressively, following
the progressive evolution of the music through time. For
each successive instant along the diachronic time, the corre-
sponding synchronic time positions—one for each currently
playing instrument—are highlighted in the score.

Yet another major drawback is that the paradigmatic
analysis representation spreads quite extensively in the ver-
tical dimension, as can be seen in Figure 4 for the analysis
of only 30 bars of the fugue. Hence the complete fugue is
impossible to display in its entirety. Splitting the display
vertically into four regions related to the four voices and
scrolling within each zone could possibly be a solution,
although still rather tedious.

We propose to address this issue, while at the same time
making the visualization much more accessible to non-
experts, by displaying pitch curves instead of scores, as

shown in Figure 5. One particular advantage of pitch
curves in this respect is that they can be superimposed, so
that the vertical axis is simply used to represent pitch height.

The progressive accumulation of pitch curves, as illus-
trated in Figure 5, would quickly make the whole visualiza-
tion overcharged and unreadable. The proposed solution
consists in letting the curves progressively fade away as
time goes by, as shown in Figure 6. Only the pitch curve
related to the first instance of a given motif (i.e., of a syntag-
matic bundle) remains constantly visible. More precisely,
once the second occurrence of the motif appears, the first
motif is highlighted (in the form of thick golden lines in
Figures 5 and 6) to nudge the recall of that previous instance.

We thus obtain an apparently polyphonic representation
of pitch curves—except that, here, synchronous pitches
(i.e., played at the same time) are not vertically aligned,
instead, each pitch currently being played is located at a
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Figure 6. Still images from the complex version of the visualization. From top to bottom, from left to right: -6. End of occurrences
number 1, 2, 3, 4, 6, and 18 of S,. 7. During the second occurrence of S;. 8-9. End of the first and the fourth (together with the fifth)
reoccurrences of S| during the development of S;. 10. End of the second occurrence of S3. | |. End of the first reoccurrence of S,

during the development of S3. 12. End of the fugue. Note the added four letters B - A - C - H, associated with the first four notes of the

first occurrence of S3, in the bottom three images.

different “synchronic” position on the X-axis, correspond-
ing to a specific moment in the thematic development, fol-
lowing Lévi-Strauss’ principle previously discussed.

Design Details

To make the visualization as clear as possible, the display
initially focused on the temporal and pitch region related
to the initial subject S; played by the cello, as shown in
the first still image in Figure 6. Then the virtual camera pro-
gressively zooms out to show the other occurrences of the
subject (such as the red lines in the second image) as well
as the countersubject (black lines in the second image).
But the initial region remains highlighted with a more
vivid background color to underline its importance.

Since the pitch curves are not drawn simply from left to
right anymore but may appear at any place in the screen, the
part of the curve being extended at a given time should be
clearly highlighted. For that purpose, the last drawn point of

the pitch curve corresponding to the current instant is high-
lighted with a clearly visible pointer (large disc), with the
color related to the instrument.

Concerning  the  structural  development  of
Contrapunctus 14, each subject is characterized by a differ-
ent background color, respectively yellow, purple, and blue
for Sy, S,, and S3. In this way, the sudden transition to S,
(7th image in Figure 6) is shown with a completely blank
screen with a radically different background color
(purple). Also, when S| reappears as a superposition with
S,, the display is split vertically (8th image), yellow on
the left and purple on the right.

Similarly, the start of S is indicated with a sudden blank
screen with a blue background. The S; motif starts with four
long notes following the pitch sequence B flat - A - C - B
(natural), which in German notation corresponds to B - A
- C - H, spelling the composer’s name. Since this is the
very last subject appearing before the abrupt end of the
piece,’ this has been understood as a concluding signature
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Figure 7. Still images from the simple version of the visualization, at the same time positions as in Figure 6.

from the artist. Therefore, the four letters are indicated at the
beginning of each note, as shown in the 10th, 11th, and 12th
images of Figure 6.

The final section starts with S, alone, thus with a com-
plete purple background, joined after one and half bars by
the appearance of S; on a yellow space on the left, and
one bar later by the appearance of S3 on a blue space on
the right, associated with the B-A-C-H signature (last
image). The fact that the piece ends very abruptly at that
point makes sense from a structural point of view, since
we just experienced a climactic fusion of all scenes
together.

The visualization, called ContraPunctor, can be viewed
online.® A simpler version of the visualization was also con-
ceived,” focusing solely on the subject part of each of the
three subjects S, 5>, and S3, and thus ignoring the counter-
subjects, as depicted in Figure 7.

Technical Implementation

To turn these ideas into a functioning visualization inter-
face, a few issues needed to be addressed. First, we

needed to detect and track the pitch heights of the different
instruments separately and display those pitch curves in an
appropriate manner. Another core challenge was the display
of the fugue analysis in the form of dynamic paradigmatic
analysis. Finally, the music needed to be aligned with the
corresponding position in the score.

Drawing Pitch Curves

There are two main ways each instrument’s pitch curve
could be tracked separately. The first method, which is
easy to prepare on the stage but difficult to implement in
the software, would be to use regular microphones to
capture the sound from the string quartet, and perform com-
putational multi-pitch extraction and tracking. We preferred
instead to rely on the alternative method, in which the audio
of each individual instrument was captured using a close-up
microphone (in our case, DPA 4060 microphone) installed
on the instrument near its bridge, and the pitch tracking was
performed on each isolated audio channel separately. The
audio was digitized and mixed into a single four-channel
audio stream using a Behringer UMC404HD audio
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Figure 8. Overall architecture of the proposed solution.

interface, which was then plugged via USB into a laptop, as
schematized in Figure 8. Thanks to this configuration, the
pitch curve was tracked on each separate audio track
using a simple monophonic pitch tracker. The “leakage”
of the sound from the other instruments nearby was not
an issue as it was of much lower magnitude. And when
the instrument being tracked was not playing, the pitch
curve was automatically disabled by the visualizer.

The audio signal was decomposed into successive
frames of length 46 ms and with a hop of 10 ms. For each
successive audio frame, pitch was estimated by computing
the autocorrelation function. To speed up the computation,
the autocorrelation function was computed using Fast
Fourier Transform (FFT), using the vDSP library of
Apple’s Accelerate framework. The frequency correspond-
ing to the global maximum of the autocorrelation function,
with quadratic interpolation, was selected as the fundamen-
tal frequency.

Score Following

Each detected pitch height of the four instruments needed to
be added to the pitch curves at the appropriate temporal
position in the music score. A computer automation of
the process was implemented first, as described in
Appendix A. In parallel, we also developed an interface
to manually tap the beats while the music was being
played. Since Contrapunctus 14 has a clear and steady
beat, tapping every beat was not an issue, and in fact this
manual score follower led to a visualization that looked
much more precise. Therefore, this method was used.

Dynamic Paradigmatic Analysis

The paradigmatic analysis of Contrapunctus 14 was
encoded in the form of four CSV files, one for each instru-
ment. Each record in a given CSV file corresponded to one
motivic repetition, indicating (1) the start and end position
of the repetition in the actual score, corresponding to the
diachronic dimension, and (2) the corresponding start and

end position in the synchronic dimension, corresponding
to the abscissa in the paradigmatic analysis, as shown in
Figure 4. There were two versions of the CSV files: one
for the simple version of the visualization, restricted to
the subjects, and one for the complex version, also indicat-
ing the motivic repetitions in the countersubjects.

When the music was being played, the score follower
progressively tracked the position along the diachronic
dimension. More precisely, the automated score follower
indicated when a new note was played, while the manual
score follower kept track of every half-beat. Based on this
active note and half-beat location information, a more
precise determination of the diachronic position—between
the onset and offset time of the currently played note(s)—
was estimated, allowing continuous drawing of the pitch
curves over time (Lartillot et al., 2020).

The visualization module detected the activation of the
motivic patterns at the appropriate time, based on the
encoded paradigmatic analysis, and computed the syn-
chronic position for the corresponding instrument. The
pitch height detected for that voice and the synchronic posi-
tion defined the current position of the pitch curve in the
paradigmatic analysis.

The visualization display was decomposed into three
panels, related to the three different subjects, each with its
distinct background color. The size and position of the
panels changed over time: At the beginning, the first
panel occupied the whole screen, while the second and
third panels were inactive. Each active panel showed a
range of the synchronic and pitch height axes. This 2D
range also changed over time, as previously explained,
defining zooming in and out movements based on particular
events in the dynamic paradigmatic analysis.

The whole software featuring the three components was
integrated into a single Macintosh app developed in Swift.

Pilot Experiment in a Concert Condition

The concert experiment took place in the context of the
MusicLab Copenhagen concert, during which a series of
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Figure 9. The DSQ playing Contrapunctus |4 during the concert, with the visualization projected on a screen. The musicians were
wearing motion capture suits and eye tracking glasses, for the purpose of other separate scientific investigations (Danielsen et al., 2023).

other independent scientific experiments were carried out
(Hoffding et al., 2024). During the first part of the
concert, the DSQ played two string quartets, by
Beethoven and Schnittke, in a standard concert setting.
However, some of the audience were equipped with
motion capture devices, and all were invited to fill in a ques-
tionnaire after each piece (Danielsen et al., 2023). After
intermission, the DSQ entered the stage wearing motion
capture suits and eye tracking glasses, for the purpose of
other independent scientific investigations (Danielsen
et al, 2023). The Bach fugue was played first after
intermission. The visualization discussed in this article
was projected on a screen located at the left of the stage,
as can be seen in Figure 9.

Due to the configuration of the concert hall, for most of
the audience at the back, neither the stage nor the visualiza-
tion screen were easily visible, requiring them to raise their
head and look between audience members in front of them.
Due to the modest size of the screen and its location on the
side of the stage, most audience, whether at the front or at
the back, could not see both the performers and the visual-
ization at the same time, and had to move their head to
watch the visualization. Their motivation to attend the
concert was to enjoy the performance itself, not necessarily
to participate in a research concert, as they may have been
unaware that they were attending a concert experiment
when they arrived due to miscommunication between the
concert organizers and ticket buyers. Nonetheless, many
audience members consented to participate by filling
surveys after each piece, though they were not alerted to
the visualization component of the experiment until this
piece.

The DSQ performed Contrapunctus 14 during the
concert in a quite different way than during the rehearsals.
This was likely due to the dramatic difference in room

acoustics with and without the audience, which, according
to the musicians, disturbed their performance during the
concert. Compared to the rehearsals, their performance
was marked by a rougher sound, incorporating more
texture and complexity. It appeared that the automated
pitch tracker struggled a bit due to the unforeseen condi-
tions. As a result, there were noticeable artefacts in the
display of the pitch curves, with unwanted oscillation of
the detected pitch height (and therefore of the animated
discs representing each instrument and the resulting pitch
curve) between different frequencies. These visualization
inconsistencies, which probably disrupted the spectators’
understanding of the visualization, should be taken into
consideration when interpreting the questionnaire results.

The concert had a livestreaming audience in addition to
the live audience. The livestreaming concert video priori-
tized the view of the musicians over the visualization; there-
fore questionnaire responses from the livestreaming
audience are not considered informative evaluations of
the visualization and thus only results from the live audi-
ence are presented.

Questionnaire

Participants filled a questionnaire after the piece was per-
formed, indicating how they perceived, understood, and
appreciated the visualization. We acknowledge that such
self-report cannot be considered as a reliable measurement
of how they actually perceived and understood the visuali-
zation. Still a self-report of how they felt they perceived,
understood, and appreciated the visualization offers valu-
able information. To keep the questions as simple as possi-
ble, this distinction was omitted. More precisely, the
participants reported 1) if they perceived how the visualiza-
tion related to the music, ii) if it helped them follow the
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different instruments, iii) if it influenced their understanding
of the music, iv) if it augmented their appreciation of the
melodic themes, v) whether it disturbed/degraded their
appreciation of the piece, vi) if it enhanced their experience
of the piece, and vii) if it helped them feel emotionally
moved by the music. Responses were provided on a five-
point Likert scale with response poles 1: Not at all to 5:
Totally. They were also asked whether they were familiar
with the piece and style and responded on a seven-point
Likert scale with response poles 0: I have never heard it
before to 6: I am very familiar. See Appendix B for the
exact question and answer wording and formatting.
Participants also filled questionnaires before and after the
concert to report their demographics, such as musical
sophistication (Zhang & Schubert, 2019), and their
overall concert experience. Other questionnaire results are
reported in more detail elsewhere (Swarbrick &
Vuoskoski, 2023; Swarbrick et al., 2024).

All participants provided informed consent. The con-
senting process was conducted visually with information
provided to audience members at ticket purchasing and
again with signs at the concert hall. Participants who
filled questionnaires or had their motion measured addition-
ally filled consent in the MusicLab App (Swarbrick et al.,
2022) or they filled paper consent forms.

Analyses were conducted using R statistical software (R
Core Team, 2021), and the script used in the analyses can be
examined in GitHub."”

Results of the Pilot Experiment

There were 86 participants in the live audience who
responded to the full Bach questionnaire and 3 additional
participants who missed one item each in the questionnaire
(perceive: n =1, disturb: n = 2). Participants’ musical
sophistication is listed in Table 1 under the column “Pilot.”
The distributions of the response to the questionnaire are
shown in panels A of Figures 10 and 11. Participants in the
live concert were generally familiar with the style of the
fugue (“Style”) even though there was greater spread with
familiarity of this particular piece (“Familiar”). There was
high variability in whether participants reported if they
understood how the visualization related to the music
(“Perceive”). Participants generally reported that the visual-
ization did not support their understanding of the music
(“Understanding”), few reported that it enhanced their
experience (“Enhance”), and instead most reported that it
disturbed their appreciation of the piece (‘“Disturb”).

Discussion

As previously mentioned, most of the audience expected to
attend a normal concert. The unnatural setting of the exper-
iment, with all the tracking devices, the survey, and the
visualization, was probably detrimental to the musical
appreciation. Most of the audience wanted to focus on the
musicians’ performance and were not open to augmenting

Table |. Musical sophistication comparison between the pilot
experiment (live audience) and the controlled experiment (online
participants).

Musical sophistication Pilot Controlled
| Tone-deaf | 0
2 Nonmusician 7 2
3 Music-loving nonmusician 48 10
4 Amateur musician 12 14
5 Serious amateur musician 8 8
6 Semiprofessional musician 3 6
7 Professional musician 7 13

their experience with a visualization. This is entirely under-
standable, as focusing on the visualization would detract
from fully appreciating the live performance. As previously
described, the live visualization contained artefacts due to
technical issues, and the experience was suboptimal with
respect to the placement of the visualization. This may
have reduced their ability to have an enhanced audiovisual
understanding of the music.

Controlled Experiment

To address some of the limitations faced while designing
and implementing the live concert experiment, we carried
out a follow-up study in which the ecologically valid live
concert was replaced with a more controlled experiment.
We aimed to allow participants to focus on the visualiza-
tion, to dedicate their full attention to the experiment, and
for the visualization to occupy their full visual field.

For this follow-up study, we prepared a visualization of
higher quality than the live concert, with a near-optimal
pitch tracker. Because the multi-track audio captured
during the concert was mainly aimed at the real-time visu-
alization, and since the difficulties encountered during the
concert led to significant distortion in the audio recording,
the follow-up experiment was based instead on a recording
from a rehearsal on October 21st, 2021, in the DSQ studio,
at the Royal Danish Academy of Music.

Participants were recruited from email lists and web
advertising. Participants could complete the experiment in
a quiet and private environment of their choice.
Participation was voluntary, and the full experiment lasted
30 min, during which they watched two visualizations
related to the same piece of music as before. The two visu-
alizations could either be the same or different. The psycho-
logical impacts of listening to the same piece twice in a row
(related to exposure effects), and of watching the same or a
similar visualization (related to order effects), were
accounted for by randomizing the order of presentation
for each participant. This also enabled us to study the
impact of the first presentation on the second presentation.

The two visualizations were 1. the same visualization as
before, this time containing accurately represented subjects
and countersubjects, and 2. a simpler version without coun-
tersubjects (Figure 7). This simpler visualization only
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Figure 10. Distribution of the respondents according to their own ratings of their familiarity with Contrapunctus /4 (left column) and
to that style of music in general (right column). Panel A shows the participants of the pilot study, attending the live concert, while Panel
B shows the participants of the controlled experiment (cf. Section “Controlled experiment”). See the text and Appendix B for further

details about the questions and the Likert scale.

contained the subjects but still used the dynamic paradig-
matic analysis approach to facilitate comprehension of the
temporal progression of the subjects.''

Finally, in addition to the conventional question-
naires used in the concert, computer interfaces
allowed collection of participants’ continuous ratings
of felt understanding. Participants updated their
responses in accordance with how well they felt they
understood the visualization at any given moment as
the audiovisual experience unfolded. In this way, we

measured the temporal evolution of their felt
understanding.
Methods

The experiment was delivered using an online interface
(Qualtrics XM). The experiment could be run on any com-
puter with an internet browser, but we asked participants to
avoid using smartphones to ensure that the screen was

sufficiently large. Thus, the visualization covered a large
part of the participants’ field of view, and the participants
could interact with the interface while the video was
being played.

They were asked to use headphones or earphones, so that
they could listen carefully to the music, in a quiet environ-
ment. The recording used for this follow-up experiment was
also recorded in four channels with the same four close-up
microphones used during the concert. In the stereo mix
played to the participants, each instrument is clearly local-
ized in the left-right axis, using the same ordering as in
the concert, with the first violin on the extreme left and
the cello on the extreme right.

During the experiment, each participant watched two
videos. Each video was a random choice between the
simple and complex versions. Participants were asked to
continuously report how much they (felt they) understood
what was happening in the video using a discrete five-point
Likert scale with response poles 1: Not at all to 5: Totally.
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shows the participants of the pilot study, while Panels B and C shows the participants of the controlled study (cf. next section) after

watching the complex and simple versions of the visualization, respectively. Similarly for panels D and E, concerning the second

visualization that they viewed.
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The scale was presented in the form of a series of five radio
buttons displayed horizontally below the video. At the
beginning of the video, no button was selected. Once a
button was selected, it remained selected until another
button was selected to update their reported degree of felt
understanding from that point forward. The timing of
button presses vis-a-vis the music were recorded to the
100th of a second and recomposed for analysis at 10 Hz.
After each video playback, the participants were asked to
fill in an online version of the same questionnaire as in
the concert experiment. At the end of the experiment,
they also reported their demographics of age, gender, and
musical sophistication. It is unclear whether self-judgement
of understanding actually reflects comprehension of the
visualization therefore we aimed to measure comprehension
with a multiple choice question as follows: “Please select
the statement that is most correct. A) The color of the
discs corresponded to the emotion in the music, B) Each
line corresponded to a different string on the violin, C)
Each disc corresponded to a different instrument, D) The
color of the lines corresponded to the harmonic color of
the music.” The correct statement was C). 46/53 partici-
pants responded to the question correctly. Three partici-
pants incorrectly reported B) and two participants
incorrectly reported D). Two participants did not complete
this question. Therefore 87% understood this aspect of the
visualization. The visualization aspires to convey much
more sophisticated information, but assessing participants’
full understanding would require a much more complex
methodology, which was not the focus of this study.

Participants were told that they were taking part in a
study and that their responses would be anonymous.
Consent was implied by their participation in the survey.
Analyses were conducted with R (R Core Team, 2021)
using the package “psych” for the factor analysis
(Revelle, 2022) and “lme4” for the linear mixed effects
model (Bates et al., 2015). The code can be examined in
GitHub repositories.' The code of the online survey inter-
face and the results are also available in the OSF
repository.'?

Analysis of the Questionnaire

Participants There were 53 participants in the controlled
experiment who responded to the full Bach questionnaire.
A comparison between the pilot study, live, and the con-
trolled experiment, online, revealed that the live audience
(M £8D =56 +£18) was significantly older than the
online participants (M + SD = 42 + 15), #(110.86) = 4.4,
p <.001. The online group reported greater musical sophis-
tication than the live audience, y2 = 21.8, p <.001 (see
Table 1).

The distributions of the response to the questionnaire are
shown in panel B of Figure 10 and panels B, C, D, and E of
Figure 11. Half of the participants in the online experiment
were rather familiar with the style of the fugue (“Style™),
with 52% reporting at least 5 on a scale from 0 to

6. There was once again a greater spread with familiarity
of this particular piece (“Familiar’), 46% of them reporting
at least 4 on the same scale. A large majority of participants
reported that they understood how the visualization related
to the music (“Perceive”): 78% reported a value of 4 or 5 on
a scale from 1 to 5, after watching the first visualization. A
majority of participants— 63%, using the same measure-
ment—reported that the visualization supported their
understanding of the music (“Understanding”); about half
— 54% —reported that it augmented their understanding
of the melodic themes (“Augment”), although only 41%
of those watching the complex visualization rated that
way. A small portion— 35% of all participants—reported
that it enhanced their experience (“Enhance”), while a
large majority reported that it disturbed their appreciation
of the piece (“Disturb”), 57% of them reporting at least 3
on the same scale.

Factor Analysis We conducted a factor analysis to
reduce the dimensionality of the questionnaire data. The
questionnaire was used to collect opinions on the visualiza-
tion from both the live audience participants in the pilot
experiment and the online participants in the controlled
experiment. We assessed the appropriateness of the
dataset for factor analysis with Bartlett’s test of sphericity
and the Kaiser, Meyer, Olkin measure of sampling ade-
quacy (KMO). We found that there is a sufficient significant
correlation in the data for factor analysis, y?(21) = 949.18,
p < .001, and a KMO score of 0.88 also indicates the data is
appropriate for factor analysis. The number of factors were
determined using Scree plots and Very Simple Structure
(VSS), which indicated that the scale measured two
factors. We calculated a two-factor model using the
minimum residual method and computed factor scores
using the Thurstone method to compute the regression-
based weights. The results are shown in Table 2. These
factors could be understood to represent how much partic-
ipants grasped the meaning of the visualization (factor 1:
“Grasp”, proportion variance explained =.53), and their
opinion on whether it made them appreciate their experi-
ence (factor 2: “Appreciate”, proportion variance
explained = .47).

Comparing participants’ responses to neutral
Participant responses were compared to neutral (factor score
of 0) using one-sample tests separately for each group (pilot
live concert group, controlled online experiment group with
complex visualization first, controlled online experiment
group with simple visualization first) and for each outcome
measure (Grasp, Appreciate). P-values were Bonferroni cor-
rected for multiple comparisons of the six tests. We did not
examine responses to the second visualization to avoid the
confound of viewing the visualization twice. Data was
assessed for normality with Shapiro-Wilk tests and Q-Q
plots, and when the data did not meet assumptions necessary
for parametric one-sample #-tests, non-parametric one-sample
Wilcoxon signed rank tests were used instead. Participants in
the pilot live concert reported a significantly worse grasp than
neutral responses, V = 649, p <.001, and appreciation,
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Table 2. Summary of factor analysis. The first three questions (or “Scale Items”) are found to be related to how much participants
grasped the meaning of the visualization (“Grasp” factor). The remaining four questions address their opinion on whether it made them
appreciate their experience (“Appreciate” factor). The factor loadings on the right quantifies the extent—as a value from 0 to |—to

which each question related to its factor.

Scale item

Grasp Appreciate

| Did you perceive how the visualization related to the music? .80
2 Did the colored lines and discs help you follow the different instruments? .99
3 Did the visualization influence your understanding of the structural elements of the music? .67
4 Did the visualization augment your appreciation of the repetition of melodic themes? .57
5 Compared to seeing a performance without a visualization, did this visualization disturb and degrade your -.38
appreciation of the piece?
6 Did the visualization enhance your experience of the music? .96
7 Did the visualization help you be more emotionally moved by the music? .70

V =720, p <.001. Participants in the controlled online
experiment reported that the complex visualization promoted
significantly better grasp, V' = 214, p = .028, but did not sig-
nificantly affect their experience positively or negatively from
neutral on the Appreciate factor, #(21) = 1.99, p = .36.
Similarly, participants in the controlled online experiment
reported that the simple visualization promoted significantly
better Grasp, V' = 392, p = .004, but did not significantly
influence the Appreciate factor positively or negatively,
#(29) = 2.60, p = .088. These results suggest that the live
concert pilot audience found that the visualization did not
promote grasping the contents of the visualization or enhanc-
ing appreciation of the music while the online controlled
experiment participants reported that the visualizations sup-
ported a better grasp of musical understanding.

Pilot versus controlled experiment The participants of
the pilot study in the live concert audience viewed a complex
version of the visualization, and we compared their responses
to the participants in the controlled experiment who viewed
the complex visualization first to understand how the experi-
ence differed between the concert and the online version. The
factor scores of Grasp and Appreciation both violated
assumptions of normality so we conducted a Wilcoxon
rank sum test between the live audience (n = 86) and the
online participants who viewed the complex visualization
first (n = 22). By only examining this subset of participants
in the controlled experiment, we controlled for the effects of
having seen a previous visualization. There were significant
differences between the live concert audience and the online
participants such that the participants of the controlled exper-
iment rated the visualization more favorably than those of the
pilot study on the measures of Grasping the visualization:
Pilot, Live concert: M + SD = —.61 + .91; Controlled,
Online Experiment: M +SD = .59+ .73, W =298.5,
p<.001, and Appreciation: Pilot, Live Concert:
M +SD = —.53 +£.77; Controlled, Online Experiment:
M +SD = .44 +1.03, W = 418.5, p < .001. These results
may be attributable to how the controlled experiment facili-
tated focus on the visualization itself without diverting atten-
tion from the live concert.

Simple versus complex visualization The online par-
ticipants may have viewed either a complex or simple

visualization first. The outcome variables of factors of
Grasping the visualization and Appreciation did not
satisfy the assumption of normality; therefore we used a
Wilcoxon rank sum test to evaluate if there were differ-
ences between viewing the simple or complex visualiza-
tion, without considering how a prior viewing might
influence judgements. There were no differences
between viewing the simple or complex version first on
Grasp, W =332, nSimple=31, nComplex =22,
p = .88, or Appreciation, W =334, nSimple =31,
nComplex =22, p = 91.

We also used linear mixed effects modeling with Ime4 to
account for the repeated measures structure of the data
(Bates et al., 2015). Despite the non-normality of the data
as determined through Shapiro—Wilks tests, the residuals
versus fitted plots and QQplots appeared acceptable (see
the script in Github). Type (Simple, Complex) and Order
(SS, SC, CS, CC) were added separately as fixed effects
to models with a random intercept of participant. Model
comparisons revealed that neither variable was a significant
predictor of Grasp, Type: y2(1) = .18, p = .67; Order:
x2(3) = .66, p=.88, or Appreciation, Type: y2(1) = .63,
p=.42; Order: y2(3) = 1.94, p=.59. Therefore, complex-
ity of the visualization does not seem to lead to differences
in grasping understanding or felt appreciation of the music.
(To examine how the scale items related to each other and
individual characteristics of musician status, familiarity
with the piece and musical style, refer to Appendix C for
a Kendall correlation chart.)

Time-Continuous Ratings of Understanding

The time-continuous ratings help identify when the visual-
izations differed in their influence on participants’ reported
felt understanding of the music. Participants usually began
reporting some degree of felt understanding within the first
minute of the video and changed the rating value a median
of nine times as it played (quartiles [3, 20], maximum 675).
The plots in Figure 12 recompose these timed ratings to
describe the number of participants reporting each degree
of understanding at every timestamp (10 Hz). The band of
white indicate the number of participants who hadn’t yet
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Figure 12. Top and bottom: Distribution of ratings of Understanding across time (spanning from left to right along the x-axis), when
watching the simple (top) or complex (bottom) version of the visualization. Colors indicate each discrete rating value, with band width
showing the number of participants reporting the same degree of understanding at that moment in the music, from | (light yellow
indicating no understanding) to 5 (darkest color indicating total understanding). White indicates participants that had not yet given a
rating. Middle: For the same temporal axis, analysis of the piece with respect to the fugue subjects as in Figure 2. The different colors
represent the different instruments, with cello in black, viola in red, second violin in blue, and first violin in orange.

reported any particular degree of understanding at that time
in the video.

In both visualizations, the earliest initial ratings of felt
understanding tended to be high (5, the darkest shade of
red). This is probably because the pitch curve of the first
subject played solo by the cello (first black line in the
middle panel of Figure 12) is very easy to follow. Once
the second occurrence of the subject appears in the viola
(first red line), lower rating values start to appear in the
simple version, suggesting that the dynamic paradigmatic
analysis representation can be disconcerting, especially at
first. The subsequent occurrences of the subject in the
second violin (blue line) and first violin (orange line)
follow the same logic. The subsequent occurrences of the
subject in the cello and viola are superimposed and higher
ratings give way to lower ratings (75s) as participants
report less felt understanding.

Focusing on the ratings of the simple visualization (top plot
of Figure 12), the ratings of felt understanding decrease as the

development of the subjects and countersubjects becomes
more intricate. The significant drop in ratings around 170 s
occurs because the subject is absent, allowing for complex
musical developments in the countersubject. Since the
simple version omits these countersubjects, nothing happens
at that moment, which may confuse viewers. The rest of the
development of the fugue around its first subject (S;) is at
times easier, at times more difficult to follow, as indicated
by the oscillatory evolution of the ratings.

Ratings of felt understanding increased for both versions
with the appearance of the second subject (S,), after 350 s.
The superposition of subjects S; and S, (450 s) coincided
with a minority of participants decreasing their ratings,
but this effect is short lived, suggesting that the viewers
get used to this concept by 500 s. In the simple visualization
condition, the appearance of subject S3 does not substan-
tially change their ratings, but the subsequent development,
including a short citation of the first subject, shows a
common shift toward less understanding. The final
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superposition of the three subjects suggests some easier
interpretability, but the closing distribution of ratings is
less confident than that shown at the start.

Contrasting the simple and complex versions, during the
first minute, the trend remains similar, except that we notice
an even higher rating for the complex version. This might
suggest that continuing displaying the pitch curve during
the countersubject makes the visualization easier to under-
stand. The further development of the countersubject makes
the visualization more and more complicated, with lower
rating values appearing quickly from around 100 s;
however, this may be preferable to not displaying anything
at all as in the simple version (150 to 180 s). In this second
half of the section featuring S, while ratings to the simple
version shifted rapidly with how clearly the subjects were
presented, the felt understanding of the complex version
is on average lower but stable. The proportions shift more
dramatically with the introductions of both S, (after
350 s) and S5 (after 580 s), when a higher proportion of
viewers of the complex version jumped to report
maximum felt understanding. However, during the last
minute of the development of the second subject (from
520 to 580 s), the ratings equal or lower to 3 were propor-
tionally higher again. This spread suggests that participants’
appreciation of the complex version was split: Those that
felt they understood the logic are more satisfied by this
depiction; however, a number of viewers still felt confused.

To understand the impact of a second viewing on partic-
ipants’ felt understanding of the music, we found it impor-
tant to consider the versions of the visualization with the
order of presentation, since we might hypothesize that the
first viewing has a large impact on the second one. The
analysis of each of these four configurations is detailed in
Appendix D, which also looks at the difference in the
ratings between the two sessions for each participant
separately.

The fact that half of the participants watched the same
version twice (whether simple or complex) enables the
impact of mere repetition to be studied. And as could be
expected, some (a third of them) indicate a progression in
their felt understanding throughout the sessions, while
some others (another third) keep a rather consistent rating.
The rest (the last third) are slightly more negative the
second time, being possibly more critical and scrupulous,
or tired of watching the same visualization.

Of particular interest is the study of the contrast between
the two versions. Any general improvements in the ratings
from the first to the second viewing could be due either to
new information from a different version or a consequence
of what was learned with the first visualization, whether it
be the same or different from the second. According to
the trajectories of felt understanding reported by individual
participants, the visualizations have distinct implications at
different moments in the music. The complex version is
particularly appreciated for characteristic episodes in the
piece where the countersubject is developed without the
subject (from 160 to 180s, around 220s, 280s, and

350 s). At those moments, the absence of visual information
in the simple version seems to be disconcerting to partici-
pants. Other parts of the music featuring quite complex
developments of the countersubjects are better appreciated,
for some viewers, in the simpler version of the
visualization.

Feedback

At the end of the online experiment, participants were
invited to write down any general feedback. A selection
of those comments are shown in Appendix E. Some com-
ments were extremely positive, finding for instance the
visualization “really eye/ear opening.” For others, focusing
on the visualization was distracting them from appreciating
the music. Some mentioned that the beginning was a bit
confusing, until they understood the basic principles of
the paradigmatic analysis. Some participants did not
accept the principles of the paradigmatic analysis, finding
it “utterly incorrect.” Another participant did not agree
with the proposed analysis and expressed concern that the
analytical focus could hinder musical appreciation. One
participant found it “really hard” to pay attention to the
simple version, considered as “oversimplified,” after
having watched and seemingly appreciated the complex
version. Another participant instead found the complex
version “irritating,” with “too much extraneous detail.”
Among the 21 spontaneous feedback items we collected,

e six expressed a positive appreciation of the visualiza-
tion (including one not personally positive, but who
“can appreciate that some people would find it
interesting”’)

e five expressed a negative appreciation (finding the
visualization wrong, distracting, reductive, or “math-
ematical,” in a negative sense)

e two said they were uncertain about what they saw.

Additional reactions were further collected from people
invited to watch the visualization. Reactions from classical
music experts vary significantly: Some were upset by the
absence of traditional music notation, some were confused
by the paradigmatic analysis; however, others found the
visualization highly insightful and enlightening.

Discussion

We aimed to design a visual signal that is easily understood,
highly accessible, and self-explanatory, without requiring
musical or technical expertise. Our approach focused on
describing the music itself, avoiding textual descriptions
and aesthetic “spoilers.” Technical music representations
were replaced by intuitive pitch curves, which better
capture the rich inner variability of live performances.
Unlike the rolling approach that lets viewers follow the tem-
poral representation while listening, our goal was to empha-
size essential structural features, ensuring that these
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structures do not slip away quickly. This visualization’s
structural focus was on the melodic repetition characteristic
of fugues. We designed a representation that tracks the evo-
lution of the fugue structure throughout the piece.

Integrating visualizations into live concerts requires
careful consideration of audience expectations and experi-
ence. In the pilot experiment presented in this study, partic-
ipants in a live concert generally reported that they were
disturbed by the visualization and that it did not enhance
their understanding or experience. The presentation of a
visualization, which is unnatural to a classical concert audi-
ence, was probably detrimental to the musical appreciation,
and distracted from the live performance. Compared to the
live concert audience, the online audience, who devoted
more attention to the visualization, reported better under-
standing, although this did not positively or negatively
affect their experience. Therefore, the method of implemen-
tation influenced audience appreciation. Factors other than
attentional focus, such as the environmental setting of
being in a concert hall with an audience and live performers
instead of viewing in a quiet solitary environment, could
have also contributed to participants’ experience of the
visualization. The primary objective of the study,
however, was to design a new music visualization
concept. Its application in a live concert setting, while an
additional challenge, was secondary and does not under-
mine the main focus. Given that the aim of the visualization
was to promote musical understanding, which may not be
the main goal of a concertgoer, the visualization design
may be best evaluated within a controlled music listening
environment.

The results of the controlled experiment are more
encouraging. They demonstrate that the proposed method
to visualize the intricacies of a complex Bach fugue can
be understood and appreciated by a broad audience. This
visualization could enhance their appreciation of the
music’s richness and potentially increase their engagement
with it. Although the experiment was not designed to vali-
date every decision in the visualization’s design, it shows
that the approach to revealing the fugue’s complexity was
mainly met with understanding and some appreciation. A
large majority of the online participants reported that they
understood how the visualization related to the music; a
majority also reported that the visualization supported
their understanding of the music; about half reported that
it augmented their understanding of the melodic themes.
Some participants in the experiment didn’t understand the
visualization, even in its simpler form. This indicates that
the design may not be suitable for everyone. It’s important
to recognize that visualizations need to be tailored to meet
the specific needs of different audience groups.

One fundamental principle of the proposed approach is
based on an apparent contradiction: to highlight the richness
of the music through dynamic visualization while at the
same time keeping it simple and accessible. We developed
a visualization that we believed to be optimal in terms of
accessibility and aesthetic qualities. One valuable insight

gained from the experimentation and testing with different
audiences is that there is no single visualization choice that
will satisfy all types of listeners. The chosen visualization
was considered optimal from the perspective of the
designer. Although the online audience reported that the
visualization promoted significantly better understanding,
some individuals found it either too simplistic or too
complex, or even both simultaneously. In future endeavors,
users will have the opportunity to select between different
strategies, allowing them to evaluate the advantages and
disadvantages of each approach. This will provide users
with the ability to adjust the balance between simplicity
and richness, starting with a minimalist setting and gradu-
ally introducing more complexity as their understanding
of the visual design progresses.

The specific music piece studied in this project was one
of Bach’s masterpieces, namely the last Contrapunctus of
The Art of Fugue. This piece is of tremendous richness, but
its underlying structural principles may be less accessible
to non-expert audiences. It could be argued that starting
with a simpler piece would have been more prudent in
terms of the experimental protocol. However, one of the
main goals was to explore the potential of visualization.
Using such a sophisticated piece allowed us to delve
into its intricacies and examine how they could be made
more understandable through visualization for the
audience.

Another important aspect of the proposed visualization
strategy was to eschew the use of written music scores
and instead present temporal pitch curves. While some
members of the audience accustomed to reading music
scores may find this omission disconcerting, we contend
that the pitch curve representation provides additional valu-
able information, specifically regarding the nuances of
stringed instrument performance, such as vibrato and porta-
mento. In future endeavors, users will be given the option to
customize the visualization design according to their prefer-
ences, allowing for the inclusion of music scores if desired.

Another, and perhaps more daring, major decision was
to abstain from using additional graphical annotations to
indicate repeated motifs. Instead, we introduced an innova-
tive approach called dynamic paradigmatic analysis to rep-
resent these repetitions. This choice can be seen as
high-risk, high-reward: Some viewers found the resulting
visualization perplexing and difficult to comprehend,
while others found it to be remarkably enlightening.

Besides being a pedagogical tool for people with varied
musical sophistication, this analytical representation is of
interest for musicology in general. The dynamic visualiza-
tion enables us for the first time to display a “polyphonic
paradigmatic analysis”—that is, an analysis where multiple
paradigmatic repetitions can appear at the same time—by
highlighting the synchronized parts while the music is
being played. The visualization focused on pitch curve
instead of score notation for simplicity reasons, but also
to highlight the performance richness within each single
note. A version of the visualization with score notation
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can be considered for future works, with a comparative
evaluation with a simple score following visualization.

The proposed technology remains in the form of a proto-
type. We plan also to integrate a polyphonic pitch tracker that
would not require the use of multi-channel instrument
pickups but simply a single mono or stereo pickup.
Through further integration of automated transcription
systems, the entire process could be conducted without the
need for a score or a score follower. In the present form,
the motivic analysis had to be performed by hand in
advance. Integrating computational methods for motivic
analysis will allow automation of the whole process.
Besides the display of pitch curves and of the motivic struc-
ture of the fugue, other aspects of the music could be depicted
as well, related both to the expressivity of the performance—
in particular with respect to dynamics and timbre—and to the
characteristics of the fugue itself, and notably the harmonic
(or tonal) development (Lartillot et al., 2020).

The technology aims to be accessible to the public
through software and apps, initially focusing on the fugue
repertoire. By fully automating the tracking of each instru-
ment and note, as well as executing a comprehensive anal-
ysis of musical scores across various dimensions, the
visualization would be tailored to a wide range of fugue
compositions and individual performances. The interface
also should have the capability to track real-time viewer
feedback, adjusting the visualization complexity to meet
users’ specific needs. Additionally, the experience should
incorporate gamification elements, encouraging users to
enjoy music at increasing levels of complexity and
guiding them toward a deeper appreciation and understand-
ing of musical nuances. The integrated feedback mecha-
nisms will facilitate large-scale studies of audience
appreciation and comprehension, in particular with
respect to the proposed visualization.

In future works, we plan to generalize the system to
broader music forms, genres, and cultures. The specific
music visualization project presented in this article is con-
ceived as part of a more general and long-term endeavor
to develop new visualization technologies to facilitate
better understanding of music analysis and enhance
music listening experiences. This broader endeavor
impacts the fields of musicology and music pedagogy,
as well as those seeking to expand their knowledge of
music (such as scholars, musicians, and the general
public) or to make music more accessible to wider audi-
ences. We anticipate that these tools could revitalize the
musical ecosystem.
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2. https:/songexploder.net.

. http:/www.musanim.com.

4. http:/www.musanim.com/MusicWorthWatching; http:/
www.musanim.com/Education/EducationComments.html;
http:/www.musanim.com/IntroToClassical.

5. As a subsequent deviation from fugue theory, the countersub-
ject will not be strictly delimited to the temporal scope of a
superposed subject, but will be defined as any development
that is played by any given instrument after having played a
subject (or answer), until it stops playing or until it starts
playing the subject (or answer) again. So the first iteration
of the countersubject is played by the cello from bar 6 to
18, until it stops playing.

6. The terms we emphasize refer to Saussure’s dichotomy.

7. The manuscript of the piece includes a note in the handwriting of
Carl Philipp Emanuel Bach, stating “Uber dieser Fuge, wo der
Name B A C H im Contrasubject angebracht worden, ist der
Verfasser gestorben.” (“While working on this fugue, which
introduces the name BACH in the countersubject, the composer
died.”), referring here to the last occurrence of S3. This claim has
however been questioned by modern scholars (Wolff, 2001).

8. https:/youtu.be/zdn9e9R4sAs.

9. https:/youtu.be/00WS8O77E1SA.

10. https:/github.com/dana-and-monsters/Bach_Fugue_
Visualization_Analysis.

11. An even simpler rolling animation (Figure 3) could have been
considered. For the sake of simplifying the experimental pro-
cedure, the latter representation has not been included in the
study.

12. Analysis of the questionnaire: https:/github.com/dana-and-
monsters/Bach_Fugue_Visualization_Analysis. Analysis of
the time-continuous ratings: https:/github.com/finn42/Bach_
Viz_Responses.

13. https:/osf.io/2b6y8 DOI 10.17605/0SF.10/2B6Y8.

58]

References

Agawu, K. (2004). How we got out of analysis, and how to get
back in again. Music Analysis, 23(2-3), 267-286. https:/doi.
org/10.1111/1.0262-5245.2004.00204.x

Bates, D., Michler, M., Bolker, B., & Walker, S. (2015). Fitting
linear mixed-effects models using lme4. Journal of Statistical
Software, 67(1), 1-48. https:/doi.org/10.18637/js5.v067.101

Bennett, D., & Ginsborg, J. (2017). Audience reactions to the
program notes of unfamiliar music. Psychology of Music,
46(4), 588-605. https://doi.org/10.1177/0305735617721339

Bergstrom, T., Karahalios, K., & Hart, J. C. (2007). Isochords:
Visualizing structure in music. In Proceedings of Graphics
Interface (pp. 297-304). ACM.

Bigand, E., & Poulin-Charronnat, B. (2006). Are we “experienced
listeners”? A review of the musical capacities that do not
depend on formal musical training. Cognition, 100(1), 100—
130. https:/doi.org/10.1016/j.cognition.2005.11.007

Chan-Hartley, H. (2021). The Visual Listening Guide. In
J. D. Jenkins (Ed.), The Oxford Handbook of Public Music
Theory. Oxford University Press.

Chan, W.-Y., Qu, H., & Mak, W.-H. (2010). Visualizing the
semantic  structure in classical works. [EEE
Transactions on Visualization and Computer Graphics,
16(1), 161-173. https:/doi.org/10.1109/TVCG.2009.63

music

Danielsen, A., Paulsrud, T. S., & Hansen, N. C. (2023).
“MusicLab Copenhagen™ The Gains and Challenges of
Radically Interdisciplinary Concert Research. Music &
Science, 6. https:/doi.org/10.1177/20592043231194747

Dixon, S., Goebl, W., & Widmer, G. (2002). Real time tracking
and visualization of musical expression. In Music and artificial
intelligence (pp. 58-68). Springer-Verlag.

Geslin, Y., & Lefevre, A. (2004). Sound and musical representa-
tion: The acousmographe software. In Proceedings of the
International Computer Music Conference (pp. 285-289).
Michigan Publishing.

Goss, C., & Carson, J. (2016). A Visual Representation of Wagner’s
Music. https://wp.stolaf.edu/dh/a-visual-representation-of-
wagners-music

Goto, M. (1996). A virtual dancer ‘cindy’-interactive performance
of a music-controlled cg dancer. In Proceedings of Lifelike
Computer Characters (pp. 65).

Heftding, S., Hansen, N. C., & Jensenius, A. R. (2024). Music
Research “in the Wild” Introducing the MusicLab
Copenhagen Special Collection. Music & Science, 7. https:/
doi.org/10.1177/20592043241294161

Honing, H. (2013). Musical Cognition, A Science of Listening.
Routledge.

Huron, D. (2016). Voice Leading, The Science behind a Musical
Art. MIT Press.

Juslin, P. N., & Vistfjdll, D. (2008). Emotional responses to
music: The need to consider underlying mechanisms.
Behavioral and Brain Sciences, 31(5), 559-575. https:/doi.
org/10.1017/S0140525X08005293

Khulusi, R., Kusnick, J., Meinecke, C., Gillmann, C., Focht, J., &
Jénicke, S. (2020). A survey on visualizations for musical data.
Computer Graphics Forum, 39(6), 82-110. https:/doi.org/10.
1111/cgf. 13905

Kubelka, O. (2000). Interactive music visualization. In Central
European Seminar on Computer Graphic. http:/www.cescg.
org/CESCG-2000/OKubelka/

Langner, J., & Goebl, W. (2003). Visualizing expressive perfor-
mance in tempo-loudness space. Computer Music Journal,
27(4), 69-83. https:/doi.org/10.1162/014892603322730514

Lartillot, O. (2024). Musicological and technological perspectives
on computational analysis of electroacoustic music. In
A. R. Jensenius (Ed.), Sonic design: Explorations between
art and science (pp. 271-297). Springer.

Lartillot, O., Cancino-Chacon, C., & Brazier, C. (2020). Real-time
visualization of fugue played by a string quartet. In
Proceedings of the 17th Sound and Music Computing
Conference (pp. 115-122).

Lartillot, O., Eliard, K., Cereghetti, D., & Grandjean, D. (2013).
Video visualization of predictors of emotions dynamically
expressed by music. In Proceedings of the 5th Humaine

Conference on Affective  Computing and
Intelligent Interaction (pp. 722—723). IEEE Computer Society.

Lerdahl, F., & Jackendoff, R. (1983). 4 Generative Theory of
Tonal Music. MIT Press.

Lévi-Strauss, C. (1955). The structural study of myth. The Journal
of American Folklore, 68(270), 428-444. Chicago. https:/doi.
0rg/10.2307/536768

Association


https://songexploder.net
https://songexploder.net
http://www.musanim.com
http://www.musanim.com
http://www.musanim.com/MusicWorthWatching
http://www.musanim.com/MusicWorthWatching
http://www.musanim.com/Education/EducationComments.html
http://www.musanim.com/Education/EducationComments.html
http://www.musanim.com/Education/EducationComments.html
http://www.musanim.com/IntroToClassical
http://www.musanim.com/IntroToClassical
https://youtu.be/zdn9e9R4sAs
https://youtu.be/zdn9e9R4sAs
https://youtu.be/00w8O77E1SA
https://youtu.be/00w8O77E1SA
https://github.com/dana-and-monsters/Bach_Fugue_Visualization_Analysis
https://github.com/dana-and-monsters/Bach_Fugue_Visualization_Analysis
https://github.com/dana-and-monsters/Bach_Fugue_Visualization_Analysis
https://github.com/dana-and-monsters/Bach_Fugue_Visualization_Analysis
https://github.com/dana-and-monsters/Bach_Fugue_Visualization_Analysis
https://github.com/dana-and-monsters/Bach_Fugue_Visualization_Analysis
https://github.com/finn42/Bach_Viz_Responses
https://github.com/finn42/Bach_Viz_Responses
https://github.com/finn42/Bach_Viz_Responses
https://doi.org/10.1111/j.0262-5245.2004.00204.x
https://doi.org/10.1111/j.0262-5245.2004.00204.x
https://doi.org/10.1111/j.0262-5245.2004.00204.x
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1177/0305735617721339
https://doi.org/10.1016/j.cognition.2005.11.007
https://doi.org/10.1016/j.cognition.2005.11.007
https://doi.org/10.1109/TVCG.2009.63
https://doi.org/10.1109/TVCG.2009.63
https://doi.org/10.1177/20592043231194747
https://doi.org/10.1177/20592043231194747
https://doi.org/10.1177/20592043241294161
https://doi.org/10.1177/20592043241294161
https://doi.org/10.1177/20592043241294161
https://doi.org/10.1017/S0140525X08005293
https://doi.org/10.1017/S0140525X08005293
https://doi.org/10.1017/S0140525X08005293
https://doi.org/10.1111/cgf.13905
https://doi.org/10.1111/cgf.13905
https://doi.org/10.1111/cgf.13905
http://www.cescg.org/CESCG-2000/OKubelka/
http://www.cescg.org/CESCG-2000/OKubelka/
http://www.cescg.org/CESCG-2000/OKubelka/
https://doi.org/10.1162/014892603322730514
https://doi.org/10.1162/014892603322730514
https://doi.org/10.2307/536768
https://doi.org/10.2307/536768
https://doi.org/10.2307/536768

Lartillot et al.

23

Mardirossian, A., & Chew, E. (2007). Visualizing music: Tonal
progressions and distributions. In Proceedings of the 8th
International Conference on Music Information Retrieval
(ISMIR) (pp. 189-194). Vienna, Austria.

Merriam, A. P. (1964). The Anthropology of Music. Northwestern
University Press.

Mitroo, J. B., Herman, N., & Badler, N. L. (1979). Movies from
music: Visualizing musical compositions. In Proceedings of
the 6th annual conference on Computer graphics and interac-
tive techniques (SIGGRAPH 79 (pp. 218-225). Association
for Computing Machinery.

Nanayakkara, S. C., Taylor, E., Wyse, L., & Ong, S. H. (2007).
Towards building an experiential music visualizer. In
Proceedings of the 6th International Conference on
Information, Communications & Signal Processing. Springer.

Nattiez, J.-J. (1990). Music and Discourse: Toward a Semiology of
Music. Princeton University Press.

Ng, K., Armitage, J., & McLean, A. (2014). The colour of music:
Real-time music visualization with synaesthetic sound-colour
mapping. In Proceedings of Electronic Visualization and the
Arts (EVA 2014) (pp. 17-20). BCS, The Chartered Institute
for IT.

R Core Team. (2021). R: A language and environment
for computing. R
Statistical Computing, Vienna, Austria. https:/www.R-

statistical Foundation  for
project.org/

Revelle, W. (2022). psych: Procedures for Psychological,
Psychometric, and Personality Research. Northwestern
University, Evanston, Illinois. R package version 2.2.9,
https:/CRAN.R-project.org/package=psych.

Riezler, W. (1938). Beethoven, trans. G.D.H. Pidcock. Vienna
House.

Ruwet, N. (1987). Methods of analysis in musicology. Music
Analysis, 6(1/2), 11-36. https://doi.org/10.2307/854214

Sauer, D., & Yang, Y.-H. (2009). Music-driven character
animation. ACM Transactions on Multimedia Computing,
Communications, and Applications (TOMM), 5(4), 27.
https://doi.org/10.1145/1596990.1596991

Siedenburg, K., Goldmann, K., & van de Par, S. (2021).
Tracking musical voices in Bach’s the art of the fugue:
Timbral heterogeneity differentially affects younger normal-
hearing listeners and older hearing-aid users. Frontiers in
Psychology, 12. https://doi.org/10.3389/fpsyg.2021.608684

Simeone, N. (2001). Programme note. In Grove Music Online.
Oxford University Press.

Small, C. (1998). Musicking: The Meanings of Performing and
Listening. Wesleyan University Press.

Smith, J. O., IIT (1991). Viewpoints on the history of digital syn-
thesis. In Proceedings of the International Computer Music
Conference (ICMC). Computer Music Association.

Smith, S. M., & Williams, G. N. (1997). A visualization of music.
In Proceedings of Visualization 97 (pp. 499-503). The
Association for Computing Machinery.

Swarbrick, D., Martin, R., Heffding, S., Nielsen, N., & Vuoskoski,
J. (2024). Audience Musical Absorption: Exploring Attention
and Affect in the Live Concert Setting. Music & Science, 7.
https://doi.org/10.1177/20592043241263461

Swarbrick, D., Upham, F., Erdem, C., Jensenius, A. R., &
Vuoskoski, J. K. (2022). Measuring Virtual Audiences with
The MusicLab App: Proof of Concept. In Proceedings of the
19th Sound and Music Computing Conference (pp. 532—
539). Springer.

Swarbrick, D., & Vuoskoski, J. K. (2023). Collectively Classical:
Connectedness, Awe, Feeling Moved, and Motion at a Live
and Livestreamed Concert. Music & Science, 6. https:/doi.
org/10.1177/20592043231207595

Toiviainen, P., & Krumhansl, C. L. (2003). Measuring and mod-
eling real-time responses to music: The dynamics of tonality
induction. Perception, 32(6), 741-766. https:/doi.org/10.
1068/p3312

Wolff, C. (2001). Johann Sebastian Bach: the learned musician.
WW Norton & Company.

Zhang, J. D., & Schubert, E. (2019). A single item measure
for identifying musician and nonmusician categories based
on measures of musical sophistication. Music Perception,
36(5), 457-467. https:/doi.org/10.1525/MP.2019.36.5.457


https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://CRAN.R-project.org/package=psych
https://CRAN.R-project.org/package=psych
https://doi.org/10.2307/854214
https://doi.org/10.1145/1596990.1596991
https://doi.org/10.3389/fpsyg.2021.608684
https://doi.org/10.3389/fpsyg.2021.608684
https://doi.org/10.1177/20592043241263461
https://doi.org/10.1177/20592043231207595
https://doi.org/10.1177/20592043231207595
https://doi.org/10.1177/20592043231207595
https://doi.org/10.1068/p3312
https://doi.org/10.1068/p3312
https://doi.org/10.1068/p3312
https://doi.org/10.1525/MP.2019.36.5.457
https://doi.org/10.1525/MP.2019.36.5.457

	 Visualizing Music
	 Describing Music
	 Animated Representations of Music
	 Approach  Aims

	 Musical Context of the Experiment
	 Fugue Principles
	 Contrapunctus 14 Form
	 String Quartet Music

	 Design Principles for the Work Under Study
	 Visualizing a Piece for String Quartet
	 Inspiration from Structuralist Anthropology
	 From Static to Dynamic Paradigmatic Analysis

	 Design Details
	 Technical Implementation
	 Drawing Pitch Curves
	 Score Following
	 Dynamic Paradigmatic Analysis

	 Pilot Experiment in a Concert Condition
	 Questionnaire
	 Results of the Pilot Experiment
	 Discussion

	 Controlled Experiment
	 Methods
	 Analysis of the Questionnaire
	 Time-Continuous Ratings of Understanding
	 Feedback

	 Discussion
	 Acknowledgments
	 Notes
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


